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Abstract

The current study examined the role of extracellular Ca>", calmodulin and myosin light-chain kinase (MLCK) in pervanadate-induced
constriction of cannulated, pressurized rat cremaster arterioles. Pervanadate (0.03—100 pM) induced a concentration-dependent constriction
of arterioles that was significantly attenuated ( P <0.05) by the tyrosine kinase inhibitor tyrphostin 47 (30 uM). The L-type voltage-sensitive
Ca*" channel antagonists verapamil (10 pM) and nifedipine (1 pM) dilated vessels possessing myogenic tone but had no demonstrable effect
on pervanadate constriction, while a higher concentration of nifedipine (10 uM) reduced constriction by approximately 50%. Pervanadate-
induced contractions were reduced by the calmodulin inhibitor W-7 (N-(6-aminohexyl)-chloro-1-naphtalene sulphonamide, 50 pM) and the
MLCK inhibitor ML-7 (1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine, 10 or 30 pM). Removal of extracellular Ca*
abolished the contractile effect of pervanadate. Measurement of changes in arteriolar wall [Ca**] using the Ca®>" sensitive dye Fura-2 showed
that pervanadate did not increase [Ca®'] during arteriolar constriction. These observations suggest that pervanadate-induced contraction of
smooth muscle in the cremaster arteriole involves Ca*'/calmodulin-dependent myosin phosphorylation and possibly sensitization of the

contractile apparatus to Ca>*. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Peroxidized sodium orthovanadate, or pervanadate, is a
relatively selective inhibitor of tyrosine phosphatases (Hef-
fetz et al., 1990; Posner et al., 1994; Bevan et al., 1995).
Pervanadate stimulates contraction of smooth muscle
through inhibition of tyrosine phosphatases (Laniyonu et
al., 1994; Di Salvo et al., 1997); however relatively few
studies have examined the contractile effect of pervanadate
or other tyrosine phosphatase inhibitors in vascular smooth
muscle, an area of interest given the high level of tyrosine
kinase activity in this tissue (Di Salvo et al., 1989, 1994;
Elberg et al., 1995). Further, the mechanism through
which increased protein tyrosine phosphorylation stimu-
lates contraction of vascular smooth muscle is largely
unknown (Hughes and Wijetunge, 1998) and therefore
investigation of pervanadate-induced contraction may pro-
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vide an insight into the role of tyrosine phosphorylation in
this tissue.

Pervanadate-induced contraction of vascular and other
smooth muscle has been ascribed to an increase in intra-
cellular [Ca*" ], principally increased Ca®" influx through
voltage-sensitive Ca>* channels. Removal of extracellular
Ca”" or the presence of the L-type voltage-sensitive Ca**
channel (VSCC) antagonist nifedipine abolished pervanadate
induced contraction of rat aorta and gastric fundus (Laniyonu
et al., 1994). Studies in smooth muscle cells isolated from
rabbit ear artery and rat basilar artery showed that pervana-
date and other tyrosine phosphatase inhibitors increased
current through VSCCs (Wijetunge et al., 1998; Kimura et
al., 2000), together with increased tyrosine phosphorylation
of the channel proteins. Thus, modulation of Ca®" influx
through VSCCs may be an important mechanism of tyrosine
phosphorylation-induced smooth muscle contraction. In sup-
port of this, other studies performed in cells from rat aorta
(Sandirasegarane and Gopalakrishnan, 1995) and A7r5 vas-
cular smooth muscle cells (Kaplan and Di Salvo, 1996) have
shown that orthovanadate increases intracellular [Ca®"].
Orthovanadate has a variety of pharmacological actions that
impact on intracellular [Ca*" ] in addition to inhibiting tyro-
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sine phosphatase, for example, inhibition of Na'/K" ATPase
and sarcolemmal Ca®" ATPase; however, in these two stud-
ies, orthovanadate’s effects on Ca®" were abolished by a
tyrosine kinase inhibitor. Further, a number of studies in
smooth muscle of the gastrointestinal tract (Di Salvo et al.,
1993; Hatakeyama et al., 1996; Sim and Kim, 1998) and
urinary tract (Alcon et al., 2000) have also suggested that
increased Ca”’entry into cells is an integral part of the
contractile effect of tyrosine phosphatase inhibition.

