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1 The e�ect of increasing cellular tyrosine phosphorylation by inhibiting endogenous tyrosine
phosphatases was examined on voltage-operated calcium channel currents in vascular smooth muscle
cells.

2 In single ear artery smooth muscle cells of the rabbit, studied by the whole cell voltage clamp
technique, intracellular application of the tyrosine phosphatase inhibitors, sodium orthovanadate
(100 mM) and peroxyvanadate (100 mM orthovanadate+1 mM H2O2) increased voltage-operated calcium
channel currents by 56% and 83%, respectively.

3 Bath application of two other membrane permeant tyrosine phosphatase inhibitors, phenylarsine
oxide (100 mM) and dephostatin (50 mM) also increased voltage-operated calcium channel currents by
48% and 52%, respectively.

4 The selective tyrosine kinase inhibitor, tyrphostin-23 (100 mM) reduced calcium channel currents by
41%. Pre-incubation with tyrphostin-23 abolished the e�ects of peroxyvanadate, phenylarsine oxide and
dephostatin on calcium channels.

5 Western blot analysis of rabbit ear artery cell lysates showed increased tyrosine phosphorylation of
several endogenous proteins following treatment with peroxyvanadate.

6 These results indicate that a number of structurally dissimilar inhibitors of tyrosine phosphatases
increase voltage-operated calcium channel currents in arterial smooth muscle cells presumably due to
increased tyrosine phosphorylation.
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Introduction

Voltage-operated calcium channels (VOC) are the major route

of calcium entry into vascular smooth muscle cells and are
regulated by a variety of cellular processes including protein
phosphorylation (reviewed in Hughes, 1995). The role of serine
and threonine kinases such as protein kinase C (Loirand et al.,

1990) and adenosine 3' : 5'-cyclic monophosphate (cyclic
AMP)-dependent kinases (Fukumitsu et al., 1990; Tewari &
Simrad, 1994) in regulating VOC is well established. Recent

studies have indicated a role for protein tyrosine kinases as
modulators of calcium channels in smooth muscle cells
(Wijetunge et al., 1992) and other cell types (Slomiany et al.,

1992; Cataldi et al., 1996). Protein tyrosine kinases (PTKs) are
enzymes responsible for a number of signalling processes in the
cell particularly those associated with cell growth (Schlessinger

& Ullrich, 1992), though more recently PTKs have also been
implicated in processes unrelated to growth such as smooth
muscle cell contraction (reviewed in Hollenberg, 1994). There
are two major types of PTKs: receptor-linked tyrosine kinases

such as the platelet-derived growth factor (PDGF) receptor-
linked and epidermal growth factor (EGF) receptor-linked
tyrosine kinases, and the non-receptor tyrosine kinases such as

the Src family of tyrosine kinases and the products of Abl and
Fes (Toyoshima et al., 1992). Evidence exists that both
receptor and non-receptor tyrosine kinases may modulate

calcium channels in vascular smooth muscle cells. We have
previously shown that extracellular application of PDGF
(Wijetunge & Hughes, 1995a) and intracellular application of

the cytoplasmic non-receptor tyrosine kinase (human pp60c-Src)
(Wijetunge & Hughes, 1995b) increased calcium channel
currents in arterial smooth muscle cells. We have also shown

previously that selective PTK inhibitors such as tyrphostin-23,

genistein and peptide-A, a 21 amino acid inhibitor of Src,
reduce VOC currents in arterial cells, suggesting a role for an
endogenous tyrosine kinase active under resting conditions in
modulating VOC (Wijetunge et al., 1992). c-Src is a possible

candidate for this role since it is found in large amounts in
smooth muscle cells (Di Salvo et al., 1989) and may maintain a
level of activity under unstimulated conditions, possibly as a

result of cell-matrix interactions (Malik & Parsons, 1996). We
have provided further support for this proposal by showing
recently that a 11 amino acid peptide (EPQY(PO3H2)EEI-

PIYL) containing the sequence (pY)EEI which selectively
activates endogenous c-Src (Liu et al., 1993) increased calcium
channel currents in vascular smooth muscle cells (Wijetunge &

Hughes, 1996). Interestingly recent studies have indicated that
in addition to being activated by growth factors such as PDGF
and EGF (Courtneidge, 1994) c-Src may also be stimulated by
contractile agents linked to heterotrimeric G-protein coupled

vasoconstrictors such as angiotensin II (Ishida et al., 1995) and
endothelin (Simonson & Herman, 1993) and thus could
mediate the actions of a range of smooth muscle stimulants.

