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Activation of Tyrosine Kinase Pathway by Vanadate
in Gallbladder Smooth Muscle*
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ABSTRACT. Vanadate, an inhibitor of tyrosine phosphatase activity, might induce gallbladder contraction
through the stimulation of the tyrosine kinase pathway. The aim of this study was to characterize the effects of
vanadate in the guinea pig gallbladder smooth muscle. Vanadate exerts contractile effects which are not
mediated by neurotransmitter release. The tyrosine kinase inhibitor genistein nearly abolished vanadate
contraction, suggesting that an increase in protein tyrosine phosphorylation mediates the actions of vanadate.
This suggestion was confirmed by Western blot analysis. Vanadate contractions were reduced in the presence of
methoxyverapamil or in Ca’*-free medium, suggesting that vanadate may induce Ca’* influx. Neither
inactivation of the Na* /K™ pump nor reversal of the Na*/Ca®* exchanger can account for vanadate’s actions.
Vanadate contractile effects were reduced by indomethacin, as well as mepacrine, the inhibitor of phospholipase
A, but were not affected by phospholipase C inhibitors. Neither inhibitors of diacylglycerol lipase nor protein
kinase C reduced the response induced by vanadate. These data indicate that the effects of vanadate on smooth
muscle are mainly mediated by protein tyrosine phosphorylation and reveal a new link between tyrosine
phosphorylation and arachidonic acid metabolism in the control of gallbladder smooth muscle contraction.
BIOCHEM PHARMACOL 59;9:1077-1089, 2000. © 2000 Elsevier Science Inc.
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arachidonic acid metabolism

Phosphorylation of tyrosine residues in signaling proteins
mediates cellular proliferation [1] but is also an important
mechanism in the contraction of smooth muscle [2]. Ago-
nists such as epidermal growth factor and platelet-derivated
growth factor act on tyrosine kinase receptors to induce
contraction [3, 4]. In addition, certain G protein-coupled
receptor agonists such as angiotensin I, vasopressin, bom-
besin, and endothelins may act through stimulation of
non-receptor tyrosine kinases [2, 4]. Protein tyrosine phos-
phorylation may participate in the regulation of mecha-
nisms that couple receptor activation to increases in
[Ca®*]# [5-7] and/or mechanisms that couple receptor
activation to modulation of Ca®* sensitivity to contraction
[7]. Vanadate, a commonly occurring form of the trace
element vanadium, is a potent inhibitor of phosphotyrosine
phosphatase activity [8] and consequently increases protein
tyrosine phosphorylation of several substrates [6, 9]. How-
ever, this is not the only mechanism described for the
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actions of vanadate. Vanadate-induced contractions have
been related to inhibition of Na™/K™-ATPase [10, 11] and
inhibition of Ca’*-dependent ATPase activity [12, 13].
Although vanadate contracts several smooth muscle prep-
arations [9, 11, 12, 14, 15], experimental data linking this
contraction to tyrosine phosphorylation are very scarce [6,
9].

The effects of vanadate or its activation of the tyrosine
kinase-dependent pathway in gallbladder smooth muscle
contractility have not yet been explored. Thus, the purpose
of this study was to determine whether vanadate had any
effects on gallbladder smooth muscle and to examine the
mechanisms underlying these effects.

MATERIALS AND METHODS
Dissection and Contractile Stimulation of Guinea Pig
Gallbladder Smooth Muscle Strips

Gallbladders were isolated from 300—450 g male guinea
pigs following cervical dislocation and exsanguination and
immediately placed in cold K-HS (for composition, see
Chemicals, Reagent, and Solutions below) at pH 7.35. The
gallbladder was opened by cutting along the longitudinal
axis and trimmed of any adherent liver tissue. Following
washing with the nutrient solution to remove any biliary
component, the mucosa was scraped off and the gallbladder
was cut into strips along the longitudinal axis, each strip
measuring approximately 3 X 10 mm. On average, four
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strips were obtained from each guinea pig gallbladder. Each
strip was placed vertically in a 10-mL organ bath filled with
the nutrient solution maintained at 37° and gassed with
95% O,~5% CO,. Isometric contractions were measured
using force displacement transducers connected to a Mac-
Lab system consisting of a MacLab hardware unit and
software application which run on the Macintosh computer
to which the MacLab is connected. The strips were placed
under an initial resting tension equivalent to 1.5-g load and
allowed a 60-min period for equilibration, during which
time the nutrient solution was changed every 20 min. After
that period, the length of each strip was increased at a rate
of 1 mm at a time until a maximal response to ACh (10
M) was achieved. The muscle length corresponding to the
optimal preload was maintained throughout the duration of
the experiments.

Effect of Vanadate on Gallbladder Tone and Its
Modification by Drugs and Other Interventions

After testing that no desensitization was observed in re-
sponse to vanadate, a cumulative concentration—response
curve for vanadate was made (10 pM-3 mM). In some
tissues, a second concentration—response curve was ob-
tained following a wash period of 60 min. The effects of
either atropine, D-609, genistein, GF109203X, indometh-
acin, mepacrine, mehoxyverapamil, phentolamine, ryano-
dine, tetrodotoxin (TTX), tyrphostin B44, or U-73122 on
vanadate-induced responses were studied by addition of
these agents, in known concentrations, 20 min before the
second curve was obtained.