Our recent study using arterioles from the rat cremaster
muscle suggested that alterations in arteriolar wall [Ca®" ]
played little part in arteriolar constriction or dilation resulting
from tyrosine phosphatase or kinase inhibition, respectively
(Spurrell et al., 2000). These observations are consistent with
the possibility that protein tyrosine phosphorylation effected
arteriolar diameter through a mechanism apart from directly
modulating smooth muscle intracellular [Ca®"]. However,
removal of Ca®" from the extracellular bathing fluid abol-
ished pervanadate-induced contractions, suggesting a basic
requirement for Ca®" in the effect. On that basis, the present
study further investigated the Ca®" dependence of pervana-
date-induced contractions of the rat cremaster arteriole and in
addition examined the role of calmodulin and myosin light-
chain kinase (MLCK) in pervanadate contraction, these
being mediators of Ca**-induced vascular smooth muscle
contraction (Horowitz et al., 1996; Somlyo and Somlyo,
2000).

2. Materials and methods
2.1. Arteriole preparation

Male Sprague—Dawley rats (200—350 g) were anaesthe-
sized with sodium thiopentone, 100 mg/kg i.p.). Both cre-
master muscles were excised and pinned flat in a cooled
(4 °C) chamber containing dissection buffer (all concen-
trations in mM: 3-N-morpholino propanesulfonic acid
(MOPS) 3; NaCl 145; KC1 5; CaCl, 2.5; MgSOy4 1;
NaH,PO, 1; EDTA 0.02; pyruvate 2 and glucose 5 plus
1% (w/v) bovine serum albumin). From one muscle, a
section of the first-order cremaster arteriole (1A) was dis-
sected free of surrounding tissue. The arteriole was then
cannulated at each end on glass micropipettes (tip diameter
approx. 50 um) filled with modified Krebs solution (all
concentrations in mM: 111 NaCl; 25.7 NaHCO;; 4.9 KCI;
2.5 CaCl,; 1.2 MgSOy; 1.2 KH,POy; 11.5 glucose and 10
HEPES) mounted in a superfusion chamber. The chamber
was then placed on the stage of an inverted microscope and
the vessel segments superfused with Krebs solution (34 °C,
4 ml/min). Krebs solution was gassed with 95% N,/5%
CO,. The transmural pressure of the arteriole was gradually
increased to 70 mmHg during which time the vessel
developed myogenic tone before commencing the experi-
ment. Arteriole segments that failed to develop myogenic
tone were not used for subsequent experiments.

2.2. [Ca”"] and vessel diameter measurements

For measurement of changes in intracellular [Ca®'],
vessels were incubated with 2.5 pM Fura-2-acetoxymethyl
ester (Fura-2-AM; Molecular Probes, Eugene, OR) for 60
min at room temperature in Krebs containing 0.5% dimethyl
sulphoxide (DMSO) and 0.01% Pluronic F-127. The ablu-
minal surface of the vessel segment was exposed to the
Fura-2-AM solution to restrict dye loading to the vascular
smooth muscle layer. The dye loading procedure was
followed by a 30-min washout period with warmed, fresh
Krebs solution. Fura-2-loaded vessels were epi-illuminated
(75 W xenon source) with light of alternating excitation
wavelengths (340 and 380 nm) using a computer-controlled
filter wheel. Fluorescent images were transferred from the
microscope (Nikon Fluor X 20 objective, n.a. 0.75) to the
imaging system using an image intensifier (Videoscope
International, Washington, DC) and a charge-coupled device
(CCD; Hamematsu, Bridgewater, NJ). Simultaneous trans-
illumination with wavelengths >610 nm provided a non-
fluorescent image, which enabled simultaneous measure-
ment of internal arteriolar diameter and monitoring of the
preparation while fluorescent images were collected. This
procedure did not interfere with measurements of Ca’'-
related fluorescence. Fluorescent image intensities were
expressed as the 340- to 380-nm ratio to allow quantitative
estimates of changes in arteriolar wall intracellular Ca®".
Details of these procedures have been published previously
(Meininger et al., 1991).