In contrast with the increasing information regarding
tyrosine kinases in smooth muscle, relatively little is known
regarding the role of tyrosine phosphatases in vascular smooth

muscle. Endogenous tyrosine phosphatases (PTP) play an
important role in signal transduction mechanisms involving
tyrosine phosphorylation by counteracting the action of

protein tyrosine kinases. PTPs are a diverse family of enzymes
widely distributed in a variety of cell types (Lau et al., 1989).
Inhibition of the action of endogenous PTPs prevent depho-
sphorylation of tyrosine residues so that PTK activity in the

cell would be unopposed, leading to an increase in overall
tyrosine phosphorylation of cellular proteins. In addition, as1Author for correspondence.
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several PTKs, including c-Src, are themselves activated by
phosphorylaton of critical tyrosine residues (Courtneidge,
1994), inhibition of PTP activity may also directly increase

activity of these endogenous tyrosine kinases. Previous studies
in single smooth muscle cells of the rabbit colonic muscularis
mucosae (Hatakeyama et al., 1996), and pituitary GH3 cells

(Cataldi et al., 1996) have showed that vanadate activated
dihydropyridine-sensitive calcium channel currents. Therefore
the objective of this study was to investigate the e�ect of
increased tyrosine phosphorylation on VOC by using a range

of di�erent PTP inhibitors, sodium orthovanadate, perox-
yvanadate, phenylarsine oxide and dephostatin.

Methods

Single smooth muscle cells were freshly dispersed from rabbit
ear arteries by an enzymatic method previously described
(Benham & Bolton, 1986). Short (2 ± 3 mm) segments of artery
were incubated for 50 min in a modi®ed physiological salt

solution (PSS) containing (mM): NaCl 130, KCl 6, CaCl2 0.01,
MgCl2 1.2, glucose 14 and HEPES 10.7 bu�ered to pH 7.2
with NaOH, 2 mg ml71 bovine serum albumin (BSA),

1 mg ml71 collagenase (130 u mg71), 0.5 mg ml71 papain
(15 u mg71) and 5 mM dithiothreitol. Cells were dispersed by
trituration of the tissue through a blunt nosed Pasteur pipette

and resuspended after centrifugation in normal PSS containing
1.7 mM CaCl2. Cells were stored on cover slips at 48C and used
within 4 ± 6 h. Internal pipette solution contained (mM): NaCl

126, MgCl2 1.2, EGTA 2, MgATP 2, TEA 10, and HEPES 11
bu�ered to pH 7.2 with NaOH. Patch pipettes were fabricated
from borosilicate glass and had resistances of 3 ± 5 MO.

Calcium channel currents were measured by the whole cell

con®guration of the voltage clamp technique (Hamill et al.,
1981) with a List EPC-7 ampli®er, Labmaster A/D interface
board with commercially available software (Pclamp 5.5, Axon

Instruments CA, USA) on an IBM compatible PC. The
experiments measuring voltage-operated calcium channel
currents were carried out in a `high barium' solution (BaCl2
110 mM, HEPES 10 mM; bu�ered to pH 7.2 with TEA-OH) to
increase the size of the inward current and to minimize
calcium-dependent inactivation of currents (Aaronson et al.,
1988). Data were recorded on-line, or on digital audio tape

with a DAT recorder (Biologic, France), and analysed o�-line
after analogue-to-digital conversion using PClamp 5.5 soft-
ware on a PC. The currents were digitally ®ltered at 2 kHz and

leak currents were subtracted digitally, with average values of
steady leakage currents elicited by a 10 mV hyperpolarizing
pulse (Aaronson et al., 1988). All recordings were made at

room temperature (22 ± 258C).
Concentrations in excess of the EC50 values were used for all

drugs. Stock solutions of phenylarsine oxide (PAO; 1 mM) and

dephostatin (50 mM) were made up in distilled water and
dimethylsulphoxide (DMSO) respectively and stored at
7208C. Final concentrations of 100 mM PAO and 50 mM
dephostatin were made up in the `high barium' solution and

applied to the cell by bath perfusion. A 50 mM stock solution
of the tyrosine kinase inhibitor tyrphostin-23 was made up in
DMSO and stored at 7208C. This was diluted in the `high

barium' solution to a ®nal concentration of 100 mM before the
experiments. This solution containing 100 mM tyrphostin-23
was used to pre-incubate the cells for at least 10 min before the

addition of the PTP inhibitors. Final concentration of DMSO
did not exceed 0.2% which was itself without e�ects on VOC.
A 200 mM stock solution of sodium orthovanadate was made
up in distilled water and was applied intracellularly by

inclusion in the internal pipette solution at a ®nal concentra-
tion of 100 mM. Peroxyvanadate was made up by mixing
100 mM sodium orthovanadate with 1 mM H2O2 as previously

described (Kadota et al., 1987), and this was done immediately
before it was applied to the cell by including it in the internal
pipette solution. To minimize batch to batch variations, the

e�ects of the phosphatase inhibitors in the absence and
presence of tyrphostin-23 was examined in cells obtained from
the same isolates.

Preparation of rabbit ear artery cell lysate

Rabbit cells were isolated exactly as described above. The cells

in PSS were treated with peroxyvanadate for 5 min. After
centrifugation at 1000 r.p.m. for 5 min the supernatant was
discarded and the cell pellet was resuspended in 50 ml lysis
bu�er, containing (mM): Tris 50, NaCl 150, EGTA 1, NP-40
1% (v/v), sodium deoxycholate (19% w/v), aprotinin,
leupeptin, pepstatin (all at 1 mg ml71) and PMSF (200 mM)
and allowed to stand on ice for 5 min before homogenization

with a glass-on-glass homogenizer. The lysed cell samples were
centrifuged at 48C at 15,000 r.p.m. for 15 min and the
supernatant transferred to fresh cold eppendorfs. A protein

assay was carried out with a BCA protein assay kit. The
samples were diluted with lysis bu�er in order to achieve the
same concentration of protein in each sample before they were

heated at 958C for 5 min with 56 sodium dodecyl sulphate
(SDS) sample bu�er containing Tris-HCl (pH=6.8) 0.3 mM,
b-mercaptoethanol 25% v/v, SDS 10% v/v, glycerol 50% v/v

bromophenol blue 0.01% w/w. The samples were stored at
7208C used for gel electrophoresis.

