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1 Arteriolar myogenic tone shows a marked dependency on extracellular Ca2+. The contribution
played by mechanisms such as intracellular Ca2+ release and capacitative entry, however, are less
certain. The present studies aimed to demonstrate functional evidence for involvement of such
mechanisms in myogenic tone and reactivity.

2 Single cremaster arterioles were denuded of endothelium, pressurized under no-¯ow conditions
and loaded with fura 2-AM for measurement of changes in intracellular Ca2+ [Ca2+]i. The cell
permeable, putative, IP3 receptor antagonist 2APB (2 aminoethoxydiphenyl borate) was used to
determine the possible role of IP3 receptor-mediated mechanisms in arteriolar myogenic tone and
reactivity.

3 Arterioles dilated in response to increasing concentrations of 2APB (1 ± 300 mM) without a
concomitant change in global [Ca2+]i. Also 2APB (50 mM) completely inhibited the myogenic
constriction in response to a step change in luminal pressure (50 ± 120 mmHg) with no apparent
e�ect on pressure-mediated increases in [Ca2+]i. 2APB markedly attenuated the constrictor response
and [Ca2+]i increase stimulated by phenylephrine but not KCl.

4 Capacitative Ca2+ in¯ux in arterioles was demonstrated either by re-addition of extracellular
[Ca2+] following pre-treatment with 1 or 10 mM nifedipine in Ca2+ free bu�er or exposure of vessels
to thapsigargin (1 mM) to induce store depletion. In both cases 2APB inhibited the increase in
[Ca2+]i. Capacitative Ca2+ entry showed an inverse relationship with intraluminal pressure over the
range 10 ± 120 mmHg.

5 Consistent with an e�ect on a Ca2+ entry pathway, 2APB had no e�ect on intracellular (ca�eine
releasable) Ca2+ stores while decreasing the rate of Mn2+ quench of fura 2 ¯uorescence.

6 The results provide functional evidence for capacitative Ca2+ entry in intact arteriolar smooth
muscle. The e�ectiveness of 2APB in inhibiting both non-voltage gated Ca2+ entry and
responsiveness to an acute pressure step is consistent with the involvement of an axis involving
IP3-mediated and or capacitative Ca2+ entry mechanisms in myogenic reactivity. Given the lack of
e�ect of 2APB on pressure-induced changes in global [Ca2+]i it is suggested that such mechanisms
participate on a localized level to couple the myogenic stimulus to contraction.
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Introduction

Arterioles typically exhibit a state of partial constriction, or

myogenic tone, that is related to the level of intraluminal
pressure. This contractile response is known to be dependent
on extracellular Ca2+ entry, Ca2+-calmodulin mediated

activation of myosin light chain kinase and phosphorylation
of the regulatory light chains of myosin (for review see Davis
& Hill, 1999). While the entry of Ca2+ into the arteriolar

smooth muscle cells is well known to involve L-type voltage
gated channels (for example, Knot et al., 1998; Wesselman et
al., 1996; Potocnik et al., 2000) the contributions from
intracellular Ca2+ sources and non-voltage dependent entry

mechanisms are uncertain (Hill et al., 2001).
Data describing the importance of inositol trisphosphate

(IP3) in acute myogenic contraction or sustained myogenic

tone is limited. Narayanan et al. (1994) demonstrated in renal

arcuate arteries that both IP3 and diacylglycerol increase as
intraluminal pressure is raised. Technical limitations due to
sample size have limited the temporal resolution in such

studies so that de®nitive conclusions regarding the involve-
ment of these molecules in a signalling role during di�erent
phases of the myogenic response have not been made.