2.3. Experimental protocols

2.3.1. Effects of tyrphostin 47, forskolin, Ca’" channel
blockers, W-7 and ML-7 on pervanadate responses

The role of tyrosine kinases in pervanadate-induced con-
traction was established using the tyrosine kinase inhibitor
tyrphostin 47. Vessels maintained at 70 mmHg were sub-
jected to two ‘priming doses’ of 3 uM pervanadate, as
suggested by Laniyonu et al. (1994). The arteriole was then
washed with Krebs. After re-establishing baseline diameter, a
concentration—response curve was constructed to pervana-
date (0.03—100 uM), after which the arterioles were washed
with pervanadate-free Krebs solution. The arteriole was ex-
posed to each concentration of pervanadate for a maximum
of 5 min, or until the constriction had peaked. The vessel was
then superfused with Krebs containing tyrphostin 47 (30 uM)
alone for 20 min, at which point a second pervanadate
concentration-response was constructed in the continued
presence of tryphostin 47. At the conclusion of the experi-
ment, the vessels were superfused with Krebs solution
containing 0 mM CaCl, and 2 mM EGTA for 20 min, to
establish the maximum passive diameter of the arteriole at 70
mmHg. In four experiments, vessels were superfused with
this ‘Ca”" free” Krebs solution for 20 min following the first
pervanadate concentration—response curve, then a second
pervanadate concentration—response curve performed in the
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presence of the Ca®'-free solution, to investigate the Ca>"
dependency of the pervanadate-induced constriction.

The role of VSCCs in pervanadate-induced constriction
was assessed using the VSCC blockers nifedipine (1 or 10
uM) or verapamil (10 pM). The experiments were performed
as outlined in the preceding paragraph, with the VSCC
antagonists replacing tyrphostin. Similar studies were per-
formed with the calmodulin inhibitor W-7 (N-(6-amino-
hexyl)-chloro-1-naphtalene sulphonamide, 50 uM) and
myosin light-chain kinase inhibitor ML-7 (1-(5-iodonaph-
thalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine, 10 or 30
uM) to investigate the role of these entities in pervanadate-
induced constriction. In four experiments, the effect of the
adenylate cyclase activator (and vasodilator) forskolin (0.1
uM) on pervanadate responses was examined, to establish
whether vasodilation alone altered the effect of pervanadate.

2.3.2. Effect of pervanadate and phenylephrine on arterio-
lar wall [Ca®"]

Arterioles were prepared and incubated with Fura-2 for
measurement of changes in Ca;>" as described above.
Constrictor and Fura-2 fluorescence responses to pervana-
date (0.1, 1 or 10 uM) were obtained, then the arterioles
were washed and the diameter and Ca®" response to phenyl-
ephrine (1 pM) was obtained. Finally, arterioles were
washed with Ca**-free Krebs solution as described above.

2.4. Drugs and vehicles

Pervanadate was prepared by mixing 2 ml 0.1 M sodium
orthovanadate with 2 m1 0.1 M hydrogen peroxide solution for
15 min. At the conclusion of this period, 200 pg catalase was
added and the solution left to stand for a further 15 min. This
gave a final pervanadate concentration of 50 mM. Tyrphostin
47, forskolin and ML-7 were initially dissolved in DMSO;
nifedipine, verapamil and W-7 were dissolved in ethanol and
diluted further in Krebs solution. Phenylephrine was dis-
solved in water and subsequently diluted in Krebs solution.
Drugs were obtained from Sigma (Missouri, USA) with the
exception of ML-7 and W-7 (Biomol, Pennsylvania, USA).

