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Abstract. Heart disease, stroke, and kidney failure are leading causes of death. Es- 
sential hypertension is the major predisposing risk factor of cardiovascular disease. 
Yet, after several decades of intensive investigation, the initiating causative mecha- 
nism of essential hypertension is still unknown. However, investigators in the field 
generally agree that an increased total peripheral resistance (TPR) is the fundamental 
hemodynamic disorder in essential hypertension. This review addresses the hypoth- 
esis that the increased TPR of essential hypertension is due to a defective mechanism 
in the contractility of arterial smooth muscle. Force-velocity and length-tension stud- 
ies have shown that both caudal arterial muscle and mesenteric resistance arterial 
muscle from spontaneously hypertensive rats (SHR) can shorten more and faster than 
muscle from normotensive control Wistar-Kyoto rats (WKY). In addition, the SHR 
muscle relaxation rate is slower compared with the WKY muscle. These alterations in 
mechanical behavior of SHR arterial muscle appear to be primary to the high blood 
pressure since MK-421 (enalapril maleate)-treated SHR arterial muscle shows the 
same increased velocity of shortening, increased shortening ability, and decreased 
relaxation rate as the untreated SHR muscle. MK-421 Is an angiotensin-converting 
enzyme blocker. SHR maintained on MK-421 treatment have normal blood pressures 
in spite of being of the genetically hypertensive strain. While these findings are en- 
couraging, several other important issues supporting the hypothesis require resolu- 
tion and warrant review. Firstly, structural alterations of blood vessel walls in hyper- 
tension cause the walls to thicken and encroach on the vessel lumens contributing to 
the increased TPR. Whether such wall thickening is the cause or consequence of high 
blood pressure has been controversial in the literature. In this report, data are pre- 
sented from a study in which MK-421-treated SHR were utilized as a model of prehy- 
pertensive SHR. Light micrograph observations and morphometric analyses were 
made of cross-sections of mesenteric resistance arteries from SHR, MK-421 -treated 
SHR, and WKY. Results show that the MK-421-treated SHR resistance arteries had 
media thicknesses and a number of smooth muscle cell layers that were significantly 
less than in the untreated SHR and not different from the WKY. Secondly, velocity of 
shortening is dependent on actomyosin ATPase activity, and, since maximum velocity 
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of shortening has been shown to be increased in SHR arterial muscle, it became 
necessary to know whether or not an increased actomyosin ATPase activity might be 
responsible. Therefore, data from a study of SHR and WKY caudal arterial myofibrillar 
ATPase activities are compared. Myofibrillar ATPase and ATP were reacted in the test 
tube and the P, liberated was measured as an index of the ATPase activity. Results do 
indeed indicate an increased actomyosin ATPase activity in SHR arterial muscle. 
Thirdly, the mechanism responsible for increased actomyosin ATPase activity in SHR 
arterial muscle Is addressed. Data are presented from urea glycerol gel and Western 
blot analyses of the regulatory myosin light chain (MLC,,) that show that the level of 
phosphorylation of the MLC,, is 2- to 3-fold higher in SHR compared with WKY arterial 
muscle when stimulated to the same degree. Increased MLC,, phosphorylation can 
account for the increased ATPase activity and increased contractility. Finally, possi- 
ble explanations for the increased MLC,, phosphorylation in the hypertensive arterial 
muscle and the relevance of studies on SHR arterial muscle to human essential hy- 
pertension are discussed. [P.S.E.B.M. 1994, Vol 2071 

he vast majority, greater than 90%, of hyper- 
tensive patients have essential or primary hy- T pertension. Essential hypertension is defined as 

having diastolic pressures greater than 90 mm Hg and 
the elevation in pressure is of unknown cause. The 
value of 90 mm Hg was not chosen arbitrarily. While it 
is difficult to assign a value to blood pressure (BP) 
above which the BP should be considered high, sev- 
eral large-scale epidemiological studies of the last 15- 
20 years have shown that diastolic pressures above 90 
mm Hg have deleterious effects on health and longev- 
ity (1). 

Hypertension has been called the “silent killer. ” 
The individual with high blood pressure usually feels 
generally well and presents no obvious signs or symp- 
toms of disease. However, hypertension by itself 
brings about arterial damage. The main target organs 
of such damage are the brain, eyes, heart, and kid- 
neys. Disability ensues, and eventually so does death. 
Death in such patients usually occurs due to vascular 
accidents, coronary occlusion, left ventricular failure, 
or renal failure as outlined in Figure 1 (2). 

Hypertensive disease has received much intensive 
research, yet we are still faced with finding an initiat- 
ing causative mechanism. Looking for an initial cause 
is a very difficult task because there are so many 
mechanisms involved in BP control. Irving Page’s mo- 
saic model shown in Figure 2 makes this point rather 
well (3). The last 40-50 years of intense research into 
what the cause of essential hypertension might be, 
while not having answered the question, allow us at 
this time to simplify the problem by ruling out those 
mechanisms of BP control which have been shown to 
be unaltered, at least initially, in spontaneous hyper- 
tension. 

Most investigators in the field agree that blood 
volume, blood viscosity, and cardiac output are gen- 
erally not altered in early essential hypertension. In 
most cases of essential hypertension, plasma volume 

is either unchanged or is decreased. An inverse rela- 
tionship between diastolic pressure and blood volume 
is likely a reflection of a general decrease in vascular 
capacity in essential hypertensives. Increased blood 
viscosity has been reported for patients with high renin 
hypertension, while hypertensive patients with normal 
or low renin have normal blood viscosity (4). This sug- 
gests that blood viscosity increases in hypertension 
when there is renal involvement in the etiology of the 
disease. Similarly, the study of Letcher et al. (5) sug- 
gests that any increase in viscosity is secondary to the 
primary defect in essential hypertension: “It may be 
that arteriolar vasoconstriction, by altering capillary 
hydrostatic forces and promoting hemoconcentration, 
may lead to elevated hematocrit and plasma protein 
concentrations and, thereby, any observed changes in 
blood viscosity.” In at least 70% of borderline essen- 
tial hypertensive subjects, and in all patients with long- 
established hypertension, the cardiac output and the 
viscosity of the blood are normal. If the cardiac output 
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Figure 1. A representation of the natural history of untreated 
essential hypertension. Adapted from Figure 2-32 in Ref. 2, with 
kind permission from the author, N. M. Kaplan, and the copy- 
right holder, Williams and Wilkins. 
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Figure 2. Diagram of the most important regulatory factors 
working in an interrelated manner to control blood pressure. 
Adapted from Figure 1 in Ref. 3, with kind permission from Be- 
atrice Page on behalf of her husband, the author, lrvine Page, 
and from the copyright holder, The American Heart Association. 

is lowered utilizing P-receptor blockers and atropine in 
the remaining 30% of subjects with borderline hyper- 
tension, peripheral vascular resistance rises, and the 
elevated pressure is maintained (6). 

Most essential hypertensives ( S O % )  have normal 
renin, angiotensin 11, aldosterone and Na+ plasma lev- 
els (2). There was some evidence for a circulating na- 
triuretic substance (7), but the experiments providing 
this evidence have not been consistently repeatable 
even by the original investigators. More recently, such 
a natriuretic factor has been characterized, but, while 
it has been shown to be involved in fluid volume and 
Na+ homeostasis, it has apparently no effect on BP, 
glomerular filtration rate, or any other systemic hae- 
modynamic mechanism (8). The theory was that if sus- 
ceptible individuals eat more salt than their kidneys 
can handle, their blood volume will increase, thus 
stimulating release of natriuretic hormone. The hor- 
mone then inhibits the sodium pump of kidney tubules 
and facilitates salt excretion, but not enough to restore 
blood volume completely to normal. Although this 
should tend to lower the BP, at the same time, natri- 
uretic hormone inhibits the pump in other types of 
cells, including those of smooth muscle in the arteri- 
oles, causing them to contract more readily thereby 
increasing BP. However, this theory requires in- 
creased Na+ levels and increased blood volume, nei- 
ther of which occurs in the majority of essential hy- 
pertensives. 

Friedman (9) reported a decrease in net Na+ ef- 
flux and an increased monovalent ion permeability in 
spontaneously hypertensive rat (SHR) vascular 
smooth muscle and red blood cells. It is now a basic 
part of Blaustein's theory that there is increased intra- 
cellular Na + concentration in hypertensive vascular 

smooth muscle cells. An increased intracellular Na  + 

content would result in increased NdCa  exchange 
and, therefore, an increased cytosolic free Ca2' con- 
centration resulting in increased vascular smooth mus- 
cle tonicity (10). While this has been an appealing ex- 
planation for essential hypertension, the evidence is 
contradictory and data of most studies are not support- 
ive. Jones (1  1) reported an increased NdK-  ATPase ac- 
tivity that would offset an increased Na+ leak. On the 
other hand, Haddy (12) reported that ouabain- 
sensitive 86Rb uptake, a measure of N d K  pump activ- 
ity, is suppressed. Tobian et al. (13, 14) suggested that 
in those predisposed to high BP, an increased accu- 
mulation of body Na+ leads to increased vasoconstric- 
tion via hyper-reactivity of the sympathetic nervous 
system. This increased Na+ accumulation was due to 
increased dietary Na + and decreased Na+ excretion. 
Such an increased Na+ retention would be followed 
by increased water retention, and Tobian felt that the 
thickened arterial walls seen in hypertensives was the 
result of hypertrophy due to swelling. However, there 
are many individuals on low Na+ diets who become 
hypertensive and never have elevated Na+ levels, and 
SHR do not require dietary Na+ to initiate hyperten- 
sion. Sympathectomy does not prevent hypertension, 
and hypertrophy of vascular smooth muscle in essen- 
tial hypertension is known to be due to an increase in 
contractile proteins not to water accumulation (see Ar- 
terial Wall Structure in Hypertension below). Another 
point of interest is the report by Weinberger (15) that 
BP in SHR can be raised a maximum of only 10 mm Hg 
when utilizing massive Na+ loading (600-800 mEq/ 
day). Furthermore, an increased intracellular Na  + 

concentration should result in an increase in mem- 
brane potential, but Steikel (16) reported that 4- to 
5-week-old SHR and normotensive Wistar-Kyoto rats 
(WKY) have similar vascular smooth muscle mem- 
brane potentials, and shapes and positions of norepi- 
nephrine dose-response curves. Finally, as Postnov 
and Orlov (17) pointed out, the data on red blood cell 
Na+ content in essential hypertension are contradic- 
tory, NdCa exchange is not likely to be greatly impor- 
tant in overall intracellular Ca + concentration regula- 
tion and evidence for an altered NdCa exchange in 
high blood pressure is lacking. Rather, the data gen- 
erally suggest increased passive permeability, de- 
crease in Ca2 + -binding ability, and decreased effi- 
ciency of Ca2+-pump operation in the plasma mem- 
brane (1 8-22). 

Neurogenic mechanisms of BP control have per- 
haps received the most investigative attention. How- 
ever, the literature is full of contradictory results. 
There are reports that there is increased norepineph- 
rine release, decreased release, increased reuptake, 
decreased reuptake, and no difference in either release 
or reuptake of norepinephrine in sympathetic nerves 
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of hypertensives (23-27), Most of the evidence sup- 
ports the findings that sympathetic activity and adren- 
alin secretion are normal in the majority of hyperten- 
sives. In any case, it is unlikely that increased sympa- 
thetic activity alone will result in permanent 
hypertension. This latter conclusion is in accordance 
with findings in patients with duodenal ulcer disease, 
most of whom are norrhotensive in spite of an in- 
creased norepinephrine release which persists even af- 
ter vagotomy. At any rate, whether the agonist be hu- 
moral or neural, it is the vessel calibre that ultimately 
decides the total peripheral resistance (TPR) and, 
given that cardiac output is constant, will determine 
the BP. 

In reviewing the literature two facts stand out. 
One is that essential hypertension has a hereditary fac- 
tor. Most essential hypertensive patients have family 
medical histories of hypertension. The essential hyper- 
tensive is born with a predisposition to developing hy- 
pertension. The other fakt is that an increased TPR is 
the cardinal haemodynamic disorder in essential hy- 
pertension. 