The response of gallbladder strips to vanadate was also
assayed in preparations bathed in modified solutions (for
composition, see Chemicals, Reagents, and Solutions): Ca®* -
free K-HS containing EGTA (I mM), Ca’*-free Sr**
K-HS, K" -free K-HS, and Na™-deficient (25 mM) K-HS.
In the case of the Ca’*-free solution, single doses of
vanadate were tested immediately after the substitution of
Ca’*-free K-HS by normal K-HS to avoid Ca’* store
depletion. Test tissues were exposed to the Ca’*-free Sr**
K-HS for 30 min before and throughout the vanadate
challenge. To assess the effect of vanadate on K™ -induced
relaxation, the strips were incubated for 30 min in K™ -free
solution; then, for test tissues, the bath solution was
exchanged for K™ -free solution containing vanadate (100
M) or ouabain (10 wM). Fifteen minutes later, test tissues
were challenged with KCI (30 mM). Control tissues were
subjected to the same protocol, but were not exposed to
vanadate or ouabain. In the case of the Na™-deficient
solution, the preincubation time was increased to 60 min.

Immunochemical Determination of Protein Tyrosine
Phosphorylation

To determine the influence of sodium vanadate on protein
tyrosine phosphorylation, the muscle strips were prepared
and treated in an identical manner as in the contraction
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studies. The strips were removed from the organ bath
immediately before reaching maximal contraction in re-
sponse to 100 wM of vanadate (a concentration close to its
ECso) either in the presence or absence of the tyrosine
kinase blockers genistein (100 wM) and tyrophostin B44
(100 pM), and then clamped with nitrogen-cooled forceps.
The muscle strips were later ground in a liquid nitrogen-
cooled mortar and pestle, homogenized in lysis solution
(LS; for composition, see Chemicals, Reagents, and Solutions)
using a homogenizer (OMNI International), and then
sonicated for 5 sec. Lysates were centrifuged at 10,000 g for
15 min. Protein concentration was measured by the Bio-
Rad protein assay reagent using BSA as standard and the
volume adjusted so that 1-mL aliquots of lysates contained
the same amount of protein (200 wg/mL).

The level of tyrosine phosphorylation was determined as
follows: aliquots were incubated with 4 g of antiphospho-
tyrosine monoclonal antibody (PY20), 4 wg of goat anti-
mouse immunoglobulin G (IgG), and 30 pL of protein
A-agarose overnight at 4°. The immunoprecipitates were
washed three times with PBS (for composition, see Chem-
icals, Reagents, and Solutions). Antiphosphotyrosine immu-
noprecipitates were fractionated by SDS-PAGE with a
NOVEX system using 10% polyacrylamide gels. Proteins
with molecular masses higher than 30 kDa were transferred
to 0.20-pm pore size nitrocellulose membranes. Membranes
were blocked overnight at 4° using blotto solution (BS; for
composition, see Chemicals, Reagents, and Solutions) and
incubated for 3 hr at 25° with 1 pg/mL antiphosphotyrosine
monoclonal antibody (4G,,, UBI). After incubation with
the primary antibody, membranes were washed twice for 10
min with blotto solution and incubated for 1 hr at 25° with
anti-mouse IgG—horseradish peroxidase conjugate. The
membranes were finally washed twice for 10 min with
blotto solution and twice for 10 min with washing solution
(WS; for composition, see Chemicals, Reagents, and Solu-
tions), incubated with enhanced chemiluminescence detec-
tion reagents (ECL) for 60 sec, and exposed to Hyperfilm
ECL.

Chemicals, Reagents, and Solutions

Drug concentrations are expressed as final bath concentra-
tions of active species. Drugs were obtained from the
following sources: acetylcholine chloride, CCCP, EGTA,
genistein, indomethacin, (6-chloro-9-(4-diethylamino)-1-
methyl-butyl)amino-2-methoxyacridine-(mepacrine), me-
thoxyverapamil hydrochloride, ouabain octahydrate, so-
dium orthovanadate, and tetrodotoxin were from Sigma
Chemical Co., atropine sulfate monohydrate was from
Across, and D-609, GF109203X, RHC 80267, ryanodine,
tyrphostin  B44, and U-73122 were from Calbiochem.
Other chemicals used were of analytical grade (Panreac).
Stock solutions of genistein, tyrphostin, and U-73122 were
prepared in DMSQO. The solutions were diluted so that the
final concentration of DMSQ in the organ bath was <0.1%
v/v. This concentration of solvent did not itself affect the
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FIG. 1. Contractile effects of vanadate in guinea pig gallbladder strips. (A) Original recording showing the response of the tissue to
single doses of ACh (10 pM) and vanadate (1 mM). Maximal tension in response to vanadate was achieved after 8—10 min of challenge
and was stable for up to 30 min. The response to vanadate was reversible following washout, and reproducible contractions were
observed at 30-min intervals. (B) When the gallbladder strip was exposed to cumulative concentrations of vanadate, concentration-
dependent contractions were observed. (C) Log concentration—-response curves for vanadate in guinea pig gallbladder strips. The second
curve was obtained following a wash period of 60 min. Note that there are not significant differences between the two curves (by
ANOVA), showing that no desensitization of the tissue had occurred. Abscissa scale: molar concentration of vanadate on a log scale.
Ordinate scale: tension developed expressed as a percentage of that evoked by 1 mM vanadate (in the first curve). Data points indicate
means of values from 6 experiments. Vertical lines indicate SE of the mean. Traces in A and B are typical of six such experiments. W:

washout.

mechanical activity of the tissue. Genistein and tyrphostin
B44 were protected from light exposure.