BCA protein assay

Determination of protein concentration in the samples were
carried out with a BCA protein assay kit (Pierce, U.S.A.) based

on the method described by Bradford (1976).

SDS-polyacrylamide gel electrophoresis

SDS ±PAGE was carried out with a Bio Rad Protean II
system. Equal amounts of protein samples (15 mg) and
molecular weight markers were loaded into wells and the gel

was run in SDS running bu�er (Tris 25 mM, glycine 192 mM

and SDS 1% w/v). The separated proteins were transferred
onto supported nitrocellulose membrane with a Bio Rad

transfer cell and transfer bu�er (Tris 25 mM, glycine 192 mM

and methanol 20% v/v) at 35 V overnight. After transfer the
membrane was blocked for 1 ± 3 h with 5% BSA in Tris

bu�ered saline (TBS) containing 0.001% v/v Tween 20
(TTBS). The blot was then probed with a monoclonal
antiphosphotyrosine (PY20) primary antibody at 1/1000

dilution for 1 h. This was followed by a thorough wash cycle
(2 quick rinses followed by 365 min washes followed by a
15 min wash) with TTBS to remove unbound primary
antibody. The primary antibody was detected by use of a

horseradish peroxidase conjugated-secondary antibody (1/
1000 dilution) after incubation for 1 h. Following a similar
wash cycle as above the antigen-antibody complex was

visualized by enhanced chemiluminescence.

Drugs and chemicals

Acrylamide, hybond C nitrocellulose membranes, enhanced
chemiluminescence reagents (Amersham, U.K.). Bio Rad
Protean II system for gel running and transfer cell (BioRad,
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Hemel Hempstead U.K.), BCA protein assay kit (Pierce
Warner, Chester, U.K.), collagenase (Worthington, Reading,
U.K.), dephostatin (LC laboratories, U.K.), PY20 (A�nity,

Exeter, U.K.), HRP-linked rabbit anti-mouse antibody (Dako
Ltd, Cambridgeshire, U.K.), (7)202791 ((7)4amino-5-
(4methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimadine) (Gift

from Sandoz, Switzerland) and all other chemicals from Sigma
(Dorset, U.K.).

Statistics and data analysis

Current-voltage (I-V) relationships were obtained by repeated,
progressive depolarization to various test potentials for 200 ms

from a holding potential of760 mV. The e�ect of a drug on I-
V relationship was examined after any response to the drug
had stabilized (approximately 3 ± 5 min after application). The

peak inward current at each test potential was measured. To
investigate the e�ect of peroxyvanadate on the voltage-
dependence of activation and inactivation, activation and
inactivation curves were calculated. The activation curve was

derived from the current-voltage relationships. Conductance
(g) was calculated from the equation: g=IBa/(Em-Erev), where
IBa is the peak current elicited by depolarizing test pulses to

various test potentials (Em). Erev is the reversal potential
estimated from the current-voltage curves. The conductance
data were ®tted to a Boltzman function: g=1/[1+exp{Em-Vh)/

k}], where Vh is the potential required for half activation and k
is the slope factor.

The steady-state inactivation curves were obtained from a

double-pulse protocol. Following a 6 s conditioning pulse to
various potential to induce steady-state inactivation, currents
were evoked by depolarizing to +20 mV from a holding
potential of 760 mV. The data were ®tted to a Boltzman

equation: I=[Imax/1+exp{(Em-Vh)/k}]+Inon, where I is the
peak current at any potential, Imax is the maximum peak
current evoked by such a step, Vh is the potential at which

current is half inactivated, k is a slope factor and Inon is the
non-inactivating fraction of current. Data were ®tted by non-
linear regression analysis by use of Microsoft Excel.

To compare the kinetics of activation and inactivation of
currents in control cells and peroxyvanadate-stimulated cells,
currents were evoked by a depolarizing pulse to +20 mV for
500 ms from a holding potential of 760 mV. Following

subtraction of capacitance artifacts, the data were ®tted to a
double exponential function: I(t)=a1exp

7t/t1+a2exp
7t/t2+a3

by using PClamp 5.5 software, where I(t) is the amplitude of

the current at time t, a1, and a2 and a3 are the amplitudes of the
activation, inactivation and non-inactivating components,
respectively; t1 and t2 are the time constants of the activation
and inactivation components.

Data are presented as means+s.e.means of (n) observa-
tions. Comparisons of data were made by a Student's t test for

single paired comparisons and P50.05 was considered
statistically signi®cant.