What might cause this increased TPR? The Poi- 
seulle equation, V = Af+r4/8qL where: V = blood 
flow, AP = pressure gra,dient, r = vessel radius, L = 
vessel length and q = viscosity coefficient, reveals 
that blood viscosity and vessel geometry affect the 
resistance to flow. Since, as already stated, blood vis- 
cosity remains constant at least in early essential hy- 
pertension, then change$ in resistance must be due to 
changes in tube geometry. Since flow varies directly 
and resistance inversely with the fourth power of the 
radius, blood flow and resistance are markedly af- 
fected by small changes in vessel calibre. Then, if flow 
remains constant due to relatively constant cardiac 
output, but resistance rises, BP must also rise. Based 
on this rationale, the important resulting question is: 
What causes a decreasq in vessel calibre in early es- 
sential hypertension? 

There is an increased wall/lumen ratio in hyper- 
tensive vessels, and it has been established that this 
increased wall/lumen ratio is due to hypertrophy and/ 
or hyperplasia of vessel walls with encroachment on 
lumens (28-34). Whether hypertrophy, hyperplasia, or 
both processes occur depends on the particular vessel 
type. Hypertrophy followed by hyperplasia occurs in 
the larger muscular arteries while hyperplasia alone is 
responsible for change9 in wall geometry of smaller 
resistance arteries (32, 33). However, there is still the 
important question as to whether or not increased TPR 
occurs prior to or secondarily to changes in blood ves- 
sel wall geometry in essential hypertension. There is 
much controversy in the literature regarding the an- 
swer to this question. The majority of studies report 
that the increased TPR does occur prior to changes in 
blood vessel wall geometry and suggest that high blood 

pressure triggers hypertrophy and/or hyperplasia of 
the media (34-37). These results indicate that the de- 
creased radius thought to be responsible for the initial 
increase in resistance cannot be due to hypertrophied 
arterial walls. 

Vascular smooth muscle reactivity may be altered 
in essential hypertensives. This could mean an in- 
creased contractile response due to altered smooth 
muscle contractility. Contractility is the muscle’s abil- 
ity to stiffen or to shorten and, therefore, involves 
force, velocity, length, and time. The thought, then, is 
that hypertensive arteries may narrow more and more 
rapidly, and possibly remain narrowed for prolonged 
periods in response to any given agonist. Either in- 
creased narrowing ability, prolonged narrowing, or 
both could result in increasing resistance and high 
blood pressure. Thickening of the arterial walls either 
accompanies or is caused by elevated BP. This results 
in a vicious cycle where hypertrophy and/or hyperpla- 
sia contribute to maintaining or further increasing high 
blood pressure as outlined in Figure 3. 

Mechanical Properties of Arterial Smooth Muscle 

Vascular muscle has two main functions: (i) to ac- 
tively shorten resulting in vasoconstriction, and (ii) to 
increase vascular wall stiffness and thus resist disten- 
sion. For all types of mammalian muscle, shortening 
velocity is maximal (Vmax) at the optimal length (I,) for 
maximum isometric tension development (Po) (38, 39). 

The relationship between load and velocity was 
described quantitatively by Hill’s (40) hyperbolic 
equation (P + a)(V + b) = b(P, + a ) ,  where P = 
load, V = velocity of shortening, Po = maximum iso- 
metric force, a = force constant, and 6 = velocity 
constant. However, the force-velocity (F-V) curves 
for both rat caudal arterial muscle and rat mesenteric 
resistance arterial muscle deviate from the hyperbola 
due to a reversal of curvature within 20% of the mea- 
sured Po values. Perhaps this is not so surprising, as 

/- Hypertension 

t c w/L - t TPR - 1 Calibre 

Contractility 
Figure 3. Diagram of one hypothesis for the causative mecha- 
nisms of essential hypertension. An increased arterial smooth 
muscle contractility (reactivity) results in increased vessel nar- 
rowing and resistance. Increased arterial resistance would be 
accompanied by a rise in blood pressure. Increased arterial wall/ 
lumen ratios are thought to be secondary to the high blood 
pressure but, once these structural changes have occurred, 
would contribute to maintenance of hypertension. 
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these curves are qualitatively similar to those reported 
for single skeletal muscle fibre tetanic contractions 
and for cardiac twitch contractions (41-43). Figure 4 
shows examples of F-V curves from cardiac, skeletal 
and caudal arterial smooth muscle, and a pressure- 
velocity curve from mesenteric arterial smooth mus- 
cle. Since the curves are not hyperbolic, the classical 
Hill equation cannot be fitted to this kind of data. The 
F-V relationship for arterial muscle carrying loads less 
than 80% Po is exponential. Therefore velocities at 
zero load (Vmax) can be derived by finding the inter- 
cept values for the exponential portions of the curves. 
Plotting velocity as a logarithmic function of all loads 
less than 80% Po gives a straight line and the antilog 
value of the intercept at zero load gives Vmax (34, 44). 
Values obtained from this type of analysis are compa- 
rable to Vmax values reported for other arterial smooth 
muscles. 

Reports have been published for various smooth 
muscle types including tracheal smooth muscle (45, 
46) and vascular muscle (47, 48) that two cross-bridge 
cycling states operate during contraction. The mecha- 
nism hypothesized by Dillon et al. (47) was that the 
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Figure 4. Illustrations of F-V curves from frog skeletal muscle 
fibre twitch contractions (n = l), upper left-hand plot (41); ca- 
nine cardiac muscle twitch contractions (mean curve), upper 
right-hand plot (43); rat caudal arterial smooth muscle strip te- 
tanic contractions (n = l), lower left-hand plot (75); and from rat 
mesenteric resistance arterial segment tetanic contractions (n 
= l) ,  lower right-hand plot (34). The skeletal fibre curve was 
obtained at a temperature between 1.35 and 2.5”C, while the 
cardiac and arterial muscle data were obtained at 37°C. Re- 
printed from Ref. 34, courtesy of the National Research Council 
of Canada. 

early phase of isotonic shortening was produced by 
phosphorylated cross-bridges cycling at a relatively 
rapid rate and that tonic stress maintenance was sub- 
served by predominantly dephosphorylated cross- 
bridges that were non- or slow-cycling and that were 
termed “latch bridges.’’ Dillon et al. (47) suggested 
that latch bridges act as an internal load on rapid- 
cycling bridges resulting in slow shortening of the mus- 
cle. Butler et al. (49) had postulated in 1976 that non- 
cycling bridges were present in resting smooth muscle, 
and these gave way to rapid-cycling cross-bridges in a 
tonic contraction. Siegman et al. (50) reported that the 
rate of energy utilization by cross-bridges was four 
times slower later in contraction than early in contrac- 
tion. Similarly, Stephens and Skoog (51) had shown 
that oxygen uptake rate during the early phase of con- 
traction in canine tracheal smooth muscle was three 
times faster than during the later phase. It has been 
concluded from these reports that shortening rate is 
greatest early in contraction and least late in contrac- 
tion in smooth muscle and associated with a higher 
economy. This phenomenon is peculiar to smooth 
muscle, since tetanized skeletal muscle achieves max- 
imum velocity of shortening early in contraction, and 
this velocity then remains constant until the onset of 
relaxation. 

Several explanations have been put forward to ex- 
plain the nonhyperbolic F-V relationship. The drop 
from predicted velocity values at high loads has been 
thought to be due either to a decline in active state in 
cardiac muscle or to geometrical hindrances in skeletal 
fibres. Since tetanic contractions were used to obtain 
the nonhyperbolic (F-V) curves reported in skeletal 
and smooth muscle, it is unlikely that the steep drop in 
velocities at high loads is a function of diminished ac- 
tive state. A second possibility is that less sliding of 
filaments occurs than expected for a given load at 
loads approaching isometric load. At higher loads, 
there are shorter sarcomere lengths, and this results in 
greater side-to-side spacing of thick and thin filaments. 
Thus, less of the cross-bridge length is available for 
searching along (and around) the thin filaments de- 
creasing the potential number of interactions between 
the myosin and actin filaments (41). A third possibility 
is provided by the discovery that there are two types 
of cross-bridge functional states operating in smooth 
muscle (47). These are the normal-cycling bridges re- 
cruited early in the contraction and are fairly rapidly 
replaced functionally by very slow-cycling latch 
bridges. Muscle carrying a heavier load must spend 
more time developing tension before it can shorten. It 
is quite possible that muscle shortening with loads ap- 
proaching Po are doing so with predominantly “slow” 
bridges which could account for the rapidly declining 
velocities seen at these loads. At heavier loads, the 
muscle spends a longer time in isometric mode, and 
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so the latch bridge phase commences prior to or very 
early into the shortening phase. However, this expla- 
nation fails to provide a rationale for the fact that in all 
muscle, both striated and smooth, the breakpoint in 
the F-V curve appears to occur at 78%-80% Po regard- 
less of the muscle type and any interventions imposed 
that alter maximum force and/or speed of shortening. 
Perhaps the best explanation for the biphasic nature of 
the F-V curves is the one put forth by Edman (42) 
more recently: 

The biphasic shape of the force-velocity rela- 
tion may be an indication that the independent 
character of the cross-bridges is lost as the 
load on the muscle is raised above a certain 
level. That is, when the density of attached 
cross-bridges becomes high enough, this may 
impose some restriction upon the unattached 
bridges to find an appropriate binding site. In 
terms of A. F. Huxley’s (52) cross-bridge 
model, these findings could therefore mean 
that the rate constant for attachment of cross- 
bridges is progressively reduced as the force 
exceeds 78% of its maximum value. 

The maximum shortening velocities of various smooth 
muscles have been reported. These include canine air- 
way (53), hog carotid artery (54), rat portal vein ( 5 9 ,  
rabbit and guinea pig taenia coli (39), guinea pig blad- 
der (56), and rat caudal and mesenteric artery (34, 44). 
The Vmax values reported for smooth muscle are 1/10 to 
l/s the values reported for skeletal and cardiac papil- 
lary muscle (57, 58) with vascular muscle being the 
slowest. 

One reason suggested for the lower V,,, in 
smooth muscle could be the relatively long time re- 
quired to achieve full contraction because of the na- 
ture of the mechanisms of excitation-contraction cou- 
pling seen in smooth muscle (59). However, Barany 
(60) and Ruegg (61) have pointed out that, once con- 
traction has begun, the velocity of shortening depends 
on the rate of splitting ATP. Differences in excitation- 
contraction coupling would account for differences in 
latent periods but not for differences in rates of con- 
tractile responses. Ruegg (61) and Murphy (62), among 
others, have provided evidence that the ATPase activ- 
ity of smooth muscle contractile proteins is much less 
than that of skeletal muscle. Therefore, the lower ac- 
tivity of myosin ATPase in smooth muscle is a factor 
that contributes to the low maximum rate of smooth 
muscle Shortening. The differences found in velocity 
between various mammalian smooth muscle types 
may be explained by the existence of isoforms of my- 
osin. It is well established that isoenzymes exist in 
skeletal and cardiac muscle (63-65). More recently, 
the existence of at least two different heavy chains of 
myosin in several different smooth muscle tissues 

have been reported (66-70). In addition, several inves- 
tigations have concluded that there are differences in 
isozyme patterns with altered smooth muscle states 
(71, 72). 

Brutsaert, DeClerk et al. (73) have developed an 
analytical technique for studying relaxation which en- 
ables one to obtain insight into mechanisms of relax- 
ation. Using cat heart papillary muscle (see inset to 
Fig. 5: upper panel), they have shown that the time 
course of relaxation is a function of the isometric load 
on the muscle. Brutsaert has termed this “load- 
dependent” relaxation. In frog ventricular muscle (see 
inset to Fig. 5: lower panel), on the other hand, relax- 
ation is independent of load and appears to be con- 
trolled by the waning of the muscle’s active state. 
They have termed this ‘ ‘inactivation-dependent” re- 
laxation. The inactivation itself is dependent on the 
resequestration of calcium by the sarcoplasmic retic- 
ulum or its extrusion by the sarcolemma. Since frog 
ventricular muscle has a paucity of sarcoplasmic re- 
ticulum, the inactivation-dependent relaxation is un- 
derstandable. 