The composition (mM) of the K-HS was: NaCl 113,
KCl14.7, CaCl, 2.5, KH,PO, 1.2, MgSO, 1.2, NaHCO; 25,
and D-glucose 11.5. The Ca®*-free K—HS was prepared by
substituting EGTA (1 mM) for CaCl,. The K™ -free K-HS
was prepared by removing KCI from the K-HS and replac-
ing KH,PO, with NaH,PO,. The Na"-deficient (25 mM)
K-HS was prepared by isosmotic replacement of NaCl by
sucrose. The Ca’"-free Sr’* K-HS was prepared by
equimolar substitution of Sr** by Ca’*. The composition
of the solutions used in the immunochemical determina-
tion of protein tyrosine phosphorylation was: lysis solution
(LS): 50 mM Tris/HCI pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1% deoxycholate, 0.1% (w/v) NaN5, 1 mM EGTA,
0.4 mM EDTA, 2.5 pg/mL aprotinin, 25 wg/mL leupeptin,
1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.2 mM
Na;VO,. Phosphate-buffered saline (PBS): 137 mM NaCl,
2.7 mM KCl, 5.62 mM Na,HPO,, 1.09 mM NaH,PO,,
1.47 mM KH,PO,, and 0.2 mM Na;VO,. Blotto solution
(BS): 5% non-fat dried milk in a solution containing 50
mM Tris/HCI pH 8.0, 2 mM CaCl,, 80 mM NaCl, 0.05%
(v/v) Tween 20, and 0.02% NaN;. Washing solution
(WS): 50 mM Tris/HCl pH 8.0, 2 mM CaCl,, 80 mM
NaCl, 0.05% (v/v) Tween 20, and 0.02% NaNj.

Statistics

Contractile responses are expressed in absolute values (g)
and/or as percentages of the maximal response elicited by
vanadate (1 mM) or ACh (10 wM). Each concentration
curve was analyzed to evaluate the concentration producing
50% of maximal response (EC5p) and the maximum asymp-
tote of the curve (E,,..) according to Tallarida and Murray
[16] by using a computer program. ECs, is also expressed as
—log (ECsy) (pD,). All values are presented as means *= SE
of the mean. Statistical evaluation was performed by
two-way analysis of variance (ANOVA) or by using Stu-
dent’s t-test (two-tailed) as appropriate. Differences were
considered significant when P < 0.05.

RESULTS
Contraction of Isolated Gallbladder Preparation by
Vanadate

Isolated gallbladder strips contracted in response to increas-
ing concentrations of vanadate (10 pM-3 mM). Figure 1A
shows examples of isometric tension responses of the tissue
to a single (I mM) concentration of vanadate. In this
preparation, the onset of tension development in response
to vanadate occurred within 10-30 sec of challenge and
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TABLE 1. Effect of either phentolamine, atropine, or tetrodotoxin on guinea pig gallbladder strip contractions to vanadate

Phentolamine Atropine Tetrodotoxin
(36 pM) (1 uM) (1 pM)

Vanadate (pM) without with without with without with
10 5.4+ 2.7 5*0.6 1.7+ 45 9.7%+35 109 1.3 11.3 3.7
30 51+23 9.2 +0.7 29.7 = 8.6 18.0 £5.7 282 +3.4 18.5 + 5.0

100 29.6 =179 448 £ 6.2 58.0 £ 9.7 47.0x83 64.1 23 50.9 = 7.3
300 63.8 = 6.7 75.7 = 8.3 70.3 = 6.8 62.5*= 1.1 80.1 = 1.8 72.8 =83
600 86.1 = 3.9 90.5 =123 90.6 = 4.4 825+ 1.8 94.5 + 0.7 89.4 £ 9.7

1000 100 =0 96.6 = 14.1 100 £0 89.8 £ 9.0 100 £0 94.1 = 9.6

Results expressed as a percent of maximal response (mean = SEM), with experiments performed in 6 muscle strips.

maximal tension was achieved after §—10 min. This tension
could be maintained for up to 30 min, showing that
vanadate can exert prolonged effects on the tone of
gallbladder smooth muscle. Responses to vanadate were
reversible following washout, and reproducible contractions
could be elicited at 30-min intervals (Fig. 1A). In view of
the characteristics of the responses to vanadate, it was
possible to make sequential measurements of the contrac-
tile responses to increasing concentrations of vanadate.
When strips were challenged with cumulative concentra-
tions of vanadate, concentration-dependent tension devel-
opment was observed (Fig. 1, B and C). The maximal effect
of vanadate was 2.11 *= 0.29 g, which was equivalent to
201.58 = 32.42% of the response to ACh (10 uM). This
maximal effect was achieved at the concentration of 1 mM,
and higher concentrations of vanadate induced similar
responses. The pD, for vanadate was 4.11 = 0.09. When
two concentration—response curves to vanadate were made,
no desensitization of the tissue was observed (Fig. 1C);
therefore, to study the effects of different compounds on
vanadate-induced contractions, two dose—response curves
were done sequentially.

Role of Endogenous Neurotransmitters in Vanadate-
Induced Contractions

Vanadate did not appear to act via direct or indirect
stimulation of muscarinic or alpha-adrenoceptors located
on the gallbladder smooth muscle membrane, because the
response to all concentrations of vanadate assayed was
unaltered by tissue pretreatment (20 min before the second
vanadate challenge) with 1 uM atropine or 36 wuM phen-
tolamine (Table 1). Since vanadate-induced contractions
were not susceptible to neural blockade with tetrodotoxin
(1 wM) (Table 1), the release of neurotransmitters from
intrinsic nerves was not involved in the action of vanadate

in the gallbladder.