Results

Previous studies (Benham et al., 1987; Aaronson et al., 1988)

have indicated that the inward Ba2+ current in rabbit ear artery
cells is predominantly due to in¯ux through L-type channels. In
keeping with these earlier studies inward Ba2+ current induced

by depolarization from a holding potential of 760 mV was
abolished by 5 mM (7)202791, a dihydropyridine L-type
calcium channel antagonist (Hering et al., 1989) (Figure 1). In
9 cells examined, the average peak current at +20 mV,

following application of (7)202791 was 72.7+1.4 pA. Since
T-type currents are known to be activated at membrane
potentials 20 ± 40 mV more negative than L-type channels,

currents evoked from holding potential of 760 mV were
compared to those evoked from 790 mV. No signi®cant
di�erence in the threshold of activation or the potential at which

peak current was elicited (Vpeak) were seen (Figure 1), suggesting
negligible contribution from T-type channels to voltage-
activated inward currents carried by Ba2+ seen in these studies.

In rabbit ear artery cells the inclusion of sodium

orthovanadate (100 mM), in the pipette solution increased
calcium channel currents elicited every 1 s by a 20 ms step to
+10 mV from a holding potential of 760 mV, from

36.3+5 pA at establishment of whole cell mode to a stable
value of 56.8+9 pA over a 3 ± 5 min period. This e�ect
corresponded to a 56+16% increase in current (n=4, P50.05,

Figure 2). Similarly, inclusion of a related but more potent
inhibitor of PTP, peroxyvanadate (PV) (100 mM sodium
orthovanadate+1 mM H2O2) in the pipette solution increased
calcium channel currents evoked by a similar activation

protocol over a similar time period, from 48+3 pA to
86+10 pA, which corresponds to a 83+20% increase in
current (n=6, P50.007, Figure 3). Examination of currents

under control conditions with Ba2+ as the charge carrier and
NaCl containing intracellular pipette solution, showed that
over a 3 min period there was no increase or `run up' of

current, and negligible rundown of current (n=5, Figure 3c).
Examination of the I-V relationship in cells dialysed with

PV for in excess of 5 min indicated that PV increased the

Figure 1 The current-voltage (I/V) relationships of calcium channel
currents in a single cell. I/V relationships were derived from a holding
potential (Hp) of 760 mV or from 790 mV by depolarizing to
various test potentials for 200 ms in the presence or absence of a
dihydropyridine (DHP) calcium channel antagonist (7)202791 5 mM.
I/V data were measured at least 3 ± 4 min after establishment of
whole cell mode when the size of the currents had stabilized. The
mean data from 9 cells is shown; vertical lines indicate s.e.mean.
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inward currents over a range of test potential (0 to +60 mV),
without a�ecting the potential at which the peak of the I-V

curve was evoked (Figure 4). Analysis of the activation curves
showed no change in the potential for half-maximal activation
by PV. Inspection of individual current traces showed that the

kinetics of activation and inactivation of currents were also not
a�ected by PV (for control cells, activation time constant
(t1)=1.45+0.1 and inactivation time constant (t2)=86+2; for

PV induced currents t1=1.6+0.3 and t2=93+3, n=3 in both
cases, Figure 4).

Analysis of the activation curve derived from the I-V
relationship showed that neither the potential for half maximal

activation (Vhact) nor the slope were signi®cantly shifted by PV
(Figure 5a). Vhact=6.2+2 mV and VhPV=6.0+2 mV.
Slope=11.4+1 (control) and 11.3+1(PV) (n=4 in both

cases). PV also did not a�ect the position or shape of the
steady-state inactivation curve for calcium channel currents
(Figure 5). The potential for half maximal inactivation, Vh

was 719.7+1 mV in control and 717.3+3 mV following
PV, and the slope=710.5+1 mV71 (control, n=4) and
79.2+1 mV71 (PV, n=5).

To examine whether the e�ect of PV on calcium channels
was due to increased tyrosine phosphorylation, we examined
the e�ect of PV following pre-incubation with a selective
tyrosine kinase inhibitor, tyrphostin-23 (100 mM). Tyrphostin-
23 reduced currents evoked by a 20 ms step to +10 mV from a
holding potential of 760 mV, from 40.8+2 pA to 23+3 pA
which corresponds to 44+4% inhibition of currents (n=4,

P=0.001) as we have previously shown (Wijetunge et al.,
1992). In cells pre-incubated for over 10 min with 100 mM
tyrphostin-23, inclusion of PV in the pipette solution failed to

increase calcium channel currents signi®cantly (n=4, Figures 3
and 8).

Addition of 100 mM phenylarsine oxide (PAO), another
PTP inhibitor, to the bath solution increased calcium

currents elicited every 1 s by a 20 ms step to +10 mV from
a holding potential of 760 mV. The mean inward current
increased from 36+4 pA to 55+7 pA corresponding to a

48+7% increase in current (n=9, P50.0005, Figure 6).
PAO increased currents over a range of test potentials (0 to
+60 mV) but did not a�ect the voltage at which the peak of

the I-V curve was evoked (Figure 6). Since PAO is thought

to act by an oxidative mechanism which is inhibited by

reducing agents, we examined the e�ect of a reducing agent
dithiothrietol (DTT) on the e�ect of PAO. Dithiothreitol
(DTT) 1 mM reversed the e�ect of PAO (n=3, Figure 5a).