However, supporting a role for second messengers such as
IP3 and diacylglycerol, the putative PLC inhibitor, U-73122,
has been reported to inhibit myogenic responsiveness in
cerebral (Osol et al., 1993) and renal (Inscho et al., 1998)

arterioles.
Studies of the close relationship between myogenic tone

and changes in intracellular Ca2+ have largely involved

measurements of global cytosolic Ca2+ (Meininger et al.,
1991; Zou et al., 1995) although recent studies have begun to
consider spatial aspects of Ca2+ signalling in pressurized
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vessels (Jaggar et al., 1998; Miriel et al., 1999). Evidence from
a variety of cell types suggests that Ca2+ changes within
cellular compartments may activate distinct intracellular

responses (Fagan et al., 1998). In arteriolar smooth muscle
it is likely that Ca2+ regulates activities other than
contraction such as activity of ion channels and sarcoplasmic
reticulum function (Van Breemen et al., 1995; Laporte &

Laher, 1997; Jaggar et al., 1998). Thus given the varying roles
that Ca2+ can potentially play in myogenically active vessels
it is important to have an understanding of the various Ca2+

supply mechanisms and compartmentalization that may exist.
The present studies aimed to examine the contribution of

capacitative Ca2+ entry to arteriolar myogenic tone and

reactivity and, further, to determine whether such Ca2+ entry
occurs as a result of IP3 receptor activation and subsequent
Ca2+ store depletion. While capacitative Ca2+ entry has been

demonstrated for example in cells isolated from resistance
arterioles (Fellner & Arendshorst, 1999; 2000) and cell lines
derived from conduit vessels (Skutella & Ruegg, 1997) data is
lacking as to its role in myogenically active vessels. To

accomplish these aims studies were performed using protocols
designed to isolate non-voltage gated mechanisms of Ca2+

entry and the recently described, small molecular weight,

membrane permeable, modulator of the IP3 receptor, 2 amino
ethoxy diphenylborate (2APB). This molecule has been
shown to inhibit agonist-induced (IP3-mediated) Ca2+ release

and capacitative Ca2+ entry in a number of cell types
including myometrial and large artery smooth muscle
(Maruyama et al., 1997; Ascher-Landsberg et al., 1999; Ma

et al., 2000; Wu et al., 2000). Studies were performed in
isolated and cannulated myogenically active arterioles in the
presence and absence of the ¯uorescent indicator Fura 2 to
measure changes in intracellular Ca2+.

Methods

Animals

The studies used male Sprague-Dawley rats weighing 242+4g
(n=56). Prior to experiments, rats were housed in an animal
facility equipped with a 12:12 h light-dark cycle. Rats were
allowed free access to a standard rat chow and drinking

water. All procedures were approved by the Animal Care and
Use Committees at RMIT University.

Isolated arteriole preparation

Rats were anaesthetized (100 mg kg71, Pentothal, Abbott

Australasia) and the right or left cremaster muscle exterior-
ized, excised from the animal and placed in a cooled (48C)
chamber containing dissection bu�er (in mM): 3-N-morpho-

lino propanesulphonic acid (MOPS) 3; NaCl 145; KCl 5;
CaCl2 2.5; MgSO4 1; NaH2PO4 1; EDTA 0.02; pyruvate 2;
glucose 5 and 1% albumin (Duling et al., 1981). Segments of
the main intramuscular arteriole (IA) were dissected from the

muscle as previously described (Meininger et al., 1991).
Individual vessel segments were then cannulated with glass
micropipettes, secured using 10-0 mono®lament suture and

mounted in a 5 ml volume tissue chamber. The vessel
preparation was positioned on the stage of an inverted
microscope (Olympus) and the arterioles continuously super-

fused (2 ± 4 ml min71) with a physiologic salt solution (PSS)
containing (in mM): NaCl 111, NaHCO3 25.7, KCl 4.9, CaCl2
2.5, MgSO4 1.2, KH2PO4 1.2, glucose 11.5 and 2-N-

hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES)
10. Arteriole segments were gradually pressurized to
70 mmHg and warmed to 348C during a 60 min equilibration
period. During this period vessels were checked for pressure

leaks and allowed to develop spontaneous basal tone. After
demonstrating viability the endothelial layer was removed
from all vessels by the passage of an air bubble through the

lumen followed by fresh bu�er to remove cellular debris.
Removal of the endothelium was veri®ed by a lack of
vasodilatation in response to acetylcholine (1075 M) while

dilator responses to adenosine (361074 M) were maintained.
In experiments requiring measurement of changes in