Role of Phosphotyrosine Phosphorylation in Vanadate
Effects

In view of the known ability of vanadate to inhibit protein
tyrosine phosphatase [8], potentiation of the actions of
tissue tyrosine kinases could be expected. Thus, we wanted

to determine if different tyrosine kinase inhibitors would
affect the contractile action of vanadate. Preincubation of
the strips with 100 wM genistein, a naturally occurring
flavonoid which potently inhibits several tyrosine kinases
[17], almost abolished the contraction evoked by vanadate.
The maximal effect of vanadate was 2.01 = 0.27 g before
and 0.29 = 0.09 g after genistein (P < 0.01, N = 6) (Fig.
2B). In contrast, tyrphostin B44 (100 uM), a tyrosine
kinase inhibitor structurally unrelated to genistein [18], did
not decrease the vanadate maximal effect (Fig. 2D), but
caused rather a significant leftward shift of the vanadate
concentration—response curve (ECsy of 111.22 = 17.6 pM
vs 51.19 = 8.95 uM, P < 0.05 by Student’s t-test).

To determine if vanadate increased tyrosine phosphory-
lation, we analyzed, by a Western blotting procedure, the
phosphotyrosyl protein content of the gallbladder muscle
which had been contracted isometrically with 100 uM
vanadate for 10 min either in the absence or presence of
either genistein or tyrphostin B44 (Fig. 3). Vanadate-
induced contractions were associated with increased ty-
rosine phosphorylation of several substrates, including pro-
teins with molecular masses of 175, 130, and 75 kDa that
were also visualized in untreated samples (Fig. 3, lanes 1C
and 2C). When tissues were treated with vanadate in the
presence of the same concentration of genistein (100 M)
that blocked vanadate-induced contraction, the phospho-
protein signals on the immunoblot remained at control
levels (Fig. 3, lane 1D). Genistein alone slightly reduced
basal tyrosine phosphorylation (Fig. 3, lane 1B). Tyrphostin
B44, like genistein, decreased basal levels of tyrosine
phosphorylation (Fig. 3, lane 2B). Surprisingly, and unlike
the effects seen with genistein (Fig. 3, lane 1D), tyrphostin
B44 pretreatment greatly enhanced tyrosine phosphoryla-
tion in response to vanadate (Fig. 3, lane 2D).

Role of Calcium in Vanadate-Induced Responses

To study whether vanadate influenced Ca’" influx in-
volved in the excitation—contraction coupling, the effect of
methoxyverapamil (D-600), an antagonist of voltage-gated
Ca’* channels, on responses to vanadate was investigated.
The addition of 10 wM methoxyverapamil significantly
reduced the contractile responses of vanadate to all con-
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FIG. 2. Effects of tyrosine kinase inhibitors on the contractile response to vanadate. A and C are original traces showing the typical
responses of the tissue to vanadate in the absence and presence of the tyrosine kinase inhibitors. Traces are typical of 6 such different
experiments. W: washout. (B) Preincubation of the strips with 100 pM genistein significantly reduced the contractions evoked by
vanadate (P < 0.01 by ANOVA). (D) In contrast, in the presence of tyrphostin B44, the responses to vanadate were higher than in
the control test. Abcissa scales: molar concentration of vanadate on a log scale. Ordinate scales: tension developed expressed as a
percentage of that evoked by 1 mM vanadate alone. Data points indicate means from 6 experiments and vertical lines show SE of the

mean.

centrations assayed. The maximal response of the gallblad-
der to vanadate was significantly reduced by 47.82 + 3.23%
(P < 0.01) (Fig. 4A). This concentration of D-600
completely relaxed preparations that had been contracted
with 60 mM KCI (2.06 = 0.25 g vs 0.07 = 0.01 g, P <
0.01) in 16.67 = 1.47 min.

Because intracellular calcium stores in the gallbladder
muscle are quickly depleted in the absence of extracellular
calcium [19], the strips were suddenly bathed with zero
calcium K—H. Contractions in response to vanadate added
immediately after the bathing solution was replaced with
Ca’*-free K-HS containing EGTA (1 mM) were nearly
abolished when the lower concentrations (10, 30, and 100
wM) were assayed and largely reduced when the higher
ones (0.3, 0.6, and 1 mM) were tested (19.35 = 5.49%,
18.97 = 8.36%, and 25.99 * 14.63% compared to re-
sponses in normal K-HS) (Fig. 4B). Moreover, in contrast
to contractions in Ca’t K-HS, which could be maintained
for up to 30 min, the contractions in calcium-free medium
rapidly declined and disappeared within 810 min.