Johansson and Hellstrand (74) have studied relax- 
ation in rat portal venous smooth muscle. Although 
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Figure 5. Photograph of actual recordings from an experiment 
of afterloaded contractions of rat caudal artery. Upper record: 
shortening traces at various afterloads. Lower record: tension 
traces at various afterloads with the greater loads correspond- 
ing to the simultaneous smaller changes in length seen in the 
upper record of the picture. Abscissa: the entire time sweep in 
all cases is 42 sec. The inset shows isometric tension versus 
time curves reprinted from Brutsaert et a/. (73) for cat heart 
papillary (upper) and frog ventricular (lower) muscle. The upper 
set of curves shows that the onset of the isometric phase of 
relaxation occurs at different times for the different loads and 
the relaxation pathways all differ. This has been termed “load-de- 
pendent” relaxation by Brutsaert eta/ .  (73). The lower set shows 
that the isometric relaxation pathway is the same for all loads. 
This has been termed “inactivation-dependent relaxation.” Re- 
printed from Ref. 44, with permission from the National Re- 
search Council of Canada. 
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not specifically stated, it is evident from their reported 
curves that relaxation in this tissue is of the inactiva- 
tion-dependent type. As can be seen in Figure 5, the 
rat caudal artery shows the same type of inactivation- 
dependent relaxation as reported for venous smooth 
muscle (75). Johansson and Hellstrand (74) have 
shown that differences in the time course of relaxation 
between isometric and isotonic responses in rat portal 
venous smooth muscle do not arise from any differ- 
ences in electrical properties of cell membranes. With 
respect to the role of the excitation-contraction cou- 
pling mechanism, they considered that an increase in 
cell diameter during shortening might simply increase 
the average diffusion distances for efflux of calcium so 
that relaxation would be delayed. They also suggest as 
an alternative explanation, that the ability of the 
smooth muscle to carry a load over a relatively long 
period during isotonic relaxation may be attributed to 
the characteristics of the instantaneous F-V relations 
in the force range above Po. 

The load-dependent relaxation of arterial and ve- 
nous smooth muscle is similar to that reported for frog 
ventricular muscle (73). However, the relaxation be- 
havior of these smooth muscle preparations contrasts 
with the load-dependent behavior described for mam- 
malian cardiac muscle (73). The ability, during isotonic 
lengthening, to sustain a load at “supra-isometric” 
levels is present at all loads in the smooth muscle and 
not merely limited to contractions at heavy afterloads 
as reported in mammalian cardiac muscle or to those 
at intermediate loads as seen in frog cardiac muscle. In 
contrast with smooth muscle, increasing the load dur- 
ing contraction does affect the isotonic relaxation 
phase of cat heart papillary muscle, and most mark- 
edly if the load clamp is applied during the last third of 
the shortening phase (73). Upon applying the heavier 
load there is initially a rapid elastic extension. In 
smooth muscle, when the load is applied early the elas- 
tic elongation phase is followed by redevelopment of 
shortening. However, at later times, approaching the 
summit of the shortening curve, the elastic phase is 
followed by a slower lengthening phase which then 
fuses smoothly with a subsequent more rapid phase 
(Fig. 5) (75). In contrast, the delayed extension in mam- 
malian cardiac muscle consists of an initial slow and 
subsequent fast phase (73). There is some indirect ev- 
idence that it is the relatively poorly developed cal- 
cium sequestering mechanism of smooth muscle that is 
responsible for the inactivation-dependent relaxation 
seen in the venous and arterial smooth muscle prepa- 
rations studied. Cardiac cells that normally show load- 
dependent relaxation display relaxation that is insen- 
sitive to load when pretreated with Brij 58 (76). Brij 58 
acts by destroying the sarcoplasmic reticulum. 
Smooth muscle cells have a less well-developed sar- 
coplasmic reticulum than cardiac muscle cells. Most of 

the activating calcium would be derived from the 
transsarcolemmal calcium current during membrane 
depolarization of smooth muscle. Relaxation might 
then be expected to be related to the eMux of calcium 
ions across the sarcolemma. However, it must also be 
remembered that smooth muscle displays high viscos- 
ity behavior. Viscous forces, independent of the cal- 
cium mechanisms, can partly explain inactivation- 
dependent relaxation. Viscous forces would tend to 
delay isotonic lengthening and this delay would be 
more marked with smaller than with larger afterloads. 
Inactivation dependence could result from a slower 
detachment of force-generating sites in smooth muscle 
than that which is seen with cardiac or skeletal muscle. 
The high viscosity behavior of smooth muscle has 
been ascribed to specific physical interactions but 
could also be explained by slow dissociation of the 
dephosphorylated cross-bridges in smooth muscle 
(77). 

Maximum isometric tension (Po) development is 
of importance in that this parameter will give insight 
into the number of force-generating sites per cross- 
sectional area of muscle. Vascular smooth muscle 
characteristically develops relatively high forces over 
a wide range of lengths. Due to stiffness of passive 
parallel elastic elements, smooth muscles cannot nor- 
mally be stretched to a length sufficient to reduce ac- 
tive force to zero, although longitudinal strips of the 
rabbit portal mesenteric vein show little or no active 
response when stretched to 1.4-1.7 I, (78). Most 
smooth muscle preparations do not appear sensitive to 
“overstretch” but some irreversible loss of force- 
generating capacity has been observed at lengths 
above 1.25 I, (79). 

Mesenteric arterial muscle does not differ from 
other smooth muscle types with respect to the stiffness 
of passive parallel elastic elements (Fig. 6). However, 
the active force in this preparation approaches zero 
within 1.1-1.2 C,  (optimal circumference for Po devel- 
opment; analogous to I ,  for strip preparations). These 
latter findings point out the importance of working 
with the muscle at I ,  when doing comparative studies 
of force-generating ability. While it may seem surpris- 
ing that the rise in passive tension and the decrease in 
active tension are steep when mesenteric arterial mus- 
cle is stretched to only 1.1-1.2 I,, it must be realized 
that the transmural pressure required to cause this 
small amount of stretch in these resistance vessels is 
very high (>210 mm Hg). Since these resistance arter- 
ies are mostly concerned with narrowing in order to 
control blood flow and considering that this function is 
normally performed in vivo at pressures usually less 
than 100 mm Hg, it may not be so surprising after all 
that the ability to produce active tension is lost at these 
high transmural pressures. The function of the arterial 
walls at high transmural pressure is to stiffen to resist 
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Figure 6. Pressure-circumference (P-C) curves for one WKY 
mesenteric artery experiment. This is an example of typical P-C 
curves obtained for mesenteric arteries where TP is the total 
pressure curve, RP is the resting pressure curve, and AP is the 
derived active pressure curve. Optimal circumference (C,) was 
identified for each vessel studied as that circumference at which 
maximum active pressure could develop. Identification of C, is 
essential to the normalization of all data. Reprinted from Ref. 82, 
with permission from the National Research Council of Canada. 

further distension. The mesenteric arteries have the 
ability to do this via passive elements alone. Active 
shortening of contractile elements in distended intact 
arterial segments may actually cause slackening of 
passive elements and thus reduction of the contribu- 
tion made by the passive elements to the net stiffness 
of the wall. 

Mechanical Behavior of Hypertensive Arterial 
Smooth Muscle 

The passive mechanical properties of SHR and 
WKY arterial smooth muscle do not appear to be sig- 
nificantly different from one another. This is based on 
the facts that SHR and WKY lo for caudal arterial 
strips and C,  for mesenteric resistance arterial seg- 
ments are not different, and on the fact that SHR, 
MK-42 1 (N-[(S)- l-(ethoxycarbonyl)-3-phenylpropyl]- 
L-Ala-L-Pro)-treated (MK-421 trt) SHR, and WKY 
passive tension-circumference curves for mesenteric 

resistance arteries are superimposable as shown in 
Figure 7 (34, 44). MK-421 (enalapril maleate) is an 
angiotensin I-converting enzyme (ACE) blocker, and 
MK-421 trt SHR serve as models of prehypertensive 
SHR. Others have reported similar passive length- 
tension curves for SHR and WKY arterial muscle (28, 
80). 

Prolonged isometric relaxation indicates that hy- 
pertensive vessels remain stiffer for longer periods 
than do the normotensive vessels. Prolonged isotonic 
relaxation would indicate that hypertensive vessels re- 
main narrowed for prolonged periods. Such prolonged 
narrowing would contribute to an increase in TPR and 
thus to high blood pressure. Mechanical disturbances 
in the ability of hypertensive vascular smooth muscle 
to relax have been shown. Decreased extent of isomet- 
ric relaxation in thoracic aorta of SHR has been shown 
(36, 81). This decreased relaxation persisted even after 
the hypertension had been controlled with medication 
(81). SHR and WKY caudal arterial muscle relax in a 
qualitatively similar manner, both showing inactiva- 
tion-dependent relaxation (75). However, quantitative 
analysis shows slower relaxation rates for both isomet- 
ric and isotonic contractions in SHR caudal arterial 
muscle. Similarly, SHR isobarically contracted mes- 
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Figure 7. Illustrations of the mean SHR (n = 5), mean WKY (n = 
5) and mean MK-421 trt SHR (n = 5) mesenteric arterial resting 
T-CIC, curves. Reprinted from Ref. 34, courtesy of the National 
Research Council of Canada. 
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enteric resistance arterial segments are slower to relax 
than are WKY segments. Furthermore, untreated 
SHR and MK-421 trt SHR vessels show the same de- 
creased relaxation rate as seen in Figure 8 (82). This 
indicates that the decreased relaxation rate is indepen- 
dent of the hypertension in this strain of genetically 
hypertensive rat. Although the underlying mecha- 
nisms have not been determined, an increased Ca2+ 
permeability (83), a decreased calcium resequestering 
rate, slower calcium extrusion from the cell (18), or a 
decreased myosin phosphatase activity (84) could be 
contributors to the observed prolonged relaxation. 

Some investigators have found an increased Po in 
SHR vascular smooth muscle (29), while others have 
found Po decreased in hypertensives (85). Still others 
have found no differences between SHR and WKY Po 
values (34, 44, 86, 87). The reports on SHR vascular 
smooth muscle Po may not be as contradictory as they 
appear initially. Changes in Po may occur as a result of 
vascular smooth muscle hypertrophy and/or hyperpla- 
sia in which an increase in the number of smooth mus- 
cle cells or in actin and myosin content in proportion 
to total arterial wall tissue has occurred. This has been 
reported to be the result in thickened SHR arterial 
walls (28, 88). One then would not expect to see in- 
creased Po in younger rats. On the other hand, this 
may be a doubtful explanation since 19-week-old 
SHR, WKY, and MK-421 trt SHR mesenteric resis- 
tance arterial muscle show no difference in maximum 
tension (Tmax) development despite the fact that the 
SHR arteries show significantly increased wall thick- 
nesses over both the MK-421 trt SHR and the WKY 
vessels (34). In the latter study, no correlation could 
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Figure 8. Plots of the mean SHR, mean WKY, and mean MK-421- 
treated SHR semilogarithmic AC (pm) vs t (sec) for contractions 
at 90 mm Hg pressure and their respective 95% confidence 
intervals for the means. The equations for SHR, WKY, and 
MK-421-treated SHR mean curves are In AC (pm) = asHR + 
[slopesHR x t (sec)], In AC (km) = awKy + [slopeWKY x t (sec)] 
respectively. It can be seen that the SHR curve IS shifted above 
the WKY and the MK-421-treated SHR curves indicating that the 
SHR arteries have made a greater change in circumference (nar- 
rowed more) than either the WKY or the MK-421 treated SHR 
vessels. It can also be seen that the mean WKY slope is steeper 
than either the SHR or the MK-421-treated SHR slopes. The 
greater rate constant of the dilating or relaxation phase of the 
WKY contractions indicates that the narrowed SHR and MK-421- 
treated SHR vessels return to resting circumference at a slower 
rate than do the WKY vessels. Reprinted from Ref. 82, courtesy 
of the National Research Council of Canada. 

be made between hypertrophy and Po. One must also 
keep in mind that an absolute increase in myosin with 
hypertrophy may be misleading in light of the reports 
of contractile protein isoform switches and phenotypic 
changes in hypertrophied or hyperplastic smooth mus- 
cle (89-91). 

There are reports that vessels from SHR over 
eight weeks of age show significantly increased wall/ 
lumen ratios (88). Yet there are reports that Po is un- 
changed in SHR at 16 to 21 weeks of age as seen in 
Figures 9 and 10 (34, 44). No difference in Po at 16 
weeks may indicate that hypertrophy is not yet great 
enough to show the results of increased actin and my- 
osin per cell or per cross-sectional area of media. 
There is some evidence in the literature to support the 
speculation that SHR vascular smooth muscle Po may 
increase with advancing age. For instance, a de- 
creased Po was reported for l l-  to 14-week-old SHR 
(85). No difference was found in Po for 16- to 21-week- 
old SHR (34, 44), while an increased Po was reported 
for 20- to 25-week-old SHR (88). 