[Ca2+]i, vessels were incubated (60 min, room temperature)

with 1 mM fura 2-acetoxy methylester (fura 2-AM; Molecular
Probes, Eugene, OR, U.S.A.) in bu�er containing 0.5%
DMSO and 0.01% pluronic. The fura 2 solution was applied
to the albuminal surface of the vessel to restrict dye loading

to the vascular smooth muscle layer (Meininger et al., 1991;
Zou et al., 1995). The dye loading procedure was followed by
a 30 min wash period with PSS. Fura 2-AM loaded arterioles

were exposed to epi-illumination (75 W Xenon source) with
excitation wavelengths of 340, 360 and 380 nm using a
spinning ®lter wheel operating at 20 Hz. Fluorescence

emission at 510 nm was measured using a photomultiplier
tube (Hamematsu, Bridgewater, NJ, U.S.A.) in combination
with a signal conditioner (Texas A&M University, TX,

U.S.A.). Simultaneous transillumination with wavelengths
greater than 610 nm provided a non-¯uorescent image which
enabled video caliper measurement of internal arteriolar
diameter while ¯uorescence intensities were measured. The

high wavelength image was directed, by a beam splitter, to a
CCD camera. This procedure did not interfere with
measurements of Ca2+-related ¯uorescence. Fluorescent

image intensities were expressed as the 340 : 380 nm ratio to
allow quantitative estimates of changes in arteriolar wall
[Ca2+]i and the intensity following excitation at 360 nm was

recorded during Mn2+ quench studies as an index of Ca2+

entry. Details of these procedures have been presented in
previous publications (Zou et al., 1995; Hill et al., 2000;
Potocnik et al., 2000). Diameter of the arterioles was

measured on the video image using electronic calipers and
the data stored using a MacLab A-D system.

Experimental protocols

E�ect of 2APB on arteriolar tone and reactivity Initial

studies were conducted to characterize the e�ect of 2APB on
steady-state myogenic tone. Arterioles (n=5) under isobaric
conditions (70 mmHg) were superfused with increasing

concentrations of 2APB over the range 1 ± 300 mM; with each
concentration being applied for 10 min. In separate studies
fura 2 loaded vessels (n=5) were examined to determine the
e�ects of 2APB on [Ca2+]i under the same isobaric

conditions. Experiments were performed in the absence and
presence of the Ca2+ indicator to control for possible Ca2+

bu�ering e�ects of the fura 2.

To determine the e�ect of 2APB on acute vasoconstrictor
responses vessels were exposed to phenylephrine (1079 ±
361074 M; n=10), KCl (15 ± 60 mM; n=3), or an acute
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pressure step (50 ± 120 mmHg; n=6) in the absence or
presence of 2APB (50 mM). Concentrations of phenylephrine
and KCl were applied until a maximal response occurred

while pressure steps were maintained for 5 min. KCl
solutions were prepared by isosmotic exchange of Na+ for
K+. Vessels were superfused with 2APB for 20 min prior to,
and during, the application of the vasoconstrictor stimuli.

E�ect of 2APB on non-voltage gated Ca2+ entry To
speci®cally examine Ca2+ entry into arteriolar smooth muscle

via non-voltage gated mechanisms and to identify capacita-
tive Ca2+ entry, arterioles were exposed to 0 mM Ca2+,
0.5 mM EGTA bu�er containing nifedipine (1 or 10 mM) for

10 min. Ca2+ (2.5 mM) containing bu�er was then returned
to the vessels in the continued presence of nifedipine. Vessel
diameter and [Ca2+]i were monitored during both compo-

nents of the protocol. As a measure of involvement of IP3

receptor-mediated mechanisms, Ca2+ entry was examined in
the absence and presence of 2APB (50 mM) using the above
protocol.

As the magnitude of Ca2+ entry into smooth muscle of
cannulated arterioles is known to be related to the level of
intraluminal pressure (Zou et al., 1995) a separate series of

studies were performed to examine the e�ect of pressure on
non-voltage gated Ca2+ entry. Using a similar protocol to the
above, studies were conducted at 10, 70 and 120 mmHg.