To determine whether the residual response to higher
concentrations of vanadate in the absence of extracellular
calcium was due to the release of calcium from intracellular

stores, an equimolar substitution of strontium for calcium in
the bathing solution was made. Previous studies have
shown that strontium can replace extracellular calcium but
cannot substitute for stored calcium. Although strontium is
incorporated in the endoplasmic reticulum and displaces
calcium from high-affinity binding sites, it cannot be easily
released from stored sites [20, 21]. Thus, these replacement
experiments should be useful in establishing whether an
agonist has a requirement for intracellular calcium in the
contractile response [19]. In our preparation, strontium
slightly increased the basal tension, caused a marked
increase in phasic activity, and failed to affect the response
to 60 mM KCI (137.47 *+ 24.35% vs 123.95 = 22.5% of the
response to 10 wM ACh). The responses to lower concen-
trations of vanadate were the same as in normal K-HS (Fig.
4C), but when the higher ones were tested (0.3, 0.6, and 1
mM), a slight but significant reduction was observed (P <
0.05), P < 0.01, and P < 0.01, by Student’s t-test,
respectively, which is in agreement with the residual
response observed in presence of Ca’*-free K-HS.
Ryanodine, a naturally occurring alkaloid which reduces
the release of calcium from sarcoplasmic reticulum by
interacting specifically with some (ryanodine-sensitive)



1082

1A 1B 1C 1D

250 KDa —
—— —
LR L

98 KDa —
s -

64 KDa —
Vanadate 100uM - -  +  +
Genistein 100pM -+ -+

S. Alcén et al.

2A 2B 2C 2D

250 KDa — -

- -

98 KDa —
-
64 KDa —
50 KDa —
Vanadate 100pM - - + +
Tyrphostin B44 100uM - + -+

FIG. 3. Western blot analysis of phosphotyrosyl proteins in control and vanadate-treated tissues. Gallbladder strips were recovered from
the organ bath, as described in Methods, and processed for Western blot analysis. Tissues were either untreated (lanes 1A and 2A) or
were exposed to vanadate either in the absence (lanes 1C and 2C) or presence of genistein (100 pM, lane 1D) or tyrphostin B44 (100
M, lane 2D). The effects of the tyrosine kinase inhibitors on basal phosphorylation were also tested (lanes 1B and 2B). Note that
vanadate increased protein tyrosine phosphorylation, which was reversed by pretreatment with genistein. However, pretreatment with
tyrphostin B44 induced an unexpected huge increase in phosphotyrosyl phosphorylation. These blottograms are typical of 6 such

different experiments.

calcium channels [22], affected neither the basal tone nor
the contractile effects of vanadate (Fig. 4D).

Role of Membrane Transport Mechanisms in the
Contractile Action of Vanadate

Since vanadate is known to be a potent inhibitor of
Na*/K*-ATPase in a number of tissues [10] and the
resultant depolarization could account for the vanadate-
induced contractions, gallbladder strips were incubated in a
K™ -free solution. Exposure of the tissue to K™ -free medium
caused, in most of the strips (N = 10), an initial contrac-
tion followed by a decrease in the baseline tension, which
remained below the pre-exposure level 30 min later (Fig.
5). However, in other strips (N = 5), K*-free medium
induced a transitory relaxation which was followed by a
slowly developing contraction. Both vanadate (100 uM)
and ouabain (10 uM) induced contractions in K*-free
medium, and no significant differences were measured
between vanadate responses in normal K-HS and K* -free
K-HS (63.43 = 4.34% vs 70.62 = 8.7% of the response to
10 puM ACh). When control strips which had been exposed
to K™ -free medium were challenged with 30 mM KCl, an
initial relaxation was observed prior to the contractile
response (Fig. 5A), but when the strips had been pretreated
with ouabain (Fig. 5B) or vanadate (Fig. 5C), two types of
responses were observed. QOuabain pretreatment caused
only contraction (Fig. 5B), but when the strips were
pretreated with vanadate, the response was similar to the
control tissues and the initial relaxation was observed (Fig.

5C).

Since contraction to vanadate may result secondarily
from inhibition of Na*/Ca’" exchange across the plasma
membrane, the strips were exposed to a reduced Na™
K-HS. Under these conditions, a marked contraction
occurred and after reaching a maximum, which was equiv-
alent to 77.10 = 6.72% of the response to 10 uM ACh
(N = 16), the tension returned to the pre-existing baseline
within 7-10 min. As shown in Fig. 6, when vanadate is
tested in a Na*-deficient K-HS, the contractile response is
the same as in normal K-HS.

Vanadate and phosphate compete in a number of bio-
logical systems, e.g. ATP synthesis, which could lead to
mitochondrial uncoupling. To test this hypothesis, we
exposed the gallbladder strips to the oxidative phosphory-
lation uncoupler CCCP. A sustained relaxation of the
muscle strips with disappearance of their phasic activity was
observed after exposure to CCCP (10 uM) (Fig. 7A).
Furthermore, CCCP significantly inhibited the vanadate (1
mM)-induced contraction by 74.55 * 4.58% (P < 0.01,
by Student’s t-test) (Fig. 7).