Yet there is also evidence that increased vascular 
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Figure 9. A bar graph comparing the mean SHR (n = 5) Po and 
the mean WKY (n = 4) Po values for caudal arterial smooth 
muscle. Po is expressed in newtons per square centimetre. Re- 
printed from Ref. 75, courtesy of the National Research Council 
of Canada. 
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distending pressure-induced hypertrophy in vascular 
smooth muscle results in an increase in intermediate 
filaments and a coincidental decrease in myosin per 
actin ratio (92). This decreased myosin/actin ratio 
would likely result in a fall in Po rather than an in- 
creased Po with hypertrophy. Finding no difference in 
Po at 16 to 21 weeks, then, might reflect a decline in Po 
with increasing hypertrophy, from a once elevated 
value. 

When carrying the same load, the SHR caudal ar- 
terial smooth muscle displays a greater degree of 
shortening than that of the WKY as seen in Figure 11 
(44). Increased narrowing results in decreased lumen 
radius and thus results in increased resistance. While 
the degree of shortening in this particular type of 
smooth muscle (caudal arterial) is not great, a maxi- 
mum shortening of 9% 1, with loads of 0.1 Po will result 
in a 9% decrease in vessel radius which would increase 
resistance by about 50%. Previous theoretical consid- 
eration suggested a doubling of resistance with a 10% 
degree of smooth muscle shortening (93). Therefore, a 
9% in vitro arterial smooth muscle shortening impli- 
cates physiologically significant changes in TPR and 
blood pressure. Probably of greater impact with regard 
to TPR and BP is the finding that isobarically contract- 
ing SHR mesenteric resistance arteries narrow to a 
significantly greater extent than do WKY resistant ar- 
teries when narrowing against the same given trans- 
mural pressures (34). 

The SHR mesenteric arteries are also able to con- 

strict to a significantly greater degree than the MK-421 
trt SHR and WKY arteries for pressures ranging from 
20 to 120 mm Hg as seen in Figure 12 (34). Interest- 
ingly, these differences in SHR arterial behavior are 
found for pressures in the normal physiological range. 
It can also be seen that SHR arteries are able to con- 
strict against pressures well above the normal range 
(i.e., 12&310 mm Hg), while the WKY and MK-421 trt 
SHR arteries are unable to narrow against pressures 
greater than 210 and 240 mm Hg, respectively. 

The increased ability of the SHR, mesenteric re- 
sistance arteries to constrict is probably due to the fact 
that SHR arterial velocities of shortening are signifi- 
cantly faster than the velocities of MK-421 trt SHR 
and WKY arteries. The derived SHR Vmax is signifi- 
cantly faster than the MK-421 trt SHR and WKY 
Vmax, which are not different from one another as seen 
in Figure 13 (34). It would seem that the antihyperten- 
sive MK-421 treatment was able to reverse or prevent 
the increased velocities of shortening seen in the SHR 
arterial smooth muscle to a significant extent and thus 
prevented the increased narrowing seen in the SHR 
vessels. Since the normotensive MK-421 trt SHR ar- 
teries do not show the same significantly increased 
narrowing as do the SHR arteries, it is still question- 
able as to whether or not the high blood pressure is 
primary or secondary to the increased narrowing in the 
hypertensive arteries. However, it is notable that the 
normotensive MK-42 1 trt SHR arteries display signif- 
icantly faster velocities of narrowing than do the nor- 
motensive WKY arteries for pressures ranging from 20 
to 120 mm Hg. The significance of this latter finding is 
that velocities of narrowing are faster in genetically 
hypertensive arteries and this intrinsic property of ge- 
netically hypertensive arterial smooth muscle may be 
interfered with by MK-42 1 treatment. Enalapril male- 
ate is an antihypertensive drug that is eleven times 
more potent in lowering BP than is captopril despite 
having equal efficacy in reducing angiotensin I1 and 
therefore must have activities yet unknown in addition 
to ACE inhibition (94). 

The tension-velocity (7'-V) study of mesenteric re- 
sistance arteries produced velocity results in agree- 
ment with a previous F-V study of SHR and WKY 
caudal arterial strips. F-V analysis shows that the SHR 
caudal arterial strips shorten with greater velocity than 
WKY preparations as seen in Figure 14 (44). An in- 
creased Vmax indicates an increased rate of actomyo- 
sin ATP hydrolysis. This may mean an elevated level 
of ATPase activity in hypertension due to changes in 
the intrinsic properties of the actomyosin ATPase, in- 
creased myosin light chain phosphorylation and/or an 
increased calcium concentration, as it has been shown 
for smooth muscle that an increased calcium concen- 
tration causes an increased ATPase activity (95). 

The fact that there is some controversy in the lit- 
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Figure 11. Panel A: The mean SHR (n = 6) and mean WKY (n = 5) caudal arterial smooth muscle AL (percent I,) versus PIP, curves 
from 16- to 18-week-old rats are compared. Reprinted with permission from Ref. 75, courtesy of the National Research Council of 
Canada. Panel B: The mean SHR (n = 7) and the mean WKY (n = 5) AL (percent I,) versus PIP, curves from 28- to 31-week-old rats 
are compared. Shortening ability of the arterial muscle is enhanced in SHR under 18 weeks of age but actually becomes impaired with 
aging and/or longer exposure to high transmural pressure and with hypertrophy. 

erature regarding results of F-V studies of SHR arterial 
smooth muscle deserves some comment. While 
Packer and Stephens (34,44) report an increased Vmax 
in caudal and mesenteric resistance arterial muscle, 
Arner and Uvelius (87) found no difference in Vmax 
between segments of abdominal aorta from SHR and 
WKY rats, and Mulvany (96) reported no difference in 
Vmax for SHR and WKY mesenteric resistance arter- 
ies. This discrepancy between Vmax results may be 
attributable to the different muscle preparations (e.g., 
caudal artery versus abdominal aorta) or to the differ- 
ence in age range of the rats utilized in the various 
studies (e.g., 16 vs 20-25 weeks). Differences in Vmax 
may reflect a change in Ca2+ concentrations and/or in 
levels of myosin light chain phosphorylation in re- 
sponse to agonists. Some light has been shed on this 
problem. The F-V studies reported previously for 16- 
to 19-week-old SHR and WKY caudal arterial strips 
were repeated on 28- to 31-week-old SHR and WKY 
preparations (97). In comparing the results of the F-V 
studies done on caudal arterial smooth muscle from 
16- to 18-week-old SHR and WKY rats (Fig. 14) with 
the results of similar F-V studies done on caudal arte- 

rial smooth muscle from 28- to 31-week-old SHR and 
WKY rats (Fig. 15), the following was concluded: ve- 
locity of shortening is faster in caudal arterial smooth 
muscle from 16- to 18-week-old SHR compared with 
16- to 18-week old WKY caudal arterial strips, but is 
significantly depressed in 28- to 3 1-week-old SHR 
compared with 28- to 3 1-week-old WKY preparations. 
The decrease in SHR Vmax from once elevated speeds 
is not due simply to aging, for if this were the case, the 
WKY Vmax should also have declined with age and the 
relative difference between SHR and WKY F-V 
curves seen in younger rats would not have been oblit- 
erated when comparing the older rats. 

The disappearance of a difference in Vmax between 
SHR and WKY caudal arterial smooth muscle may be 
due to a decline in SHR Vmax due to hypertrophy of 
these hypertensive arteries, while the Vmax of the 
WKY animals may show little or no change with age as 
there would be little or no hypertrophy in the arterial 
walls of these normotensive rats. That the media of 
blood vessels in hypertensives is thickened is well es- 
tablished (28-30, 34). Hypertrophy of smooth mus- 
cle cells in muscular arteries of older SHR rats may be 
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functions of transmural pressure (-AClC, - P mm Hg) for ar- 
teries from SHR (n = 5), WKY (n = 5), and MK-421-treated SHR 
(n = 5) are compared. Reprinted from Ref. 34, courtesy of the 
National Research Council of Canada. 
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related to the effect of long duration of elevated blood 
pressure in these rats (33, 92, 93). Pressure-induced 
hypertrophy of arterial smooth muscle may not be un- 
like the pressure overload-induced hypertrophy of car- 
diac muscle. In such hypertrophied myocardium, a 
25%34% reduction in the velocity of shortening and 
depressed ATPase activity have been reported (98, 
99). Since it is known that different myosin isoen- 
zymes exist in smooth muscle, it may be speculated 
that the mechanism for the depressed Vmax is due to 
depressed ATPase activity in hypertrophied hyperten- 
sive arterial smooth muscle as is the case in hypertro- 
phied cardiac muscle (65, 99). On the other hand, the 
decrease in ATPase activity may not be linked to 
isozymes. For example, regulation of myosin light 
chain (MLCZ0) phosphorylation may be altered in the 
hypertrophied arterial muscle. (See Contractile Pro- 
tein Changes in Hypertensive Arterial Muscle below.) 

It is more difficult to speculate as to the drastic 
drop in shortening ability in SHR arterial smooth mus- 
cle with age. There is evidence in the literature that 
increased vascular distending pressure-induced hyper- 
trophy in vascular smooth muscle results in an in- 
crease in intermediate filaments (92). An increase in 
intermediate filaments may hinder shortening. At any 
rate, such loss of narrowing ability might in fact have 
a life-saving, partially compensating effect in estab- 
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Figure 13. Mean SHR (n = 5), WKY (n = 5), and MK-421-treated 
SHR (n = 5) mesenteric arterial Tltotal maximum T-V curves are 
presented. Both the SHR and MK-421-treated SHR curves are 
elevated above the WKY curve for the lower loads ranging from 
0 to 0.4 Tltotal maximum T values. However the treated SHR 
curve is also lower than the SHR curve indicating that either 
MK-421 treatment interferes with the faster velocity of geneti- 
cally hypertensive vascular muscle or that the high transmural 
pressure of the untreated SHR has further enhanced the already 
faster velocity of the SHR arterial muscle. Reprinted from Ref. 
34, courtesy of the National Research Council of Canada. 

lished hypertension where hypertrophied vasculature 
alone can cause increased resistance and maintain high 
blood pressure. 

A change in the relative numbers of cross-bridges 
undergoing fast or slow cycles has been demonstrated 
in smooth muscle. Early in contraction the majority of 
cross-bridges cycle rapidly while later in contraction 
the relative numbers of fast to slow cycling bridges 
decreases. The latter has been termed the “latch” 
phase and is thought to be a function of time or change 
in cell calcium concentration (45,47,48). Therefore, it 
is no longer adequate to report only parameters of 
smooth muscle mechanical behavior obtained in the 
classical way. Investigation of the mechanics of the 
early and late cross-bridge cycles in hypertensive ar- 
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Figure 14. An illustration of the mean SHR (n  = 6) and mean 
WKY (n  = 5) caudal arterial muscle F-V curves from 16- to 18- 
week-old rats. The SHR curve is shifted above the WKY curve for 
all loads less than 80% Po. Reprinted from Ref. 75, with permis- 
sion from the National Research Council of Canada. 

terial muscle became necessary. Classical F-V curves 
(i.e., those made at times early in the shortening phase 
of contraction, but with varying load) cannot distin- 
guish between the shortening velocities of the rapid- 
cycling and of the slow-cycling phases. Studying the 
velocity of shortening as a function of contraction time 
rather than as a function of the load on the muscle 
provides information regarding the mechanical behav- 
ior of these two different cycles. 

A difference in the kinetics of either cycle in hy- 
pertensive compared with control muscle should be 
reflected in the dynamic stiffness. The dynamic stiff- 
ness is the inherent stiffness of the contractile appara- 
tus (cross-bridge attachments) in actively contracting 
and/or relaxing muscle. Altered dynamic stiffness 
could be due to a difference in cross-bridge number or 
to a difference in cross-bridge cycling rate (i.e., a 
change in “on” time). 

In one series of experiments, caudal arterial mus- 
cle strips were mounted vertically in a bath containing 
Krebs-Henseleit solution at 37°C and a 95% 0,/5% 
C02 gas mixture was bubbled through the bath. The 
lower end of the muscle strip was held rigidly while the 
upper end was tied to an electromagnetic lever system. 