2.5. Statistics

Data were analysed using a two-way analysis of variance
(ANOVA) and if significant differences were found, this
was followed by a Dunnett’s test for differences between
individual groups of data. Values P<0.05 were taken as
indicative of a significant difference.
3. Results

3.1. Pervanadate responses

The average passive diameter of vessels used in this
study (measured in modified Kreb’s solution containing no

added Ca®" and 2 mM EGTA) was 153.5+2.5 um at 70
mmHg (n=34). In Ca*" containing Krebs solution, arterio-
les possessed spontaneous active tone with a diameter of
85.3 £4.6 pm, or 56 £ 3% of the passive diameter.

Pervanadate caused concentration-dependent constriction
of cremaster arterioles over the range 0.03—100 uM (Figs. 1
and 2), with a pECsq of 5.82 + 0.17 (n=34). The minimum
diameter reached was 20.3 £ 1.6 pm, or 13 & 1% of passive
diameter. In four time-control experiments, there were no
significant differences between the first and second concen-
tration—response curves (not shown); therefore, in subse-
quent experiments, the first concentration—response curve
was used as a control.

3.2. Effect of tyrphostin on responses to pervanadate

The tyrosine kinase inhibitor tryphostin 47 (30 uM)
greatly inhibited contractions to pervanadate across the entire
concentration range (Fig. 2). Tyrphostin also reduced the
spontaneous myogenic tone of the arterioles, to 95.0 + 1.2%
of passive for these vessels (Fig. 2). The inhibition of
pervanadate constructions by tyrphostin was not due to its
dilatory effect on the vessels as forskolin (0.1 pM), which
produced a dilation of similar magnitude to tyrphostin, did
not alter the contractile effect of pervanadate (Fig. 2, Table 1).
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Fig. 1. Sample recording of the effect of pervanadate (0.03—100 uM) on the
internal diameter of cannulated, pressurized rat cremaster arterioles. Con-
secutive concentration—response curves were constructed, with the second
curve obtained in the presence of tyrphostin 47 (A) or the VSCC antagonist
verapamil (B).
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Fig. 2. Effect of tyrphostin 47 (30 uM) or forskolin (0.1 pM) on
pervanadate-induced contractions of pressurized rat cremaster arterioles.
Consecutive, cumulative concentration—response curves to pervanadate
were constructed and tyrphostin or forskolin, where present, were added to
the vessel bathing solution 20 min before the construction of the second
curve. Points represent the mean = S.E.M. * indicates a significant reduc-
tion in the maximum contraction to pervanadate (P<0.05, ANOVA
followed by Dunnett’s test). ** indicates a significant effect of tyrphostin of
forskolin on the diameter of the vessels in the absence of pervanadate
(P<0.05, Dunnett’s test). B Control, n=35; @ tyrphostin 47, n=6; A
forskolin, n=4.

3.3. Effect of Ca”" antagonists on responses to pervanadate

The effects of the L-type Ca’" channel antagonists
nifedipine (1 or 10 uM) and verapamil (10 pM) on arteriolar
diameter and responses to pervanadate are shown in Table 1
and Fig. 3. The lower concentration of nifedipine (1 uM)

Table 1

Effect of tyrphostin, forskolin, voltage-sensitive Ca>* channel (VSCC)
antagonists, the calmodulin inhibitor W-7 and the MLCK inhibitor ML-7 on
arteriolar diameter and pECsy of pervanadate for contraction of rat cre-
master muscle arterioles

Drug n Diameter (percentage pECso
passive at 70 mmHg) pervanadate
None (control) 35 57+3 5.824+0.17
Tyrphostin 47 (30 uM) 6 94+ 1° 4.03 +0.72°
Forskolin (0.1 pM) 4 89 + 57 5.79 +0.44
Nifedipine (1 pM) 3 73+£6% 6.04 +0.14
Nifedipine (10 pM) 7 88 + 37 5.66 +0.36
Verapamil (10 pM) 4 80 + 3¢ 6.42 +0.09
W-7 (50 uM) 5 83 +8* 491 + 043"
ML-7 (10 uM) 5 77+ 7% 5.56 +0.42
ML-7 (30 uM) 5 96 + 3* 3.72 + 0.85%

Diameter is expressed as a percentage of the passive (maximum) diameter
determined in the same arteriole in Ca**-free Krebs solution containing
2 mM EGTA.