Intracellular Pathways Stimulated by Vanadate

Since it has been reported that the contractile actions of
agents that increase protein tyrosine phosphorylation in
gastric longitudinal muscle are entirely dependent on the
production of prostanoids [23], we studied if the actions of
vanadate on the gallbladder were sensitive to indomethacin
(an inhibitor of the cyclooxygenase pathway). As shown in
Fig. 8A, indomethacin significantly reduced the responses
to vanadate (P < 0.01 by ANOVA). The source of AA for
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FIG. 4. Role of calcium in vanadate-induced gallbladder contraction. (A) Inhibitory effects of methoxyverapamil, an L-type calcium
channel blocker, on the contractile response to vanadate. Log concentration—response curve for the contractile action of vanadate alone
and after a 20-min incubation with 10 pM methoxyverapamil. Abcissa scale: molar concentration of vanadate on a log scale. Ordinate
scale: tension developed expressed as a percentage of that evoked by 1 mM vanadate in the absence of methoxyverapamil. All responses
to vanadate in the presence of methoxyverapamil were smaller than those observed in the control tissues (P < 0.01 by ANOVA). (B)
Effect of the sudden removal of extracellular Ca>* on the contractile responses to single doses of vanadate (10 pM—1 mM). Vanadate
was tested immediately after the removal to avoid Ca®* store depletion. The contractile responses to all concentrations of vanadate were
significantly reduced in the absence of extracellular calcium (*P < 0.05, **P < 0.01 by paired Student’s t-test). (C) Effect of the
equimolar substitution of strontium for calcium in the bathing solution. After testing the vanadate response in normal K-HS, tissues
were exposed to the Ca?*-free Sr** K-HS for 30 min before the same concentration of vanadate was tested. Note that only the
responses to higher concentrations of vanadate (0.3, 0.6, and 1 mM) were significantly reduced (*P < 0.05, **P < 0.01 by paired
Student’s t-test). (D) Effect of ryanodine (10 pM) on the contractile responses to vanadate. Ryanodine, a naturally occurring alkaloid
which blocks the release of calcium from sarcoplamic reticulum, did not affect the contractile effect of vanadate. Results are expressed
as a percentage of the tissue response to 1 mM vanadate in normal K-HS. Each data point/histogram shows values for the mean = SE
of 6 experiments.

the synthesis of prostaglandin(s) could result either from
the activation of PLA, or from the sequential action of

observed (Fig. 8C). Pretreatment of the tissue with either 1
or 10 uM GFX109203, a specific inhibitor of the PKC, had

other phospholipases (e.g., PLC), followed by metabolism
of the released diacylglycerol by diacylglycerol lipase (DG-
lipase). To distinguish between these two alternatives, we
used the DGlipase inhibitor RHC 80267, which potently
and selectively inhibits DGlipase in a variety of tissues but
causes little or no inhibition of other lipases [24], and the
PLA, inhibitor mepacrine [25]. Mepacrine at 100 pM
significantly (P < 0.05 by ANOVA) reduced vanadate-
induced contractions (Fig. 8B). However, RHC 80267
failed to reduce vanadate responses, and an increase in the
response to the higher concentrations of vanadate was even

no effect on the vanadate response (Fig. 8D). The lower
dose of GFX109203 was able to reduce the response to a
known activator of PKC such as cholecystokinin (CCK)
(data not shown). As could be expected taking into
account our above results, a combination of the phosphati-
dylcholine-dependent phospholipase C (PC-PLC) inhibi-
tor D-609 (100 wM) and the phosphatidyl-inositol-depen-
dent phospholipase C (PI-PLC) inhibitor U-73122 (8.6
pM) had no effect on vanadate-induced contractions,
although this combination was able to significantly reduce
the CCK-evoked contractile response (data not shown).
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FIG. 5. Lack of effect of vanadate on Na*/K*-ATPase activity. (A) Exposure to K*-free medium induced an inhibition of
Na*/K*-ATPase which was reversed by addition of KCI. The initial relaxation in response to 30 mM KCI was due to reactivation of
the pump, which was followed by the normal contractile response to KCI. (B) When ouabain was added to the K*-free bath solution,
an increase in the tone was observed. The addition of KCl caused only a contractile response without the initial relaxation, proving that
the Na*/K*-ATPase was blocked. (C) When the same protocol was followed for vanadate, the initial relaxation in response to KCI
addition was observed, proving that vanadate does not inhibit Na*/K*-ATPase. Traces in A, B, and C are typical of six such different

experiments. W: washout.

DISCUSSION

The results of the present experiments demonstrate that
vanadate exerts prolonged contractile effects on the tone of
the gallbladder which are not mediated by release of
neurotransmitter from the intrinsic gallbladder plexus or by
direct or indirect activation of muscarinic and adrenergic
receptors, similar to previous reports in other smooth

muscle types [9, 11, 12, 13].

Role of Phosphotyrosine Phosphorylation in Vanadate
Effects

Tyrosine phosphorylation is an important mechanism for
regulation of smooth muscle contraction [2]. Since tyrosine
phosphorylation depends on the balance between the
activity of protein tyrosine kinase (PTK) and protein
tyrosine phosphatase (PTP), it has been postulated that
inhibition of tyrosine phosphatase activity should increase
protein tyrosine phosphorylation in smooth muscle and
thereby induce contraction [7]. Our results are entirely in
agreement with this hypothesis, because vanadate caused a
contraction that is associated with an increase in tyrosine
phosphorylation of several substrates. Preincubation with

genistein, a tyrosine kinase inhibitor, almost completely
inhibited both vanadate-induced contractions and vana-
date-induced tyrosine phosphorylation, which demon-
strates that protein tyrosine phosphorylation is the key
regulatory factor mediating vanadate-induced contractions.
The results of this study indicate that steady-state (non-
stimulated) kinase and phosphatase activities (and there-
fore phosphorylation and dephosphorylation) occur in gall-
bladder muscle cells, and that regulation of this balance
may be a physiological mechanism for altering gallbladder
tone.