P/Po 
Figure 15. A comparison of the mean SHR (n = 7) and the mean 
WKY (n  = 5) F-Vcurves from 28- to 31-week-old rats. The curves 
are almost superimposable on one another suggesting that ve- 
locity of shortening (cross-bridge cycling rate) decreases from 
once elevated velocities in hypertensive arterial muscle with 
chronic exposure to elevated transmural pressures and/or with 
hypertrophy. 

The current through the coil of the electromagnet de- 
termined the load on the muscle. A detailed account of 
the apparatus and the response characteristics to 
abrupt alteration in load have previously been pub- 
lished (100, 101). The methodological and physiologi- 
cal aspects of studying abrupt alterations of load (the 
load-clamp technique) have also been reported (100, 
102). The muscle strip was equilibrated for 2 hr prior to 
commencing the experiment. During the equilibration 
period, the muscle was stimulated isometrically every 
5 min. Determination of the achievement of steady 
state was made by monitoring the maximum tetanic 
tension developed, rate of tension development, and 
contraction time for each consecutive contraction. Su- 
pramaximal electrical stimulation was via 17 V, 60 Hz 
AC for 7 sec through two platinum electrodes placed 
longitudinally on either side of the muscle strip in the 
bath. Following equilibration, optimal length for max- 
imum tension development (I,) was determined for 
each preparation by doing an active length-tension 
analysis. Contractions were always tetanic and instan- 
taneous length, force, and velocity of shortening were 
recorded simultaneously and displayed as functions of 
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time by an HP 9836 microcomputer. Permanent 
records were produced on an HP 7470 A plotter. To 
eliminate the effect of load, the technique of zero load- 
clamping described by Brutsaert et al. (38) was em- 
ployed. In this technique, the load on the muscle was 
abruptly (within 3 msec) clamped to zero. Two tran- 
sients were seen as the load dropped from preload to 
zero. A fast shortening transient was seen immediately 
following the zero load clamp, which represented re- 
coil of the muscle’s series elastic component. This was 
followed by an artifactual oscillation and then a pro- 
longed slow shortening. The maximum slope of the 
slow transient (V,) represented the true average cy- 
cling activity of the cross-bridges. V,  values were ob- 
tained at 0.5-sec intervals. The values were then plot- 
ted against time ( t ) .  Maximum V,  was attained early in 
contraction and thereafter progressively declined. 

Mean SHR and WKY V,  (Z,/sec) versus t (sec) 
curves are compared in Figure 16. The mean SHR 
curve is significantly elevated above the mean WKY 
curve at all times after 3.0 sec until the end of the 
shortening phase of contraction, indicating that the 
SHR arterial muscle was faster than the WKY arterial 
muscle after 3.0 sec into contraction (P < 0.01). Prior 
to 3.0 sec, the SHR and WKY mean curves are super- 
imposable, indicating that the SHR and WKY arterial 
muscle shortening velocities were the same from the 
onset of shortening until the maximum velocity of 
shortening was attained (P > 0.05). The data in Figure 
16 also show that the SHR muscle was not only faster 
than the WKY muscle from 3.0 sec until the end of 
shortening, but was able to shorten for a longer period 
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Figure 16. Comparison of the mean SHR (n = 7) and the mean 
WKY (n = 8) caudal arterial smooth muscle V (Idsec) versus t 
(sec) curves. The SHR curve is shifted above the WKY curve at 
all times later than 3.0 sec into contraction. 

of the total contraction time. It can be seen that the 
SHR curve is not complete until 15.0 sec, while the 
WKY muscle returned to zero velocity at 11.0 sec. 

In another series of experiments, in collaboration 
with Richard A. Meiss, caudal arterial strips were 
mounted horizontally in a muscle bath through which 
Krebs-Henseleit bubbled with a gas mixture 95% 02/ 
5% C02 and maintained at 37°C was circulated. One 
end of the arterial strip was attached to a stainless steel 
lever (Cambridge Instruments 300 H Dual Mode 
Servo). The other end of the strip was attached to a 
photoelectric force transducer. The apparatus has 
been described in detail previously (103). The arterial 
rings were equilibrated for 1 hr on the average prior to 
commencing the experiments. Stimulus-response data 
were obtained and the parameters of supramaximal 
electrical stimulation for the tissue were identified as 
35 V, 60 Hz, 7 sec. Optimal length for tension devel- 
opment (I,) was determined for each preparation by 
doing a limited length-tension analysis prior to com- 
mencing actual data collection. Muscle length and 
weight were obtained and cross-sectional area (CSA) 
was calculated for each preparation. During the exper- 
iments, afterloads and load-clamps were applied in 
random order with each consecutive contraction. 
Length and force were recorded simultaneously as 
functions of time ( t )  on a chart recorder (Gould, Brush 
260). The dynamic stiffness of the caudal arterial prep- 
arations was measured throughout the contraction/ 
relaxation cycle. In order to provide a continuous as- 
sessment, the method of sinusoidal oscillatory length 
perturbations (103-105) was used. This method in- 
volves applying small sinusoidal length perturbations 
(amplitude <0.2% of the muscle length, frequency 30 
to 80 Hz) to the contracting muscle and measuring the 
amplitude of the resulting force perturbation. The dy- 
namic stiffness is then computed as the ratio of the two 
amplitudes and is generally proportional to the force 
developed by the muscle. The increase in stiffness as- 
sociated with active tension development was com- 
pared for hypertensive and normal arteries. That is to 
say, the slope of the normalized force/stiffness rela- 
tionship was compared. In addition, SHR and WKY 
stresdstrain versus force (N/cm2) and stredstrain 
versus shortening (% I,) curves were compared for 
isometrically and preloaded isotonically contracting 
muscle, respectively. 

The mean dynamic stiffness (dF/dL) versus force 
curves for isometrically contracting and relaxing cau- 
dal arterial muscle are compared in Figure 17 for SHR 
(Panel A) and WKY (Panel B) tissue. The dynamic 
stiffness of the rat caudal arterial muscle was similar at 
any given level of developed force regardless of 
whether the muscle was in the contractile or relaxation 
phase (P > 0.05). The mean dynamic stiffness versus 
force curves of SHR and WKY isometrically contract- 
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Figure 17. Panel A: A comparison of the mean dF/dL ([N/cm2]/% 
I,) versus force (N/cm2) curves for isometrically contracting and 
relaxing SHR (n = 7) caudal arterial muscle. There is no signif- 
icant difference between the curves, indicating that there is no 
difference in stiffness during relaxation compared with stiffness 
during contraction in this particular smooth muscle type. Panel 
B: A comparison of mean dF/dL ([N/cm2]/% I,) versus force (N/ 
cm2) curves for isometrically contracting and relaxing WKY (n = 
6) caudal arterial muscle. As in Panel A, there is no significant 
difference between the curves, indicating no difference in stiff- 
ness during relaxation compared with that measured during 
contract ion. 

ing (Panel A) and relaxing (Panel B) are compared in 
Figure 18. At the higher loads (within 50% of Po),  the 
SHR muscle is less stiff than the WKY muscle during 
both contraction and relaxation when operating in iso- 
metric mode. The mean dFldL versus shortening for 
isotonically contracting and relaxing caudal arterial 
muscle are compared in Figure 19 for SHR (Panel A) 
and WKY (Panel B) preparations. As was the case 
with the isometric dynamic stiffness, there is no dif- 
ference in the stiffness at any given muscle length re- 
gardless of whether the muscle is shortening or re- 
lengthening (P  > 0.05). The mean dynamic stiffness 
curves of SHR and WKY isotonically contracting 
(Panel A) and relaxing (Panel B) caudal arterial muscle 
are compared in Figure 20. The SHR muscle is signif- 
icantly stiffer than the WKY muscle at all actively 
shortened lengths between resting length (I,) and 2% 
lo. There is no difference in the stiffness when the SHR 
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Figure 18. Panel A: A comparison of the mean SHR (n = 7) and 
WKY (n = 6) dF/dL ([N/cm2]/% I,) versus force (N/cm2) curves for 
isometrically contracting caudal arterial muscle. Stiffness is sig- 
nificantly greater for the WKY muscle at the higher loads (~3.5 
N/cm2) than for SHR arterial muscle (P < 0.05). Panel B: A com- 
parison of the mean SHR (n = 7) and mean WKY (n = 6) dF/dL 
([N/cm*]/% /,) versus Force (N/cm2) curves for isometrically re- 
laxing caudal arterial muscle. Stiffness is significantly greater 
for the WKY muscle at onset of relaxation (i.e., at loads >4 
N/cm2) than for SHR arterial muscle (P < 0.05), but there is no 
difference in the stiffness once force has declined to <4 N/cm2. 

and WKY muscle strips have shortened as much as or 
greater than 2% 1,. 

Results of these experiments are consistent with 
the hypothesis that two functionally different cross- 
bridge states are operational during contraction in ar- 
terial muscle and, furthermore, show that this mecha- 
nism applies in both hypertensive (SHR) and nor- 
motensive (WKY) arterial muscle. There is currently 
much debate as  to the biochemical regulation of 
smooth muscle cross-bridge rate. Possible candidates 
for alteration in the SHR muscle mechanics include 
myoplasmic calcium concentration (95) or changes in 
the intrinsic properties or amount of the various pos- 
sible regulatory proteins such as caldesmon (106), 
calponin (107), or myosin light chain kinase or of the 
contractile protein, myosin. 

There is some evidence based on stiffness mea- 
surements in canine tracheal muscle that the reduction 
in velocity later on in contraction is not due to a re- 
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Figure 19. Panel A: A comparison of mean SHR (n = 7) dF/dL 
([N/cm']/% I,) versus shortening (% I,) for preloaded isotonically 
contracting and relaxing (i.e., actively shortening and relength- 
ening) caudal arterial muscle. Stiffness declines as the muscle 
shortens then increases again as the muscle lengthens. There is 
no difference in the stiffness of the muscle at the same partic- 
ular length regardless of whether the muscle is in the shortening 
or relaxing phase. Panel B: A comparison of mean WKY (n = 6) 
dF/dL ([N/cm2]/% I,) versus shortening (% I,) curves for pre- 
loaded isotonically contracting and relaxing (i.e., actively short- 
ening and relengthening) caudal arterial muscle. Similarly to the 
SHR muscle, there is no difference in the stiffness of the WKY 
muscle at the same given length regardless of whether the mus- 
cle is in the shortening or relaxing phase. Unlike the SHR mus- 
cle, the WKY isotonic stiffness curve is relatively flat. There is no 
difference in stiffness throughout the contraction. The stiffness 
is the same for the WKY muscle whether it is maximally short- 
ened or whether it is at its resting length. 

duction in the number of active cross-bridges (45). 
Therefore, the fall in velocity is likely due to mecha- 
nisms resulting in the transition of rapid-cycling to 
slow-cycling cross-bridges involving biochemical or 
conformational changes in existing bridges rather than 
recruitment of new bridges. It may be argued that 
there is an effect of muscle length on cross-bridge ac- 
tivity. However, velocity-length phase plane studies in 
canine tracheal muscle showed that velocity was 
length independent between 0.70 and 1.0 I,, and since 
the average maximum shortening was 0.25 I,, it was 
concluded that the progressive decrease in cycling rate 
was not due to length changes (45). This conclusion is 
even more obvious in the studies of arterial muscle 
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Figure 20. Panel A: A comparison of the mean dF/dL ([N/cm2]/% 
I,) versus shortening (Yo I,) curves for isotonically contracting 
SHR (n = 7) and WKY (n = 6) caudal arterial muscle. The SHR 
curve is significantly elevated above the WKY curve from resting 
length until shortening of 2% I, (P < 0.05) has occurred, indi- 
cating that the SHR muscle is twice as stiff as the WKY muscle 
at resting length and remains stiffer than the WKY muscle until 
it has shortened as much as, or greater than 2% I,. Panel 6: A 
comparison of the mean dF/dL ([N/cm2]/% I,) versus shortening 
(% I,) curves for isotonically relaxing SHR (n = 7) and WKY (n = 
6) caudal arterial muscle. There is no difference between the two 
curves at onset of relaxation (when the SHR muscle has short- 
ened 3.5 to 4.0°/0 I, and the WKY muscle has shortened 3.0°/o I,). 
However, the SHR curve is elevated above the WKY curve once 
sufficient lengthening has occurred, such that the muscle has 
relaxed to within 2.0% I, (P < 0.05). The SHR muscle becomes 
increasingly stiffer than the WKY muscle as lengthening occurs 
during relaxation until resting length is achieved, at which point 
the SHR muscle is twice as stiff as the WKY muscle. 

cross-bridge cycling activity. WKY caudal arterial 
muscle has a maximum shortening of only about 6.5% 

Two specific points on the V ,  versus t curves (Fig. 
16) stand out. The first is at the peaks of the curves. 
The peaks of the SHR and WKY mean curves occur at 
the same point in the time course of contraction (i.e., 
at 2.0 sec). However, the SHR velocity remains max- 
imal until after 3.0 sec, while the WKY commences to 
decline immediately following 2.0 sec. The peak in 
these two curves likely indicates the point in time at 
which enough slow-cycling bridges have been re- 
cruited to result in an internal load great enough to 
significantly reduce velocity of shortening. The other 

1, (75). 
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point of particular significance is the end point of the 
V,  versus t curve. This point establishes the time in the 
course of an isotonic contraction at which further de- 
tectable shortening cannot occur even with negligible 
external load on the muscle. At this point in time, the 
internal resistance to shortening must be maximal, and 
the ratio of slow-cycling to rapid-cycling cross-bridges 
must be large. It is of particular interest physiologi- 
cally that the SHR arterial muscle is able to produce 
active shortening for 15 sec, while the WKY muscle 
actively shortens for only 11 sec. This discrepancy 
means that the SHR arteries are capable of spending a 
greater proportion of each contraction, given the same 
degree of stimulation, in narrowing mode and this may 
account for some of the increased narrowing ability 
reported for SHR arteries (44, 75). 