 Indicates a significant dilation of the arterioles or a significant increase
in the pECs, of pervanadate caused by the VSCC antagonist (P <0.05,
ANOVA followed by Dunnett’s test).
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Fig. 3. Effect of the Ca?" channel antagonist nifedipine 1 or 10 uM (Nif)
and verapamil 10 uM (Verap) or Ca*" -free Krebs solution (Zero Ca>") on
pervanadate-induced contractions of pressurized rat cremaster arterioles.
Consecutive, cumulative concentration—response curves to pervanadate
were constructed and the drugs, where present, were added to the vessel
bathing solution 20 min before the construction of the second curve. Points
represent the mean + S.EIM. * indicates a significant reduction in the
maximum contraction to pervanadate (P<0.05, ANOVA followed by
Dunnett’s test). ** indicates a significant effect of nifedipine, verapamil or
Ca*"-free Krebs on the diameter of the vessels in the absence of
pervanadate ( P<0.05, Dunnett’s test). @ Control, n=21; @ nifedipine 1
UM, n=4; A nifedipine, 10 uM, n=238; 4 verapamil 10 pM, n=4, v Zero
Ca’", n=4.

did not significantly alter the contractile response of the
vessels to pervanadate, in terms of either the maximum
contraction or pECso (Table 1; Fig. 3). The higher concen-
tration of nifedipine used, 10 pM, significantly dilated the
arterioles maintained at 70 mmHg (Table 1), abolishing
approximately 86% of the myogenic tone. This concentra-
tion of nifedipine also attenuated the maximum pervanadate
contraction to 64.1 £ 15.6 pm, or 41 = 10% of the passive
diameter (Fig. 3). However, the pECs, of pervanadate was
not significantly altered by 10 uM nifedipine (Table 1).
Verapamil (10 pM) also dilated vessels possessing myo-
genic tone (Table 1); however, it did not alter the maximum
contractile response to pervanadate or its pECsy (Fig. 3;
Table 1). Pervanadate-induced constriction was totally
abolished in arterioles superfused with nominally Ca®" -free
Krebs solution (containing no added CaCl, and 2 mM
EGTA; Fig. 3).
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3.4. Alterations in arteriolar [Ca’" ] caused by pervanadate
and phenylephrine

Constriction of rat cremaster arterioles caused by perva-
nadate (10 uM) was not accompanied by a significant
increase in arteriolar wall [Ca®"] (Fig. 4). In contrast,
constrictions caused by the a-adrenoceptor agonist phenyl-
ephrine (1 uM) were associated with a significant increase
in [Ca®"], approximately double the pre-phenylephrine
level (Fig. 4). The magnitude of contraction caused by
phenylephrine was similar to that stimulated by 10 puM
pervanadate. Pervanadate (100 uM) did not contract the
vessels in the absence of extracellular Caz+, under which
circumstances arteriolar [Ca®>"] was significantly reduced