Our work supports previous studies demonstrating that
vanadate-induced contractions in gastrointestinal and vas-
cular preparations are associated with enhanced protein
tyrosine phosphorylation [7, 9, 26]. However, Zhou et al.
[11] concluded that tyrosine phosphorylation is not in-
volved in the contractile response induced by vanadate in
rat aorta, and Cortijo et al. [12] suggested that protein
tyrosine phosphorylation is only of limited importance in
mediating the spasmogenic effects of vanadate in human
bronchus. The unexpected increase in tyrosine phosphory-
lations induced by vanadate in the presence of tyrphostin
B44 could be due to the phosphorylation of proteins related
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to the contractile mechanism, although phosphorylation of not inhibit an [arginine®]-vasopressin (AVP)-induced
proteins unrelated to this process is likely to occur consid- [Ca®*] increase, but did strongly increase vanadate-induced
ering the huge phosphorylation described. This potentia- tyrosine phosphorylation [29]. Since Src-related kinases are
tion may reflect complex and reciprocal regulatory relation- negatively regulated by phosphorylation of specific tyrosine
ships between protein tyrosine kinases and tyrosine phos- residues, the inhibition of tyrosine kinase activity by these
phatases [27, 28]. The inefficacy of tyrphostin B44 in tyrphostin compounds could enhance the activity of these
reducing vanadate-induced phosphorylation is in agree- proteins, which would be potentiated in the presence of
ment with a recent study showing that tyrphostin 47 did phosphatase inhibitors such as vanadate. This hypothesis is
. 150 -
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FIG. 7. Effects of CCCP in vanadate-induced contractions. (A) After the response to 10 uM ACh was tested, the response to vanadate
(1 mM) was studied in the absence and presence of 10 pM CCCP, an oxidative phosphorylation uncoupler. CCCP decreased the basal
tension, abolished the phasic activity, and reduced the response to vanadate. The trace is typical of 6 such different experiments. W:
washout. (B) Effect of CCCP on the vanadate-induced response following the above protocol. Results are expressed as a percentage
of the tissue response to 10 pM ACh. Each histogram shows values for the mean * SE of 6 experiments. (**P < 0.01 by paired
Student’s t-test).
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FIG. 8. Intracellular pathways stimulated by vanadate. (A) Effects of pretreatment with 10 pM indomethacin on vanadate contractile
responses. All responses to vanadate in the presence of indomethacin were significantly smaller than those observed in control tissues
(P < 0.01 by ANOVA). (B) Effects of pretreatment with the PLA, inhibitor mepacrine (100 pM) on the contractile response to
vanadate. The responses to vanadate in the presence of mepacrine were significantly smaller than those observed in control tissues (P <
0.05 by ANOVA). (C) Effects of pretreatment with the diacylglycerol lipase inhibitor RHC 80267 (40 pM) on vanadate-induced
contractions. RHC 80267 failed to reduce vanadate responses, and an increase in the response to higher doses of vanadate was even
observed. (D) Effects of pretreatment with the PKC inhibitor GF109203X (1 and 10 puM, closed circles and squares, respectively) on
vanadate-induced contractions. Neither of the GF109203X concentrations tested significantly reduced the vanadate response. Abcissa
scales: molar concentration of vanadate on a log scale. Ordinate scales: tension developed expressed as a percentage of that evoked by
1 mM vanadate in normal K-HS. Data points indicate means from 6 experiments and vertical lines show SE of the mean.

supported by the different mechanisms of action reported
for genistein and tyrphostins. Whereas genistein inhibits
tyrosine kinase activity by interacting with the ATP-
binding site [17], tyrphostins inhibit enzymatic activity by
interacting with the phosphotyrosine substrate-binding site
[18].

Role of Calcium in Vanadate-Induced Responses

The tyrosine-phosphorylated substrates might increase the
conductance of Ca’" channels in the sarcolemma and
permit influx of extracellular Ca**. Such an influx could
also promote release of intracellular Ca®* through calcium-
induced calcium release [2, 30]. This could explain the

dependence of extra- and intracellular calcium shown for
vanadate-induced contraction in this study. Vanadate-
induced contractions of the guinea pig gallbladder require
calcium influx, although calcium mobilization from intra-
cellular stores can account for the effects of the higher
concentrations of vanadate tested in this study. This
conclusion is based on the following experimental observa-
tions: the use of methoxyverapamil, an L-type calcium
channel blocker, reduced the contractile response to van-
adate. Further, the contraction of gallbladder strips was
abolished in Ca’*-free medium containing EGTA (1 mM)
when the lower concentrations of vanadate were tested and
was reduced at higher concentrations. These results are in
agreement with those obtained when calcium substitution
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with strontium was made. That manoeuvre reduced the
contractile response only to the higher, but not the lower,
concentrations of vanadate. These findings indicate that
vanadate contractions mainly depend on extracellular
Ca’*.

This extracellular calcium requirement for vanadate
action is in agreement with previous studies that demon-
strated that vanadate-induced gastrointestinal muscle con-
tractions were mediated by Ca’" influx through voltage-
sensitive channels [5, 9]. In smooth muscle from animal
respiratory tract, the necessity of extracellular Ca’* to
maintain the response to vanadate and the lack of effect of
verapamil on vanadate-induced contractions were reported
[13, 31, 32], whereas in human bronchial smooth muscle it
was found that vanadate only utilizes an intracellular source
of Ca’" that is sensitive to ryanodine [12]. However, our
results indicate that ryanodine-sensitive receptors are not
involved in vanadate-induced gallbladder contraction at
low or high concentrations of vanadate, although high
concentrations of vanadate probably induce Ca’" release
from intracellular stores. The controversial results found
may reflect either different sources of Ca*" depending on
the species or tissues studied or different mechanisms
responsible for the increase in [Ca®*],. Cortijo et al. [12]
suggested that the increase in [Ca®"], is due to the inhibi-
tion of Ca’*-ATPase, but we would argue that it is the
activation of the phosphotyrosine kinase pathway that is
responsible for this increase.