The dynamic stiffness of contracting and relaxing 
caudal arterial muscle was assessed by the method of 
applying small sinusoidal length perturbations to the 
maximally stimulated muscle strips. This method al- 
lows the continuous registration of muscle stiffness 
while having little effect on the muscle contractility. 
As in other muscle types investigated, the stiffness of 
isometrically contracting caudal arterial muscle in- 
creases with increasing contractile force in approxi- 
mately linear fashion. However, the stiffness is not 
simply a function of muscle tension but depends also 
on the contractile state of the muscle. For instance, 
the stiffness of the normotensive WKY arterial muscle 
is greater during relaxation than during contraction at 
the same level of force developed. This is not the case 
for the hypertensive SHR muscle where stiffness par- 
allels the rise and fall in force during both the contrac- 
tile and relaxation phases (Table I). These results sug- 
gest that the contractile state of the hypertensive mus- 
cle is less changeable throughout the contraction than 
is the normotensive muscle. In other words, the num- 
bers of cross-bridges rather than the cross-bridge state 

Table 1. Ratios of the Slopes of the Isometric 
Relaxation Stress/Strai n Cu rves Compared With 

Slopes of the Force Development 
St ress/St rai n Curves 

SHR WKY 

1.021 1.045 
0.995 1.059 
0.982 1.084 
1.022 1.01 5 
1.007 1.091 

1.040 
Mean ? SEM 1.006 5 0.008 1.056 ? 0.015’ 

~~ 

a The mean ratio for the WKY group is significantly greater than 
the mean ratio for the SHR group (P < 0.01) and is also signif- 
icantly greater than 1 .O (P < 0.001), while the mean ratio for the 
SHR group is not different from 1.0 (P > 0.05). These data indi- 
cate that the WKY caudal arterial muscle is stiffer during relax- 
ation than it is during active force development. 

or kinetics may be the dominant contributor to dy- 
namic stiffness in genetically hypertensive arterial 
muscle. The comparisons of the SHR with the WKY 
dynamic stiffness versus force curves and the V,  ver- 
sus time curves support this idea. As pointed out 
above, the velocity of shortening is less changeable 
over time for the hypertensive than for the normoten- 
sive muscle, indicating a predominance of the faster 
cross-bridge cycle. The fact that the SHR muscle is 
less stiff than the WKY muscle indicates that the hy- 
pertensive cross-bridges spend less “on’ ’ time during 
each cycle, at least later in the contraction or at the 
higher force levels. The hypertensive muscle appears 
to have a less pronounced “latch” phase than the nor- 
motensive muscle. 

The dynamic stiffness during isotonic contractions 
is independent of length changes and of time in the 
WKY muscle. Surprisingly though, the SHR arterial 
muscle stiffness is anomalously high within 2% of the 
resting length. The reason for the high stiffness at rest- 
ing length that diminishes to normotensive levels dur- 
ing shortening in the hypertensive muscle is an 
enigma. Possibly some crossbridges (“latch” bridges) 
are attached, or remain made, in the SHR muscle dur- 
ing rest and then detach during shortening. This phe- 
nomenon might prove to be unique to the SHR arterial 
muscle rather than typical of normal smooth mus- 
cles as had been postulated by Butler et al. (49), as 
mentioned earlier. On the other hand, the very high 
stiffness at lengths approaching 1, in isotonically con- 
tracting SHR arterial muscle may reflect differences in 
connective tissue elements and parallel elastic compo- 
nents. 

Summary of the mechanical studies of arterial 
preparations from SHR, MK-421 trt SHR, and WKY 
rats allow the following conclusions: (i) the thickened 
arterial wall in the SHR appears to be secondary to the 
high blood pressure; (ii) SHR arterial muscle shortens 
more, shortens faster, and takes longer to relax than 
does WKY arterial muscle, while there is no difference 
in ability to develop tension; (iii) the latter is true of 
resistance arterial muscle as well as for larger muscu- 
lar arterial muscle; and (iv) the faster shortening and 
slower relaxation rates of the SHR arterial muscle do 
not appear to be a result of high blood pressure and so 
may well be primary defects of arterial smooth muscle 
in these genetically hypertensive animals. 

Arterial Wall Structure in Hypertension 
A number of investigators have established that 

there is an increased wall-to-lumen ratio in blood ves- 
sels of hypertensives (28-34). This would indicate hy- 
pertrophy, hyperplasia, or both. Under conditions 
where the smooth muscle cells were fully relaxed, the 
internal radii of SHR brain and mesenteric arteries 
were smaller at all pressures compared with respect to 
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Table II. A Summary of Structural Changes of Mesenteric Arteries From SHR at Different Phases of 
Hypertension Development 

80- 

70 - 

Vessel type Prehypertensive Deve I o p i ng Established 

lntima + IEL 

Media 

Advent i t ia 

Lumen 

SMC layers 

Nerve density 

SMA 
L 
S 
SMA 
L 
S 
SMA 
L 
S 
SMA 
L 
S 
SMA 
L 
S 
SMA 
L 
S 

? 
t 
t 
t 
t 
t 
t 
t 
t - 
- 
- 
- 
t 
t 
? 
? 
? 

Note. SMA = Superior mesenteric artery; L = large mesenteric artery; S = small mesenteric artery; - = no change; t = increase; 
4 = decrease as compared with age-matched WKY; ? = not measured. Reproduced with permission from Ref. 31. 

a Media to lumen ratio was significantly increased (P = 0.005). 

the WKY (28). This encroachment of the thickened 
arterial wall on the arterial lumen would result in in- 
creased resistance and in elevated blood pressure. 
However, there is controversy as to whether these 
structural changes of the blood vessel wall are primary 

or secondary to the onset of high blood pressure, and 
little is known about the mechanism responsible for 
the thickened walls in hypertension. 

Vascular muscle hypertrophy has been shown to 
be induced and/or increased by raised transmural pres- 

SHR 

MK-421 TREATED SHR 

0 WKY 

T 

sures (92,93). The cross-sectional area of smooth mus- 
cle cells in 5- to 6-month-old SHR vessels was re- 
ported to be 21% greater than that of cells in 5- to 
6-month-old WKY vessels (88). Alterations of struc- 
tural components which contribute to thickening of the 
vessel wall in SHR varies with the vessel type and also 
with the age of the animals (32). In particular, it was 
reported that 10- to 12-week SHR muscular arteries 
are composed of more smooth muscle cell layers com- 
pared with 10- to 12-week WKY muscular arteries. In 

.... ..... ..... .... Table 111. Structural Changes of Mesenteric 
Resistance Arteries in 18- to 21-Week-Old SHR 

Morphometrics (Mean * SEM) 

:::: 

'. .:. 
'..:: 

. . .  ..... ..:. .... 
: ::.:: 
..... ..... .... .'.. .... 

MK-421 -treated 
SHR SHR WKY 

lntima 
(% wal I) 

Media 
(% wal I) 

Advent i t ia 
(% wal I) 

Smooth muscle 
(% media) - Wall/lumen 

9.3 * 1.2 
(n = 3) 
59 * l a  
(n = 3) 
31 + 3  
(n = 3) 
55 2 38 
(n = 3) 

0.15 2 0.02 

7.3 + 0.3 
(n = 3) 
50 2 2 
(n = 3) 
42 2 2 
(n = 3) 
30 * 2 
(n = 3) 

0.10 2 0.02 

7.3 + 0.3 
(n = 3) 
49 2 1 
(n = 3) 
38 2 5 
(n = 3) 
35 * 1 
(n = 3) 

0.09 2 0.01 
Media Adventitia Smooth (at 50 mm Hg) (n = 4) (n = 4) (n = 3) 

Smooth muscle 5.9 * 0.2' 4.6 2 0.4 4.2 2 0.1 
(n = 5) (n = 3) (n = 3) 

lntima 
Muscle 

Figure 21. Histogram of the mean SHR, MK-421-treated SHR, 
and WKY mesenteric resistance arterial intima, media, adventi- 
tia, and smooth muscle thicknesses expressed as smooth mus- 
cle content. 

cell layers 

A value that is significantly different (P < 0.05) from the other 
values in that row. 
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addition, volume densities of the smooth muscle cells 
in the media of these muscular arteries are found to be 
higher in the SHR (32). Twenty-eight-week-old SHR 
arterial media from muscular arteries showed no fur- 
ther increase in cell layers, but smooth muscle cell 
volume was greater and the media thicker than at 1 6  
12 weeks (33). These same investigators found an in- 
crease in smooth muscle cell layers in smaller resis- 
tance arteries of both age groups of SHR. Similar find- 
ings for SHR mesenteric resistance arteries had been 
reported earlier (88). Brayden et al. (28) reported that 
the DNA content of mesenteric resistance arteries 
from 25-week-old SHR was elevated by nearly 30%. 
The amounts of actin and myosin when normalized to 
DNA content were unchanged in SHR compared with 
WKY. Neither the absolute amounts and concentra- 
tions (relative to tissue mass) of elastin nor of collagen 
were changed in the SHR vessels. These biochemical 
measurements are consistent with the results of mor- 
phometric studies reporting smooth muscle cell hyper- 
plasia rather than hypertrophy in SHR resistance ar- 
terial walls (31, 108). 

Hypertrophy of smooth muscle cells in muscular 
arteries, such as femoral or caudal arteries, of older 
(>8 weeks) SHR rats may be related to the effect of 
long duration of elevated blood pressure in these rats 
(33, 92, 93). However, there is some evidence that 
medial thickening in small mesenteric resistance arter- 
ies of SHR occurs prior to or in the absence of hyper- 
tension as shown in Table I1 (31). Yet, measurements 
of mesenteric resistance arterial wall thickness in MK- 
42 1 (enalapril maleate)-treated, and therefore nor- 
motensive, SHR as shown in Figure 21 and Table 111 
do not agree with the results of Lee’s study. The rea- 
sons for such discrepancies in the literature have yet to 
be made apparent. 