(Fig. 4).
3.5. Effect of W-7 and ML-7 on responses to pervanadate

The effects of the calmodulin antagonist W-7 and the
MLCK antagonist ML-7 on myogenic tone and responses to
pervanadate are shown in Fig. 5. In the absence of perva-
nadate, W-7 (50 uM) significantly dilated the vessels to
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Fig. 4. Effect of pervanadate (10 uM) or phenylephrine (1 tM) on diameter
(upper panel) and arteriolar wall [Ca*"] (lower panel) of rat cremaster
arterioles pressurized to 70 mmHg. Diameter is shown as a percentage of
the maximum arteriolar diameter as determined in Ca®'-free buffer.
Arteriolar wall [Ca®* ] was measured using the Ca®" -sensitive dye Fura-2
and is shown as the ratio of fluorescence of arterioles stimulated at 340 and
380 nm (R 340/380). Five experiments also examined the effect of 100 uM
pervanadate on diameter and arteriolar wall [Ca®"] in the absence of
extracellular Ca?*. Columns represent the mean+ S.EM. * indicates a
significant difference from the corresponding control value (P<0.05,
ANOVA followed by Dunnett’s test).
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Fig. 5. Effects of W-7 (50 uM; upper panel) or ML-7 (10 or 30 pM; lower
panel) on pervanadate-induced contractions of pressurized rat cremaster
arterioles. Consecutive, cumulative concentration—response curves to
pervanadate were constructed and the inhibitor, where present, was added
to the vessel bathing solution 15 min before the construction of the second
curve. Points represent the mean = S.E.M. * indicates a significant re-
duction in the maximum contraction to pervanadate (P <0.05, ANOVA
followed by Dunnett’s test). ** indicates a significant effect of tyrphostin on
the diameter of the vessels in the absence of pervanadate (P <0.05,
Dunnett’s test). Upper panel: B Control, n=>5; ® W-7, n=5. Lower panel:
m Control, n=10; ® ML-7 10 uM, n=5; A ML-7 30 uM, n=35.

82.9 £ 7.6% of the maximal diameter, abolishing approx-
imately 71% of the myogenic tone present at 70 mmHg in
these vessels (P <0.05, Dunnett’s test; Fig. 5). W-7 also
inhibited the constrictor response of the arterioles to perva-
nadate; the pECs, for pervanadate was reduced significantly
(P<0.05, Table 1) while the maximum contraction to
pervanadate was also slightly, but significantly reduced
(P<0.05, Dunnett’s test; Fig. 5).

The MLCK inhibitor ML-7 (10 or 30 pM) similarly
dilated vessels with myogenic tone, the lower concentration
of ML-7 (10 uM) abolished approximately 60% of myo-
genic tone while in the presence of 30 pM ML-7, 90% of
myogenic tone was abolished at 70 mmHg (Fig. 5). The
lower concentration of ML-7, while dilating the arteriole,
did not significantly alter the constriction response to
pervanadate, either in terms of the pECsy (Table 1) or the
maximum response (Fig. 5). In contrast, 30 uM ML-7
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inhibited the contractile effect of pervanadate as assessed by
these parameters (Table 1; Fig. 5).

4. Discussion

Contraction of smooth muscle caused by pervanadate is
thought to be due to inhibition of tyrosine phosphatases and
subsequently increased tyrosine phosphorylation of various
tyrosine kinase substrates, many of which remain to be
identified (Laniyonu et al., 1994; Di Salvo et al., 1997;
Hughes and Wijetunge, 1998). Previous studies in vascular
smooth muscle have suggested that an important component
of pervanadate-induced contraction is increased Ca** influx
through voltage-sensitive channels, especially L-type chan-
nels (Laniyonu et al., 1994; Wijetunge et al., 1998, Kimura
et al., 2000). However, the findings of the present study
suggest only a minor role for L-type VSCCs or indeed
increase in intracellular [Ca®"] (i.e. above basal levels) in
pervanadate-induced constriction of pressurized rat cremas-
ter muscle arterioles. The effects of pervanadate appear,
however, to be dependent on both Ca®" and flux through the
Ca”" /calmodulin/MLCK pathway as the abolition of Ca**
from the bathing medium virtually abolished contraction
while inhibition of calmodulin or MLCK significantly
reduced pervanadate-induced constrictions.