Ca2+ entry following thapsigargin treatment As a positive
control, additional studies were performed using the SR Ca2+

ATPase inhibitor, thapsigargin (1 mM), which has been shown
in a number of cell types to cause Ca2+ store depletion,
consequently providing a stimulus for capacitative Ca2+ entry
(Putney & Mckay, 1999). In an initial series of studies vessels

were exposed to thapsigargin while being superfused with Ca2+

containing bu�er. After steady-state changes in [Ca2+]i and
diameter were achieved 2APB was added to the superfusate to

inhibit IP3 receptor-mediated mechanisms of Ca2+ entry. In a
second series of studies arterioles were superfused with Ca2+

free bu�er containing nifedipine (1 mM) after which thapsigar-

gin (1 mM) was added to the bath. Ca2+ (2.5 mM) was then
returned to the superfusate to demonstrate capacitative Ca2+

entry followed by addition of 2APB (50 mM).
All experiments using thapsigargin were performed at an

intraluminal pressure of 70 mmHg.

E�ect of 2APB on rate of Ca2+ entry as assessed by Mn2+

quench To further demonstrate that 2APB speci®cally
inhibits a Ca2+ entry component, the ability of Mn2+ to
quench fura 2 ¯uorescence was compared in the absence and

presence of 2APB (50 mM). Mn2+ is known to enter cells via
pathways that conduct Ca2+ such that the rate of quench of
the fura 2 ¯uorescence at the isosbestic point (360 nm) for the

indicator may be used as a measure of expected Ca2+ entry
under a given condition (Sage et al., 1989; Wang & Van
Breemen, 1997). Prior to addition of a superfusate containing
1 mM Mn2+ and 0 mM Ca2+ arterioles were treated with

nifedipine (10 mM in Ca2+ free bu�er containing 0.5 mM

EGTA) to block any contribution from voltage gated Ca2+

channels. Separate vessel groups were used for assessing

Mn2+ quench in either the absence or presence of 2APB.
Mn2+ quench experiments were performed at an intraluminal
pressure of 70 mmHg.

Involvement of the actin cytoskeleton in arteriolar vascular
smooth muscle capacitative Ca2+ entry To examine whether
capacitative Ca2+ entry into arteriolar smooth muscle was

dependent on a close proximity of the SR and the plasma
membrane, non-voltage gated Ca2+ entry was determined
before and after treatment with the cytoskeletal disrupting
agent cytochalasin D. Segments of cannulated arteriole were

incubated for 60 min (348C) with cytochalasin D (1 mM). This
concentration of cytochalasin was chosen based on our own
studies and those of others showing it to be e�ective in

inhibiting capacitative Ca2+ entry in cultured endothelial cells
(Holda & Blatter, 1997; Bishara et al., unpublished
observations) and that confocal microscopy veri®ed that

cytochalasin (1 mM) disrupts the cytoskeleton of cultured
vascular smooth muscle cells (data not shown). Further, this
concentration has been used in intact smooth muscle

preparations to alter agonist-induced signalling pathways
and inhibit agonist-induced contractile responses (Mehta et
al., 2000). Capacitative Ca2+ entry was studied following
return of extracellular Ca2+ containing solutions to vessels

treated with nifedipine in 0 mM Ca2+ bu�er solutions (see
above).

Statistical analyses

Diameter and [Ca2+]i results are presented using two

approaches. Results from both concentration response studies
for 2APB and phenylephrine, and the 50 ± 120 mmHg
pressure step, are presented with values of diameter and

340 : 380 nm ¯uorescence ratio normalized to values obtained
in 0 mM Ca2+, 0.5 mM EGTA bu�er (i.e. [Ca2+]i min and
passive diameter). The results of the capacitative Ca2+ in¯ux
studies are presented as per cent change from baseline (i.e.

immediately prior to 2.5 mM Ca2+ and or drug treatment).
Group data is shown as mean+s.e.mean. Statistical

di�erences between treatments has been determined by

analysis of variance (ANOVA) with appropriate post hoc
tests. Statistical signi®cance was accepted at the P50.05
level.