Biochemistry of Smooth Muscle Contraction 
The sliding filament theory has been developed 

primarily from detailed investigations of skeletal mus- 
cle, but the general organization of thick and thin fil- 
aments in smooth muscle is consistent with a similar 
mechanism of contraction (109, 110). However, the 
regulation of actin-myosin interactions in smooth mus- 
cle by calcium is more complex than in striated mus- 
cle, and several different biochemical mechanisms 
have been proposed. In thick filament regulation, 
Ca2+ binds to calmodulin (CM), and the Ca2+-CM 
complex subsequently binds to and activates myosin 
light chain kinase (MLCK) (1 11). Activation of MLCK 
results in phosphorylation of the 20,000-dalton light 
chain subunit of myosin (MLC20) and the stimulation 
of actin-activated Mg2+-ATPase activity of smooth 
muscle myosin (1 12, 113). There is also evidence that 
phosphorylated smooth muscle myosin Mg2 + -ATPase 
activity may be further increased by Ca2+, which may 

be related to Ca2+ binding directly to myosin (114- 
1 16). Ca2 + may also regulate actin-myosin interaction 
in smooth muscle via thin filament components. 
Ebashi (1 17) had proposed that Ca2+ activation is me- 
diated by a thin filament protein complex referred to as 
leiotonin. Marston (1 18) has shown that isolated thin 
filaments which are capable of binding Ca2+ activate 
myosin Mg2+-ATPase activity in a Ca2+-dependent 
manner. Marston also reported that the phosphoryla- 
tion of a 21,000-dalton protein component in thin fila- 
ments is associated with an increase in the quantity of 
high-affinity Ca2+-binding sites on thin filaments and a 
decrease in the Ca2 + concentration required for half- 
maximal activation of actin-activated Mg2 + -ATPase 
activity. Thin filament preparations also contain, in 
addition to actin and tropomyosin, caldesmon (140 
kDa) and calponin (32 kDa). Caldesmon can bind the 
calcium-calmodulin complex and can also be phos- 
phorylated by endogenous kinases such as protein ki- 
nase C (105). Calponin was first described by Taka- 
hashi et al. (120) and has, like caldesmon, been shown 
to bind actin and calmodulin. 

It is generally accepted that at least three, if not 
four, Ca2+ binding sites on CM are occupied for the 
activation of the various calmodulin-dependent en- 
zymes (1 19). Activation associated with an increase in 
cytoplasmic Ca2+ concentration is the result of Ca2+ 
binding first to CM with subsequent binding of the 
Ca-CM complex to and activation of MLCK. Inacti- 
vation due to a decrease in cytoplasmic Ca2+ concen- 
tration follows a different pathway, however. The rate 
of inactivation is about three orders of magnitude 
faster when Ca2+ first dissociates from the Ca2+,-CM- 
MLCK complex. Phosphorylation of smooth muscle 
MLCzO by the Ca2+,-CM-MLCK complex is thought 
to allow the activation of myosin Mg2+-ATPase by 
actin, whereas dephosphorylated myosin is not acti- 
vated. Phosphoprotein phosphatases have been puri- 
fied from smooth muscle (121, 122). The major role of 
phosphatases is to regulate the restoration of smooth 
muscle myosin to the nonphosphorylated form. Adel- 
stein and Eisenberg (112) suggested that it is possible 
that one or both of the phosphatases purified from 
smooth muscle (phosphatase I and phosphatase 11) 
(121) are always active in the resting cell. A rise in 
Ca2+, which initiates contraction, might superimpose 
a dominant myosin kinase activity, whereas a decrease 
in Ca2+ would restore phosphatase activity to domi- 
nance. 

A general scheme for the biochemical regulation 
of myosin phosphorylation in smooth muscle is repre- 
sented in Figure 22. During the initiation of contrac- 
tion, the concentration of intracellular free Ca2+ in- 
creases through influx across the sarcolemma and/or 
through the release of Ca2 + from intracellular stores. 
This results in an increase in Ca2+-CM which then 
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Figure 22. The cascade of intracellular reactions by which the 
contraction of smooth muscle is activated in the presence of 
Ca2+. Myosin light chain kinase is the enzyme that catalyzes the 
phosphorylation of a particular site on the 20-kDa regulatory 
myosin light chain. 

activates MLCK which phosphorylates MLC2, which 
results in an increase in myosin actin-activated Mg2+- 
ATPase activity. Relaxation is caused by the seques- 
tration and removal of Ca2+ from the sarcoplasm 
which results in the inactivation of MLCK by dissoci- 
ating Ca2+ from the holoenzyme complex. Dephos- 
phorylation of MLC2, by myosin phosphatase then in- 
activates myosin Mg2+-ATPase. 

In the sliding filament theory, developed force is 
attributed to the number of active cross-bridges gen- 
erating force additively , this number being regulated 
by the binding of Ca2+ to specific regulatory proteins. 
Maximum shortening velocity ( Vmax) is interpreted as 
a direct reflection of cross-bridge cycling rate and 
could be determined by the isoenzymatic form of my- 
osin in the cell. The hypothesis that MLC,, phosphor- 
ylation plays a direct role in determination of isometric 
force by activating a certain number of cross-bridges 
has been complicated by the observation that phos- 
phorylation can decline in time while force is main- 
tained (123). The transient increase and decrease in 
myosin phosphorylation indicates that phosphoryla- 
tion of myosin may not be the sole Ca2+-dependent 

regulatory event in smooth muscle contraction. It has 
been hypothesized that the transient increase in myo- 
sin phosphorylation is explained by a transient rise in 
cell Ca2+ concentration and that a second regulatory 
site responsible for Ca2+-dependent force mainte- 
nance, necessarily has a greater Ca2+ sensitivity than 
the activation of MLCK by Ca2+,-CM (124). 

Dillon and coworkers (47) discovered that, in par- 
allel with phosphorylation, isotonic shortening veloc- 
ity against light loads increases during the early phase 
of contraction and then declines while force rises to a 
maintained maximum in arterial muscle. Levels of my- 
osin phosphorylation during maintained contractions 
correlate directly with Vmax and not necessarily with 
absolute levels of stress (125). These observations 
have led to the hypothesis that the Ca2+-dependent 
phosphorylation of myosin initiates rapid cycling of 
cross-bridges resulting in the development of isometric 
force and that, in the presence of a cytoplasmic Ca2+ 
concentration sufficient to maintain force, the dephos- 
phorylation of myosin results in an attached non- or 
very slow cycling crossbridge (latch bridge). How- 
ever, Vmax has been observed to be dependent on 
Ca2+ and CM concentrations in permeabilized or 
‘ ‘skinned” preparations (125, 126), and on extracellu- 
lar Ca2+ concentration in intact smooth muscle prep- 
arations while the level of myosin phosphorylation 
remained constant (124). The decline in cross-bridge 
cycling rates during stimulation is reflected in mea- 
surements of energy consumption in contracting 
smooth muscle (49, 128, 129). The physiological im- 
portance of the hypothetical “latch” state is the pro- 
vision of a mechanism whereby tonic force can be 
maintained more efficiently by reducing the ATP con- 
sumption associated with high cross-bridge cycling 
rates. 

Contractile Protein Changes in Hypertensive 
Arterial Muscle 

As discussed previously, SHR muscle displays in- 
creased shortening ability and increased shortening 
velocity, and that the increased velocity of shortening 
appears to be a primary alteration in the SHR muscle. 
Velocity of shortening is dependent on actomyosin 
ATPase activity, and this activity is, in turn, calcium 
dependent. Purified smooth muscle actomyosin, un- 
like that of skeletal muscle, has a low ATPase activity 
(99 ,  and this increases as a result of phosphorylation 
of the 20-kDa regulatory myosin light chain (84). The 
enzyme catalyzing this phosphorylation, myosin light 
chain kinase (MLCK), requires both Ca2+ and cal- 
modulin for activity. Numerous studies from different 
laboratories have demonstrated that a direct relation- 
ship exists between actin-activating myosin ATPase 
activity and the degree of phosphorylation of the 20- 
kDa myosin light chain (MLC,,) of smooth muscle (84, 
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Figure 23. Histograms of the mean k SE myofibrillar ATPase 
activities are normalized for myofibrillar protein weight (Panel A) 
and for myosin content (Panel B) of SHR and WKY caudal arte- 
rial smooth muscle. The SHR myofibrillar ATPase activity is sig- 
nificantly greater than the WKY myofibrillar ATPase activity re- 
gardless of the method of normalization. Adapted from Figures 1 
and 2 of Ref. 69, with permission courtesy of the copyright holder 
Wiley-Liss, New York, NY, a division of John Wiley and Sons, Inc. 

124, 125, 13G133). According to these investigators, it 
is surmised that the smooth muscle contractile system 
is regulated by phosphorylation and dephosphoryla- 
tion of the MLCZ0 by the action of MLCK and phos- 
phatase, respectively, depending on the presence or 
absence of calcium. On the other hand, with prolonged 
contraction times, maximum levels of isometric force 
can be maintained by vascular smooth muscle despite 
relatively low stoichiometry of myosin light chain 
phosphorylation (47). Nevertheless, the maximum ve- 
locity of shortening (V,,,) is dependent on the acto- 
myosin ATPase activity, and shortening ability is, at 
least to some extent, dependent on the velocity of 
shortening. 

The existence of smooth muscle myofibrils has 
been reported in both smooth muscle tissue and cul- 
tured smooth muscle cells (134, 135). Sobieszek and 
Bremel (136) showed that the smooth muscle myo- 
fibrillar ATPase activity is much higher than that of 
actomyosin ATPase. They ascribed this difference to a 
loss of calcium sensitive ATPase activity in the latter 
during preparation since addition of myosin light chain 
kinase (MLCK) and calmodulin to the actomyosin 
could restore ATPase activity. Therefore, it is likely 
that myofibrillar ATPase activity, rather than the 
ATPase activity of a more purified system, quantita- 
tively resembles more closely that of intact smooth 
muscle. Interestingly, SHR caudal arterial myofibrillar 
ATPase activity was found to be 1.8 times greater than 
the WKY caudal arterial myofibrillar ATPase activity 
for animals 16-18 weeks of age (Fig. 23A) (i.e., at the 
same stage of hypertension at which Vmax was shown 
to be elevated). Furthermore, the difference in 
ATPase activity remained apparent when the data was 
normalized for myosin content as shown in Figure 23B 
(P < 0.005). Therefore, the difference in ATPase ac- 
tivity cannot be explained by an increase in actomyo- 
sin content which is known to occur in hypertrophied 
vascular muscle from SHR (28). 

Altered actomyosin ATPase activity in hyperten- 
sive smooth muscle may be due to changes in the in- 
trinsic properties of the enzyme such as a shift in my- 
osin isoform or to an increased calcium concentration 
as it has been shown for smooth muscle that calcium 
concentration affects ATPase activity ( 9 9 ,  or to 
changes in the type or amount of myosin light chain 
kinase. That isoenzymes exist in cardiac and skeletal 
muscle (6345) is well established, and it has been re- 
ported that different myosin isoenzymes exist in 
smooth muscle (66, 69, 90). Furthermore, Sparrow et 
af. (66) have reported the existence of at least two 
different heavy chains of myosin in several different 
smooth muscle tissues and Gaylinn et af. (137) have 
reported two isoforms of the 20-kDa regulatory light 
chain in vascular smooth muscle. Three isoforms (a 
non-muscle isoform of 196198 kDa and the 200- and 
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Figure 24. Photograph of typical western blots of SHR and WKY 
rat caudal arterial muscle MLC2,. Panel A: MLC2, from resting 
(Lanes 1 and 2) or electrically stimulated (6-7 sec; Lanes 2, 4, 
and 5) arterial and resting uterine (Lane 6) muscle treated with 
an isoform nonspecific MLC,, antibody. Bands a and b are non- 
phosphorylated and phosphorylated forms of the smooth mus- 
cle (SM) isoform of MLC,,, respectively. Bands c and d are the 
nonphosphorylated and phosphorylated forms of the non- 
muscle (NM) isoform of MLC,,, respectively. The vascular mus- 
cle has significant amounts of both isoforms, while the uterine 
muscle apparently contains predominantly SM MLC,,. Panel B: 
MLC,, from EGTA in zero Ca2+-treated (Lanes 1 and 3) or high 
K+  (80 mM)-stimulated (>5 min; Lanes 2, 4, 5, and 6) arterial 
muscle treated with an isoform nonspecific MLC,, antibody. 
Only Band a and c, the nonphosphorylated forms of the smooth 
muscle and non-muscle isoforms, respectively, are apparent. 
Panel C: MLC,, from canine tracheal (Lanes 1-3), rat GI (Lanes 
4-6) and rat caudal arterial (Lane 7) muscle under resting con- 
ditions in normal Ca2+ solution treated with a smooth muscle 
isoform specific MLC,, antibody. In this case, only Bands a and 
b, the nonphosphorylated and phosphorylated forms, respec- 
tively, of the SM MLC,, are apparent. The blots represented in 
Panel A and B of this photograph were produced with an iso- 
form nonspecific antibody raised to bovine tracheal muscle 
MLC,, (gift of Dr. James T. Stull), while the blot in Panel C was 
produced with a smooth muscle isoform specific antibody 
raised to chicken gizzard muscle MLC,, (gift of Dr. David R. 
Hathaway). 