DTT (1 mM) on its own did not have any signi®cant
e�ects on channel currents (control=45.8+4 pA,
DTT=48.3+9 pA, n=4, Figure 5b). Pre-incubation of cells
with tyrphostin-23 (100 mM) abolished the e�ect of PAO

(n=5, Figure 8).

Figure 2 E�ect of sodium orthovanadate (SV) (100 mM) on voltage-
operated calcium channel currents in a single rabbit ear artery cell.
SV was included in the intracellular pipette solution and allowed to
dialyze into the cell following establishment of whole cell mode.
Calcium channel currents were measured by use of the whole cell
voltage clamp technique with 110 mM Ba2+ as the charge carrier.
Currents were evoked every 1 s following the achievement of whole
cell mode with a 20 ms depolarizing step to +10 mV from a holding
potential of 760 mV. The ®gure shows current traces recorded from
a representative individual cell at 1 s, 60 s, 120 s, 150 s, 180 s and
210 s following the establishment of whole-cell mode and traces are
representative of 4 similar experiments.

a

b

c

Figure 3 (a) E�ect of peroxyvanadate (PV) on voltage-operated
calcium channel currents in a single rabbit ear artery cell.
Peroxyvanadate was included in the intracellular pipette solution
and allowed to dialyze into the cell following establishment of whole
cell mode. Calcium channel currents were measured by the whole cell
voltage clamp technique with 110 mM Ba2+ as the charge carrier.
Currents were evoked by a similar protocol as in Figure 1. The
current traces were recorded from a representative individual cell (of
6 similar experiments) at 1 s, 60 s, 90 s, 180 s, 240 s and 300 s
following the establishment of whole-cell mode. (b) Onset of e�ect of
peroxyvanadate (PV, 100 mM sodium orthovanadate with 1 mM

H2O2) on voltage-operated calcium channel currents. PV was
contained in the intracellular pipette solution. The calcium channel
currents were recorded from 3 individual cells following establish-
ment of whole cell mode. Each dot in the ®gure represents the mean
current over a 5 s period. Results are representative of 4 ± 6 similar
experiments. (c) Calcium channel currents recorded under control
conditions. Intracellular pipette solution, containing (mM): NaCl 126,
MgCl2 1.2, EGTA 2, MgATP 2, TEA 10 and HEPES 11, was
allowed to dialyze into the cell after establishment of whole cell
mode. Calcium channel currents were measured by the whole cell
voltage clamp technique with 110 mM Ba2+ as the charge carrier.
Currents were evoked by a similar protocol as in Figure 1. Average
calcium channel currents are shown from 5 cells following establish-
ment of whole cell mode recorded over 3 min; vertical lines indicate
s.e.mean. Each dot in the ®gure represents the mean current over a
5 s period.
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Bath application of dephostatin (50 mM) also increased
calcium channel currents evoked by a 20 ms step to +10 mV

from a holding potential of 760 mV, from 35+6 pA to
53.4+9 pA (52+10% increase), (n=4, P50.02, Figure 7).
Although it increased the magnitude of the currents evoked by

depolarization, dephostatin did not a�ect the voltage at which
the peak of the I-V curve is evoked. The e�ect of dephostatin
was completely abolished by pre-incubating the cells with

100 mM tyrphostin-23 (n=4, Figure 8).
To con®rm that PV, the most e�ective phosphatase

inhibitor at increasing calcium channel currents in these

studies, increased cellular tyrosine phosphorylation, a crude
cell lysate of rabbit ear artery cells was analysed by Western
blotting. Western blotting with a speci®c anti-phosphotyrosine
antibody, following SDS gel electrophoresis, showed a number

of tyrosine phosphorylated proteins in control and PV treated

cells (Figure 9a). Densitometric analysis of the blot showed a
consistent increase in tyrosine phosphorylation of endogenous
proteins of approximate molecular weights, 93, 87, 63.5, 45,

41.5 and 27 kDa, following pre-incubation of cells with
peroxyvanadate (n=3, Figure 9b).

Discussion

There is now substantial evidence indicating a widespread role
for tyrosine phosphorylation in modulating ion channels in a
number of cell types. Potassium channels are a target for
tyrosine kinase modulation. For example the delayed recti®er-

type Kv1.2 channel has been shown to be modulated by a

a

b

Figure 4 (a) E�ect of peroxyvanadate on the mean current-voltage
(I/V) relationship of calcium channel currents. I/V relationships were
derived from a holding potential of 760 mV by depolarizing to
various test potentials for 200 ms as shown in the protocol (insert).
I/V data were measured at least 3 ± 4 min after establishment of
whole cell mode when the size of the currents had stabilized. Data are
means of 4 ± 6 observations; vertical lines indicate s.e.mean. (b) E�ect
of PV on kinetics of activation and inactivation of calcium channel
currents in a single cell. Currents were evoked by a 500 ms
depolarizing step to +10 mV from a holding potential of 760 mV.
Data were ®tted by a bi-exponential function including a component
for non-inactivating current (see Methods). The non-linear regression
line is shown in bold, c=control, pv=peroxyvanadate. For the
examples shown t1=0.7 ms, t2=61 ms for control and t1=1.3 ms,
t2=79 ms for peroxyvanadate (r240.9 in both cases). The traces are
representative of 3 similar experiments.