Pervanadate-induced contractions were attenuated by the
tyrosine kinase inhibitor tyrphostin 47, suggesting that the
contraction was due to increased tyrosine phosphorylation.
Consistent with this, our previous work showed that perva-
nadate increased phosphotyrosine levels in the rat cremaster
arteriole, as measured by increased fluorescence intensity of
arterioles incubated with a fluorophore-conjugated phospho-
tyrosine antibody. The increase in fluorescence intensity
was also attenuated by tyrphostin 47 (Spurrell et al., 2000).
Further, Western transfer techniques in combination with a
monoclonal antibody for phosphotyrosine show a marked
increase in tyrosine phosphorylation in pervanadate-stimu-
lated arterioles (data not shown). In the present study and
previous investigations, tyrphostin alone dilated the arterio-
les, suggesting a role for tyrosine kinases in maintaining
pressure-induced myogenic tone (Spurrell et al., 2000). A
study in rat cerebral arteries (Masumoto et al., 2000)
reported similar findings. Mechanical stretch, a stimulus
similar to the increased transmural pressure applied to
cannulated blood vessels, increased protein tyrosine phos-
phorylation in strips of porcine carotid artery (Adam et al.,
1995; Franklin et al., 1997) and sheep tracheal smooth
muscle (Tang et al., 1999). Therefore, it seems likely that
increased phosphotyrosine formation, presumably through
increased tyrosine kinase activity plays a role in maintaining
pressure-induced smooth muscle tone, although the precise
mechanism through which this occurs is yet to be identified.

The voltage-sensitive Ca®" channel (VSCC) inhibitors
nifedipine and verapamil had varying effects on pervana-
date-induced contractions. Verapamil was without effect,

nifedipine failed to alter constriction at the lower concen-
tration used, but did reduce contractions at a higher con-
centration (10 pM), by approximately 40%. These
observations suggest little role for VSCCs in pervanadate-
induced contractions of skeletal muscle arterioles. The over-
all effectiveness of Ca®" channel blockade can be gauged
by the fact that both Ca** channel inhibitors dilated the
vessels significantly, as myogenic tone is dependent upon
smooth muscle depolarization, activation of these Ca’"
channels and subsequent entry of extracellular Ca*>" (Mei-
ninger et al., 1991; Wesselman et al., 1996, Potocnik et al.,
2000). Furthermore, in the concentrations used, both nife-
dipine and verapamil have been shown to greatly reduce or
abolish K" -induced contraction in this preparation (Potoc-
nik et al., 2000), an effect also dependent on activation of
voltage-sensitive Ca®" channels (Bolton, 1979).

In contrast to these findings, Laniyonu et al. (1994)
showed that 1 pM nifedipine reduced pervanadate contrac-
tion of rat aortic strips by 75%, although these investigators
also noted that verapamil and another VSCC antagonist,
diltiazem, were much less effective than nifedipine. In
addition, pervanadate and other tyrosine phosphatase inhib-
itors were shown to increase current carried by VSCCs in
isolated smooth muscle cells, an effect associated with
increased tyrosine phosphorylation of the channel proteins
(Wijetunge et al., 1998). Conceivably, this difference in
regulation of VSCCs by tyrosine phosphorylation in vascu-
lar preparations may be due to an altered activation state of
the channels. In non-contracted (non-myogenically con-
tracted) smooth muscle strips or isolated cells, it is likely
that VSCCs are at a low level of activation, whereas the
same channels are more active in pressurized vessels, as the
smooth muscle cell membrane is depolarized (Harder et al.,
1987; Potocnik et al., 2000). In preparations where VSCCs
are already activated, increased tyrosine phosphorylation
with an agent such as pervanadate may be unable to cause
a further increase in VSCC activity. However, this argument
is not supported by our previous studies, in which tyrosine
kinase inhibitors failed to reduce intracellular [Ca®'] in
pressurized arterioles (Spurrell et al., 2000). Possibly the
contrasting effects of VSCC blockers on pervanadate-
induced contractions in aorta and arterioles reflect differ-
ences in the channels themselves (Morita et al., 1999) and/or
a difference in regulatory mechanisms.