204-kDa muscle isoforms) of the myosin heavy chain 
and two isoforms of the 20-kDa myosin light chain 
have been identified in SHR and WKY rat caudal ar- 
terial muscle. Table IV compares the mean k SEM 
SHR (n = 16) caudal arterial muscle total myosin con- 
centration, muscle myosin concentration, non-muscle 
myosidmuscle myosin ratio and the MHC,,,JMHC,, 
ratio. The total myosin concentration is increased in 
SHR muscle (P < 0.001) in agreement with the previ- 
ous studies by Brayden et al. (28). Similarly, the mus- 
cle myosin concentration is increased in the SHR mus- 
cle (P < 0.001). The SHR and WKY non-muscle my- 
osin/muscle myosin ratios are not different (P > 
0.001), nor are the SHR and WKY MHC2JMHC2, 
ratios different (P > 0.05). Therefore, while the total 
myosin concentration increases as the arterial muscle 
hypertrophies, the relative proportion of MHC iso- 
form remains constant. These results are perhaps not 
surprising given that most reports of similar studies do 

not show a correlation between shifts in MHC isoform 
ratios and changes in parameters of contractility. 
There are a few exceptions (71, 72), but one wonders 
if a positive correlation is merely a coincidence and 
whether MHC isoforms have any affect on shortening 
velocity in smooth muscle at all. The latter remains to 
be elucidated. Shifts in MHC isoforms may prove to 
be more important in mechanisms of smooth muscle 
proliferation (91) and phenotypic change (90). 

Figure 24 shows a photograph of Western blots of 
MLC2, from a variety of smooth muscles. The smooth 
muscle (SM) MLC,, isoform was identified in a series 
of experiments on a variety of smooth muscle types 
(Panel C) as the two upper bands (a and b-nonphos- 
phorylated and phosphorylated, respectively) with the 
use of a SM MLC,,-specific antibody raised to chicken 
gizzard MLC,, (gift of Dr. David Hathaway). The ma- 
jority of SHR and WKY caudal arterial MLC,, exper- 
iments were carried out with a MLC2, isoform non- 
specific (but high-affinity) antibody raised to bovine 
tracheal muscle MLC,, (gift of Dr. James Stull) and 
resulted in blots with four bands (a, b, c, and d) of 
MLC2, like the one shown in Figure 24A. When nei- 
ther isoform was phosphorylated to any significant ex- 
tent as when the muscle was treated with EGTA in a 
zero Ca2+ solution or when the muscle was fast-frozen 
after several minutes (>5 min) into the plateau of force 
development in response to 80 mM K +  stimulation, 
then only Bands a and c were evident as shown in 
Figure 24B. Table V presents the results of the SHR 
and WKY caudal arterial muscle MLC,, experiments. 
Both the SHR and WKY caudal arterial muscle con- 
tains almost equal amounts of the smooth muscle iso- 
form (SM MLC,,) and the non-muscle isoform (NM 
MLC,,) of the light chain (P > 0.05). The mean SHR 
caudal arterial muscle phosphorylated SM MLC,,/ 
nonphosphorylated SM MLC,, ratio is significantly 
greater than the mean WKY ratio in response to max- 
imum electrical stimulation for a duration of 6-7 sec (P 
< 0.05). Interestingly, there is no difference in the 
SHR and WKY phosphorylated NM-MLC,,/non- 
phosphorylated NM-MLC,, (P > 0.05). These data 
suggest that the smooth muscle and non-muscle iso- 
forms of MLC,, may be independently phosphorylat- 
ed (i.e., may be independently regulated). Although a 
recent report by Monica1 et al. (138) contradicts this 

Table IV. Myosin Concentration and MHC lsoform Ratios in SHR and WKY Caudal Arterial Muscle 
(Mean k SEM) 

MHC20dMHC204 
Total (myosin) Muscle (myosin) Non-muscle myosin/ 

(pg/500 bg tissue) (kg/500 pg tissue) muscle myosin 

SHR (n = 16) 6.99 2 0.30" 5.96 2 0.20' 
WKY (n = 16) 4.66 +- 0.20 4.04 2 0.16 

~~~~ 

0.178 5 0.003 
0.158 2 0.006 

0.546 2 0.023 
0.464 2 0.016 

Note. Reprinted from Ref. 69 with permission from Wiley-Liss, New York, NY, a division of John Wiley andsons, Inc. 
a p < 0.001. 
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finding. At any rate, given that an increase in SM- 
MLC,, phosphorylation levels can explain the in- 
creased myofibrillar ATPase activity in SHR arterial 
muscle, the next question is: what is the cause of the 
increased MLC,, phosphorylation? 

While myofibrillar protein may be the better prep- 
aration for estimating intact smooth muscle actomyo- 
sin ATPase activity as discussed earlier, it must be 
remembered that a myofibrillar preparation contains 
proteins other than actin and myosin and therefore 
complicates mechanistic speculation. One contami- 
nant likely to affect the ATPase activity is caldesmon. 
Caldesmon is known to be an inhibitor of actomyosin 
ATPase. Caldesmon is a major actin-binding protein in 
smooth muscle, binding one caldesmon per seven ac- 
tin at saturation. Caldesmon also binds the calcium- 
calmodulin complex and can be phosphorylated by en- 
dogenous protein kinases, such as protein kinase C. 
When calmodulin is bound to caldesmon, binding af- 
finity for actin is decreased (106). Therefore, it cannot 
be ruled out that the SHR myofibrillar protein in- 
creased ATPase activity may be due to lower caldes- 
mon concentration in SHR vascular smooth muscle. 
Another possibility is an altered calponin concentra- 
tion in SHR vascular muscle. Calponin may be the 
smooth muscle equivalent of the Ca2+-binding, actin- 
binding skeletal muscle protein troponin (107). 

There are several other possibilities to explain an 
elevated level of actomyosin ATPase activity in hyper- 
tensive smooth muscle. One possible explanation may 
be an increased calcium concentration in hypertensive 
smooth muscle as it has been shown for smooth mus- 
cle that an increased calcium concentration causes an 
increased ATPase activity (95). One might envision 
that Aoki’s “Calcium Membrane Theory of Essential 
Hypertension” (22) is quite correct and that the initial 
genetic defect in the arterial muscle is in the Ca2+ 
ATPases or channel proteins of the sarcolemma and/or 
SR. The data reviewed in the current manuscript 
would then provide the proof of the rest of the story 
(i.e., the intracellular mechanisms that are altered sub- 
sequent to the defect in Ca2+ handling and that actu- 
ally result in the increased arterial muscle contractile 
activity and increased vascular resistance). The “Cal- 
cium Membrane Theory” and the data and ideas of 
this review might be incorporated into one concise the- 
ory: ‘‘The Hypercontractile Arterial Muscle Theory of 
Essential Hypertension.” Another explanation for in- 
creased actomyosin ATPase activity may be changes 
in type or amount of MLCK. Calcium concentrations 
in the solutions were controlled and were the same in 
the SHR and WKY ATPase activity assays. However, 
it is still possible that there may be an increased cal- 
modulin-bound calcium either due to increased cal- 
modulin concentration in the SHR myofibrillar protein 
or more Ca2 + initially available for binding calmodulin 

prior to processing the tissue. These latter two possi- 
bilities seem most likely since the SHR smooth muscle 
MLC,, shows a 2.8 times higher phosphorylation level 
than the WKY SM MLC,, in response to supramaxi- 
ma1 electrical stimulation. The velocity of smooth 
muscle shortening depends upon the level of MLC,, 
phosphorylation which depends upon the Ca2+ con- 
centration, the Ca2+ -calmodulin concentration and the 
MLCK activity. 

In Summary 
Table VI compares the mean SHR caudal arterial 

maximum velocity of shortening ( Vmax), myofibrillar 
ATPase activity and SM MLC,, phosphorylation lev- 
els with the mean WKY Vmax, myofibrillar ATPase ac- 
tivity and SM MLC,, phosphorylation levels, respec- 
tively. The SHR V,,, is about 1.3 times greater than 
the WKY Vmax (75). The SHR myofibrillar ATPase 
activity is about 1.8 times greater than the WKY myo- 
fibrillar ATPase activity (69). Lastly, the SHR phos- 
phorylated SM MLC,dnonphosphorylated SM MLCZ0 
ratio is about 2.8 times greater than the WKY ratio. 
These and other results indicate the following: (i) while 
the caudal arterial muscle myosin concentration is in- 
creased by 47% in 16- to 18-week-old SHR (likely as a 
result of the hypertrophy and hyperplasia known to 
occur in SHR arterial muscle) (28), this increased my- 
osin content is not responsible for the increased myo- 
fibrillar ATPase activity in the hypertensive muscle 
(69); (ii) the non-muscle myosin and the muscle myo- 
sin concentrations are increased proportionately in the 
SHR arterial muscle; (iii) there is no difference in the 
myosin heavy chain or MLC,, isoform pattern in the 
SHR compared with the WKY arterial muscle. There- 
fore, a difference in myosin isoform pattern does not 
occur with hypertrophy and/or hyperplasia of sponta- 
neously hypertensive arterial smooth muscle (at least 
not at an early stage) and is not responsible for the 
increased Vmax and increased shortening ability of hy- 
pertensive arterial smooth muscle. Furthermore, the 
conclusion that a shift in myosin heavy chain isoform 
is not a causative mechanism for spontaneous hyper- 
tension in the rat is supported by the work of Sparrow 
et al. (1 39). The shortening velocity, myofibrillar 

Table V. MLCZ0 lsoforms and Phosphorylation in 
SHR and WKY Caudal Arterial Muscle 

(Mean k SEM) 

SHR 

WKY 
(n  = 10) 1.07 * 0.44 0.42 k 0.09 0.39 k 0.07” 

(n  = 6) 0.81 * 0.26 0.44 5 0.09 0.14 2 0.09 

a P < 0.05. 
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Table VI. Comparison of SHR and WKY Caudal 
Arterial Muscle Vmax, Myofibrillar ATPase Activity 

and MLC20 Phosphorylation (Mean * SEM) 
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SHR 0.01 6 ? O.OOla 1.36 k 0.13" 0.39 2 0.07" 
(n = 6) (n = 6) (n = 10) 

WKY 0.013 k 0.001 0.76 2 0.19 0.14 2 0.09 
(n = 5) (n = 4) (n = 6) 

' P < 0.05. 

ATPase activity, and MLC,, phosphorylation data all 
correlate and suggest that a difference in available free 
Ca2+ or in a regulatory protein, such as MLCK, is a 
plausible causative mechanism in genetic hypertension. 

Finally, one wonders if any of the results of inves- 
tigations of vascular smooth muscle from spontane- 

0 4 8 12 16 
Min. of ter Oil Immersion 

Figure 25. Relaxation phases of maximum isometric norepi- 
nephrine-stimulated contractile responses of isolated human 
meso-appendix arterial preparations. Relaxation phases are pre- 
sented as the decline in force normalized as percent of each 
preparations maximum active force in response to NE as a func- 
tion of time in minutes following oil immersion of each prepa- 
ration. Oil immersion eliminates the effect of NE diffusion away 
from the preparation and possibly oxidation of NE (i.e., break- 
down of the stimulus) on the relaxation rate. The majority of the 
data come from vessels from normotensive individuals (n = 10- 
12) and is presented as the mean and the confidence intervals of 
the mean values in the shaded area. The one outlier comes from 
an artery from a young hypertensive man. Courtesy of D. George 
Wyse, Professor and Head, Division of Cardiology, Foothills 
Hospital, University of Calgary, Calgary, Alberta, Canada. 

ously hypertensive rats reviewed in this manuscript 
may hold true for vascular muscle from human essen- 
tial hypertensives. While little information on human 
vascular muscle is available an intriguing tidbit of data 
acquired serendipitously by Dr. George Wyse (per- 
sonal communication) is presented in Figure 25. Inter- 
estingly, in a study of human meso-appendix artery 
relaxation behavior, Wyse found that one preparation 
was considerably slower to relax than all the others. 
Upon examining the medical history of the individual 
from whom the slowly relaxing vessel was excised, it 
was discovered that the subject was a recently diag- 
nosed, untreated essential hypertensive young man. 
While this may be a chance coincidental occurance 
only, one cannot help but wonder if indeed there is a 
cause-and-effect relationship. Certainly, careful inves- 
tigation of human hypertensive vascular muscle func- 
tion is warranted. 
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