a

b

Figure 5 (a) E�ect of peroxyvanadate on the activation curve for
calcium channels showing normalized conductance as a function of
test potential (Em). The activation curve was derived from the
current-voltage relationships. Conductance(g) was calculated from
the equation, g=IBa/(Em-Erev), where IBa is the peak current elicited
by depolarizing test pulses to various test potentials (Em). Erev is the
reversal potential estimated from the current-voltage curves. The
conductance data were ®tted to a Boltzman function as follows:
g=1/[1+exp{(Em-Vh/k}], where Vh is the potential required for half-
activation and k is the slope factor. Data are means of 4
observations. (b) The e�ect of peroxyvanadate on the steady-state
inactivation of calcium channel currents. Cells were held at various
conditioning voltages for 6 s to achieve inactivation, then held for
10 ms at the holding potential of 760 mV before currents were
evoked by a 200 ms depolarizing step to +20 mV, as shown in the
voltage protocol IBa normalized with respect to IBa evoked following
a 780 mV conditioning potential is plotted against the conditioning
potential. Inactivation data were measured at least 5 ± 6 min after
establishment of whole cell mode when the magnitude of IBa had
stabilized. Data were ®tted to a Boltzman equation as described in
Methods. Data are means of 4 ± 5 observations: In (a) and (b),
vertical lines show s.e.mean.
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calcium-dependent tyrosine kinase PYK2 (Lev et al., 1995):
Ca2+ (KCa) and voltage-activated (Kv) potassium channel
activities were increased by activation of another tyrosine

kinase JAK2 (Prevarskaya et al., 1995) and Src has been
shown to modulate a human potassium channel (hKv1.5),
probably by a direct interaction, since immunoprecipitation

studies showed association of v-src with cloned and native
hKv1.5 in human myocardium (Holmes et al., 1996). Tyrosine
phosphorylation also modulates other ionic channels, includ-
ing the nicotinic acetylcholine receptor channel (Siegulbaum,

1994)) as well as a g-aminobutyric acid (GABA)-gated ion
channel (Valenzuela et al., 1995). Recently there has been an
accumulation of evidence showing calcium channel modula-

tion in di�erent cell types by receptor and non-receptor
tyrosine kinases. IGF-1 which is linked to a receptor PTK
increases VOC currents in pituitary cells (Selinfreund & Blair,

1994) and PDGF and EGF increase VOC activity in gastric
mucosal cells (Slomiany et al., 1992; Liu et al., 1993). Tyrosine
kinases have also been shown to modulate VOC in rat
ventricular cells (Yokoshiki et al., 1995) and pituitary GH3

cells (Cataldi et al., 1996). In vascular smooth muscle cells we
have shown that receptor tyrosine kinases such as the PDGF
receptor (Wijetunge & Hughes, 1995a) and the non-receptor

tyrosine kinase, c-Src (Wijetunge & Hughes, 1995b) increase
VOC currents. In this study we present further evidence that
tyrosine phosphorylation modulates VOC currents in vascular

smooth muscle cells by using PTP inhibitors.
Unlike serine/threonine phosphorylated proteins, phospho-

tyrosine content in cells accounts for only a small percentage
(0.01 ± 0.05%) of the total phosphoamino content (Lau et al.,

1989). It is likely that PTPs have a physiological role in
maintaining this low level. There are two major groups of
PTPs; the receptor-like PTPs such as the lymphocyte cell

surface molecule CD45 and the non-receptor PTPs such as
PTP 1B. PTPs are widely distributed in various tissues and
present both in particulate and soluble fractions of cell lysates

(Lau et al., 1989). Interestingly the speci®c activity of PTPs is
10 ± 1000 times greater than that of tyrosine kinases (Fischer et
al., 1991); therefore modulation of tyrosine phosphatase
activity may represent an important, though as yet largely

a b

Figure 6 E�ect of phenylarsine oxide (PAO) on voltage-operated calcium channel currents. PAO (100 mM) was applied to the bath
solution following stabilization of control current. I/V relationships were derived from a holding potential of 760 mV by
depolarizing to various test potentials as shown in the protocol (insert). I/V data were measured when the size of the calcium
channel currents had stabilized before or following application of drugs. (a) E�ect of PAO on the mean I-V relationship (n=3±9).
(b) E�ect of DTT on the mean I-V relationship (n=4). Vertical lines show s.e.mean.
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unexplored physiological control mechanism within the cell. A
physiological regulatory role for PTPs is suggested by the
observations that Rous sarcoma virus transformation of