The effects of pervanadate on intracellular [Ca>* ] in the
arteriole were examined more directly using the Ca**
indicator dye Fura-2. Pervanadate did not increase arteriolar
wall Ca®" significantly, in contrast to the a-adrenoceptor
agonist phenylephrine which caused a rapid increase in
arteriolar wall Ca®" during contraction, including those
contractions elicited in the presence of pervanadate (Spurrell
et al., 2000). These findings are consistent with our previous
studies, in which tyrosine kinase inhibitors genistein and
tyrphostin 47 dilated pressurized cremaster arterioles with-
out significantly reducing intracellular Ca** (Spurrell et al.,
2000), suggesting that protein tyrosine phosphorylation
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does not interact with Ca** mobilization pathways in this
vessel.

Despite its comparative lack of effect on Ca®" influx or
intracellular [Ca®" ], pervanadate contractions were depend-
ent on Ca®" as complete removal of Ca®>" from the bathing
medium (and the addition of the Ca®" chelating agent
EGTA) abolished the effect. Furthermore, it is likely that
pervanadate-induced contractions of smooth muscle involve
increased myosin light-chain phosphorylation through the
Ca** /calmodulin/MLCK pathway. Consistent with this, the
calmodulin inhibitor W-7 and the MLCK inhibitor ML-7
attenuated pervanadate-induced contractions. W-7 and ML-
7 also caused dilation of arterioles with myogenic tone, to a
similar extent as the VSCC inhibitors, but unlike the Ca®"
channel blockers W-7 and ML-7 also reduced the potency
(pECs0) of pervanadate. Under the conditions of the present
study, it is likely that intracellular [Ca®" ] was increased to a
level sufficient to cause activation of calmodulin and
MLCK. Thus, our previous studies in the rat cremaster
arteriole showed that elevation of intra-luminal pressure
causes increased phosphorylation of the 20-kDa light-chain
of myosin (LC,), an effect not observed in the absence of
extracellular Ca®" (Zou et al., 1995, 2000).

The observation that tyrosine phosphatase inhibition
could constrict the cremaster arteriole in the absence of an
overt increase in intracellular Ca®*, but with an apparent
requirement for flux through the calmodulin/MLCK path-
way and increased LC,, phosphorylation, suggests that
increased myofilament Ca®" sensitivity may be involved
in this response. Some evidence exists to support a role for
tyrosine kinases or increased tyrosine phosphorylation in
vascular myofilament Ca®" sensitization, such as that
induced by carbachol and endothelin-1 (Sato et al., 2000)
or tho p21 protein (Sasaki et al., 1998), although negative
findings have also been reported for endothelin-1 (Ohanian
et al.,, 1997; Evans et al., 1999). Further investigation is
required to establish the role of myofilament Ca®" sensiti-
zation in contractile responses to pervanadate.

In summary, pervanadate-induced contraction of pressur-
ized rat cremaster arteriole was mediated by increased
tyrosine phosphorylation. A relatively high concentration
of the VSCC antagonist nifedipine partially reduced perva-
nadate contractions, whereas verapamil was without effect
and pervanadate contractions occurred in the absence of an
increase in intracellular [Ca** ]. However, there is a role for
Ca®" in the contractile effect of pervanadate, along with
calmodulin and MLCK. These observations suggest that
pervanadate may have increased the Ca®" sensitivity of the
myofilaments, through a mechanism involving increased
protein tyrosine phosphorylation. Given the apparent
dependency of pervanadate constriction on a myosin light-
chain phosphorylation mechanism, it is conceivable that
inhibition of myosin phosphatase is involved as has been
proposed for a number of contractile mechanisms (see
Somlyo and Somlyo, 2000). However, the individual pro-
teins undergoing tyrosine phosphorylation in response to

pervanadate which may be involved in enhancing myofila-
ment Ca®" sensitivity have yet to be identified.
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