Role of Membrane Transport Mechanisms in the
Contractile Action of Vanadate

The plasmalemma of gallbladder smooth muscle cells, like
other smooth muscle cells, contains several ion transport
systems such as Na*/K"-ATPase and Ca’"-ATPase. Inhi-
bition of the Na™/K™ pump has been shown to cause
contraction of smooth muscle [33]. Our observations that
ouabain, a known blocker of Na*/K*-ATPase, contracts
gallbladder strips supports this idea. Vanadate has been
proposed as an inhibitor of Na*/K*-ATPase in a number of
tissues [10], although our results suggest that vanadate is
unlikely to act to inhibit this enzyme in the gallbladder
smooth muscle. Re-addition of K™ after incubation of the
strips in K -free medium induces an ouabain-sensitive
relaxation that can be attributable to the reactivation of
Na*/K"-ATPase [12, 33]. In our study, ouabain, but not
vanadate, blocked K*-induced relaxation, which is an
indication that vanadate does not inhibit the pump. These
results are in agreement with those reported by Cortijo et al.
[12] in airway smooth muscle.

Na®/Ca’" exchange acts as one of the mechanisms of
Ca’* extrusion in many types of cells including cardiac and
smooth muscle under physiological conditions [34, 35]. It
has been shown that the Na*/Ca’* exchange system can
move calcium in either direction across the cell membrane
in exchange for sodium and that the direction is dependent
on the prevailing electrochemical gradient for Na* [36—
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40]. Accordingly, a rise in intracellular Na™ or a decrease in
extracellular Na™ is thought to augment [Ca?"], by inhib-
iting the normal Ca?" extrusion or by increasing Ca?”"
entry into the cells through a reverse-mode activity of the
Na*/Ca’" exchanger [41-44]. This could explain the
contraction that we found after exposing the gallbladder
strips to a Na™-deficient K-HS. The present findings that
tissue exposure to Na'-deficient K-HS does not affect
vanadate-induced contraction suggests that this mechanism
is not activated by vanadate in gallbladder smooth muscle.

Vanadate and phosphate compete in numerous biologi-
cal systems, and it has been reported that inorganic phos-
phate inhibited airway smooth muscle response to vanadate
[13]. However, our study demonstrates that vanadate does
not compete with phosphate in ATP synthesis and that it
is necessary to maintain the integrity of oxidative phos-
phorylation for vanadate-induced contraction, what is cor-
roborated by the inhibition observed in the vanadate
contractile response in the presence of the mitochondrial

uncoupler CCCP.

Intracellular Pathways Stimulated by Vanadate

The action of vanadate on gallbladder muscle depends on
stimulation of the cyclooxygenase (COX) pathway and
thus is similar to the reported action of EGF [4]. It has
recently been reported that vanadate increases COX activ-
ity by posttranslational phosphorylation of the COX-2
isoform in cerebral endothelial cells [45]. This fact may
explain the reduction described by us in the vanadate-
induced response in the presence of the COX inhibitor
indomethacin. Phospholipase A, activity may also be
regulated posttranslationally by direct changes in tyrosine
enzyme phosphorylation [46], so that in the presence of
vanadate an increase in the activity of this enzyme could be
expected. The reduction in vanadate-induced contraction
in the presence of the PLA, blocker mepacrine supports
this hypothesis. Therefore, our study demonstrates for the
first time a relationship between cytosolic tyrosine phos-
phorylation and arachidonic acid metabolism in the control
of smooth muscle contraction.

As under our experimental conditions the diacylglycerol
lipase inhibitor did not reduce the actions of vanadate, an
increase in AA formation from the PLC-dependent path-
way can be excluded. These results are supported by the
lack of effects reported by us for the PLC inhibitors and the
PKC inhibitor.

In summary, we conclude that vanadate exerts direct
effects on gallbladder smooth muscle that are mainly
mediated by protein tyrosine phosphorylation (see Fig. 9 for
main conclusions). Our data support the hypothesis that
protein tyrosine phosphorylation causes an increase in
calcium influx through voltage-dependent channels and/or
calcium release from intracellular stores, and reveal a new
link between tyrosine phosphorylation and prostanoid pro-
duction in smooth muscle gallbladder contraction.
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FIG. 9. A schematic model showing the proposed cellular mechanism of vanadate action in gallbladder smooth muscle contraction.
Vanadate possibly inhibits protein tyrosine phosphatases (PTP), thus inducing an increase in protein tyrosine phosphorylation. This
event might increase the conductance of voltage-operated channels (VOC) in the sarcolemma and permit influx of extracellular Ca**.
Such an influx could also promote release of intracellular Ca?* through calcium-induced calcium release (CICR), leading both
mechanisms to contraction. Moreover, protein tyrosine phosphorylation would activate PLA, and cyclooxygenase (COX) activities,
with a concomitant increase in arachidonic acid metabolism, which would also mediate gallbladder contraction. PG, prostaglandins;
PTK: protein tyrosine kinase; Protein-P, protein phosphorylated in tyrosine residues; SR, sarcoplasmic reticulum; Tx, thromboxanes.
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