®broblasts is accompanied by a large increase in PTP activity
(Nelson & Branton, 1984), and in other systems co-ordinated
increases in both tyrosine kinases and PTPs have been

observed (Gentleman et al., 1984).
Sodium orthovanadate, a potent insulinomimetic agent, is a

widely used inhibitor of PTP known to cause tyrosine

phosphorylation in many cell types (Roth & Cassell, 1983;
Kadota et al., 1987). Sodium orthovanadate has been shown to
cause contraction of smooth muscle associated with an
increase in tyrosine phosphorylation and increased calcium

entry (Di Salvo et al., 1993). Recently Cataldi et al. (1996)
showed that vanadate increased voltage-operated calcium
channel currents in pituitary GH3 cells. Furthermore in single

smooth muscle cells of the rabbit colonic muscularis mucosae,
nifedipine-sensitive L-type channels were inhibited by genistein
and tyrphostin, whereas vanadate enhanced the peak current

(Hatakeyama et al., 1996). In keeping with the above studies,
in our study sodium orthovanadate increased VOC currents in
rabbit ear artery smooth muscle cells. Hydrogen peroxide

(H2O2), an active oxygen species and a cellular oxidant, is also
an insulinomimetic agent and a PTP inhibitor known to
stimulate tyrosine phosphorylation in cells (Kadota et al.,
1987). It has been found that a combination of H2O2 with

orthovanadate which forms peroxyvanadate (PV) increases its
ability to act as an inhibitor of PTP (Kadota et al., 1987).
Consistent with this ®nding, PV increased calcium channel

currents approximately 1.5 times more than vanadate alone.

This observation is in keeping with functional studies by
Laniyonu et al. (1994), who previously showed that PV caused
vascular smooth muscle contraction via a mechanism inhibited

by calcium channel antagonists. However, despite these
®ndings being consistent with PTP modulation of VOC,
vanadate compounds are not selective for inhibition of PTPs

and are known to inhibit a number of other enzymes, such as
Na+/K+-ATPase and Ca2+-ATPase (Nechay, 1984). H2O2

also may have other PTP-independent actions. It has been

shown that PDGF-induced tyrosine phosphorylation, mito-
genesis and chemotaxis require generation of H2O2, suggesting
that H2O2 itself could act as a signal transducting molecule in
some systems (Sundaresan et al., 1995). Therefore we used a

selective tyrosine kinase inhibitor, tyrphostin-23 to con®rm
that the actions of PV were mediated by increased tyrosine
phosphorylation.

Tyrphostin-23 is a low molecular weight tyrosine kinase
inhibitor known to inhibit selectively tyrosine kinases in a
number of systems by binding to the substrate binding site of

tyrosine kinases (Gazit et al., 1989). In our previous studies
tyrphostin-23 reduced calcium channel currents in the absence
of exogenous stimulation (Wijetunge et al., 1992) and also

inhibited the e�ects of PDGF and c-Src (Wijetunge & Hughes,
1995a,b) without inhibiting the actions of a dihydropyridine
calcium channel agonist (Wijetunge & Hughes, 1995a). In this
study PV-induced increase in calcium channel currents were

completely blocked by tyrphostin-23. This indicates that the
increase in calcium channel currents was probably due to
increased tyrosine phosphorylation. Using a similar approach

Laniyonu et al. (1994) also concluded that the VOC-dependent

a b

Figure 7 E�ect of dephostatin on voltage-operated calcium channel currents in a rabbit single ear artery cell. Dephostatin (50 mM)
was applied to the bath solution. I-V data were measured when the size of the calcium channel currents had stabilized. I-V
relationships were derived from a holding potential of 760 mV by depolarizing to various test potentials as shown in the insert. (a)
E�ect of dephostatin on the mean I-V relationship (n=4). (b) E�ect of dephostatin in the presence of 100 mM tyrphostin-23 (n=4).
Vertical lines show s.e.mean.
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smooth muscle contractions were linked to a tyrosine kinase
signalling pathway and not related to inhibition of Na+/K+-
ATPase or Ca2+-ATPase.

We have provided evidence that phosphatase inhibitors
increase cellular tyrosine phosphorylation by showing that pre-
incubation with peroxyvanadate, consistently increased tyr-

osine phosphorylation of a number of endogenous proteins in
rabbit di�erentiated ear artery cells. This result is consistent
with those of Laniyonu et al. (1994), where PV caused a
marked increase in aortic and gastric tissue tyrosine

phosphorylation which was inhibited by genistein or tyrphos-
tin.

Our studies were further extended by the use of two other

structurally unrelated inhibitors of PTP, phenylarsine oxide
(PAO) and dephostatin. PAO is a membrane permeable PTP
inhibitor which selectively augments tyrosine phosphorylation

without a�ecting the serine/threonine phosphate content in
cells (Oetken et al., 1992). It is thought that PAO acts by a
direct oxidative mechanism involving the catalytic site of PTP
which contains an essential cysteine residue (Fischer et al.,

1991), and reducing agents such as DTT are known to reverse
the inhibitory action of PAO on PTP (Hecht & Zick, 1992). In
rabbit ear artery cells, PAO increased VOC currents in a

manner similar to that seen following vanadate or PV. This
action of PAO was reversed by DTT, consistent with its
mechanism of action involving inhibition of PTPs. It has been

shown that thiol compounds are required for the activity of
some PTPs (Shriner & Brautigan, 1984; Tonks et al., 1988).
DTT itself has been shown to stimulate a bovine PTP activity

when added to the assay bu�er (Lau et al., 1987) and hence
might be anticipated to reduce calcium channel currents.

Figure 8 E�ects of PTP inhibitors in the presence and absence of
tyrphostin-23 (Tyr) on voltage-operated calcium channel currents in
rabbit ear artery cells. Currents were evoked by a 20 ms
depolarization to +10 mV from a holding potential of 760 mV.
Figure shows % increase in peak current induced by the PTP
inhibitors. Sodium orthovanadate (SV) and peroxyvanadate (PV)
were included in the pipette solution, whereas PAO and dephosatatin
(Deph) were applied to the bath solution. Tyrphostin (100 mM) was
added to the bath solution and the cells were pre-incubated in this
solution for at least 10 min before the establishment of whole cell
mode with intracellular pipette containing PV or addition of PAO or
dephostatin to the bath. For SV and PV, % increases were calculated
by measuring the curents 5 ± 6 min following establishment of whole
cell mode, when currents had reached a steady level, compared with
currents measured 10 s after establishment of whole cell mode. For
PAO and dephostatin % increases were calculated by measuring the
stable currents before and after bath application of the drugs.
Columns represent means+s.e.mean of (n) observations.

a

b

Figure 9 Tyrosine phosphorylation pro®le of rabbit ear artery cell
lysates in the presence and absence of peroxyvanadate. (a) Cell lysate
proteins (15 mg) from control and peroxyvanadate-treated cells were
separated on a 10% polyacrylamide gel and immunoblotted with an
antiphosphotyrosine antibody (PY20). Proteins were detected with an
HRP-linked secondary antibody followed by enhanced chemilumi-
nescence. The data shown are representative of 3 separate
experiments. Molecular weights as determined by biotinylated
molecular weight markers are indicated on the left and approximate
molecular weights of the proteins which show enhanced tyrosine
phosphorylation are indicated by arrows on the right. (b)
Densitometric analysis of the tyrosine phosphorylated bands. The
e�ect of peroxyvanadate on the tyrosine phosphorylation, of bands
corresponding to 93, 87, 63.5, 45, 41.5 and 27 kDa, is shown.
Tyrosine phosphorylation of these protein bands in control cells was
normalized to 100%. The results are means+s.e.mean of 3 separate
experiments from 3 di�erent rabbit ear artery cell preparations.
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However, in our study DTT on its own did not have any
signi®cant e�ects on calcium channel currents.

Dephostatin is a novel PTP inhibitor isolated from the

culture broth of a strain of Streptomyces and is thought to act
by competing with the substrate (Imoto et al., 1993). It
contains a unique N-nitrosamine function and inhibits

Yersinia and mammalian PTP activities (Yu et al., 1995).
Dephostatin also increased VOC currents and the e�ects of
both PAO and dephostatin were blocked by tyrpostin-23
indicating that the action of these agents involved tyrosine

phosphorylation.
Our results collectively suggest that there is basal activity of

PTP in vascular smooth muscle and that inhibiting tyrosine

phosphatases, increases calcium channel currents under resting
conditions by increasing overall levels of cellular tyrosine
phosphorylation. Vascular smooth muscle cells contain both

L-type and T-type calcium channels (reivewed in Hughes,
1995). Although it has been shown that T-type channels are
regulated by tyrosine phosphorylation in ®broblasts (Wang et
al., 1993), in rabbit ear artery cells the e�ects of tyrosine

phosphorylation are likely to be due mainly to an e�ect on
L-type channels since T-type channel currents were almost
undetectable in these cells. The mechanism by which tyrosine

phosphorylation increases L-type calcium channel currents in
this study is not known. The channel protein may be directly
phosphorylated on tyrosine residues, as has been observed in

gastric mucosal cell calcium channel subunits of 170 and

55 kDa in response to PDGF and EGF (Slomiany et al., 1992;
Liu et al., 1993). Direct tyrosine phosphorylation-dependent
modulation has also been seen in a nicotinic acetylcholine

receptor channel and a delayed recti®er voltage-dependent
potassium channel (Siegelbaum, 1994). Alternatively tyrosine
phosphorylation may modulate VOC by activating a second

messenger system. Although activation of PKC is known to
increase calcium channel currents in vascular smooth muscle
(Loirand et al., 1990), we have previously ruled out the
possibility of PKC being a second messenger in rabbit ear

artery cells in response to PDGF (unpublished data) or c-Src
(Wijetunge & Hughes, 1995), since inhibition of PKC by a
selective PKC inhibitory peptide did not a�ect the response to

PDGF or c-Src. However, we cannot at present rule out one of
the other several second messenger systems activated by PTK
from involvement in these e�ects.

In conclusion, our results suggest that the overall levels of
tyrosine phosphorylation in vascular smooth muscle cells are
an important in¯uence modulating the opening of VOC.
Regulation of either tyrosine kinase or tyrosine phosphatase

activity may represent novel approaches to in¯uencing calcium
entry through voltage-operated calcium channels.

This work was supported by a grant from the Medical Research
Council.
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