Chemicals and reagents

2APB (Aldrich, New South Wales, Australia) was prepared

as a 0.1 M stock solution in 100% ethanol; subsequent
dilutions were made in physiological salt solution. Thapsi-
gargin (Sigma, New South Wales, Australia) was stored as a

10 mM stock solution in DMSO with further dilutions being
made in physiological salt solution. Nifedipine (Sigma) was
dissolved in DMSO at a concentration of 1072 M and diluted

in physiological salt solution. Solutions containing nifedipine
were protected from light. Cytochalasin D (Sigma) was
dissolved in DMSO and stored as aliquots at 7208C;
subsequent dilutions were made in PSS. At the dilutions
used there were no e�ects of the vehicles alone.

Results

Effect of 2APB on arteriolar tone and reactivity

De-endothelialized arterioles showed a concentration-depen-
dent vasodilation to 2APB with 100 mM dilating vessels from
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a baseline of 37+4% (% of maximal diameter) to 54+4%
(P50.05; Figure 1a). A similar vasodilator e�ect was
observed in arterioles loaded with Fura 2 (Figure 1b).

Despite causing signi®cant vasodilatation 2APB did not
cause a detectable change in global [Ca2+]i (Figure 1b).
The e�ect of 2APB (50 mM) on arteriolar responsiveness to

phenylephrine is shown in Figures 2 and 3. 2APB caused a

signi®cant rightward shift in the concentration-diameter
relationship for arterioles irrespective of fura 2 loading
(Figure 2). Calculated EC50 values for the combined vessel

sets were 0.12+0.4 mM under control conditions and
2.68+1.0 mM in the presence of 2APB (n=10; P50.02).
Ca2+ responses during phenylephrine exposure have been

plotted in terms of the maximal and steady-state responses
for each agonist concentration (Figure 3). This approach was
taken as previous studies have shown that cannulated

cremaster arterioles respond to adrenergic agonists with a
biphasic Ca2+ response (Zou et al., 2000). 2APB caused
marked inhibition of the initial peak Ca2+ response (Figure
3a) while also attenuating the much smaller increase in

[Ca2+]i seen under steady-state conditions (Figure 3b).
In contrast to inhibition of phenylephrine responsiveness

2APB (50 mM) had no apparent e�ect on the contractile

response to KCl (Figure 4). For example 60 mM KCl
constricted vessels to 20+3% (per cent of maximal diameter)
under control conditions compared to 16+4% in the

presence of 2APB (n=3; not signi®cantly di�erent).
To determine the e�ect of 2APB on acute myogenic

vasoconstriction the response to a 50 ± 120 mmHg pressure

step was examined in the absence and presence of the

inhibitor. Under control conditions the pressure step resulted
in an immediate passive distension followed by active
vasoconstriction to diameters smaller than those observed

prior to the pressure change (Figure 5). 2APB (50 mM) while
not altering the passive distension phase completely inhibited
the myogenic vasoconstriction. The inhibition of the
vasoconstrictor response occurred despite similar changes in

[Ca2+]i (Figure 5).
To determine whether 2APB depleted intracellular Ca2+

stores vessels were exposed to 20 mM ca�eine in the absence

and presence of 2APB (30 and 100 mM). Similar diameter and
Ca2+ responses to ca�eine were obtained in the presence of
2APB and under control conditions (n=3) suggesting that

2APB does not itself cause a depletion of SR Ca2+. Example
responses are shown in Figure 6.

Effect of 2APB on non-voltage gated Ca2+ entry

Initial studies examined Ca2+ entry after exposing arterioles
(at 70 mmHg) to 0 mM Ca2+, 0.5 mM EGTA bu�er contain-

ing 1 mM nifedipine. This dose of nifedipine was chosen as it
totally inhibits the contractile response to 60 mM KCl. The
mean response of ®ve arterioles to re-addition of extracellular

Ca2+ (2.5 mM) in the maintained presence of nifedipine is
shown in Figure 7a. Vessels initially dilated in response to
0 mM Ca2+, 0.5 mM EGTA bu�er containing 1 mM nifedipine

and demonstrated a decrease in intracellular Ca2+. Re-
addition of extracellular Ca2+ resulted in an in¯ux of Ca2+

with the 340:380 nm ¯uorescence ratio increasing from

1.00+0.01 to 1.20+0.06 (P50.015) over a period of

Figure 1 2APB concentration-response relationships for cannulated
arterioles (70 mmHg) in the absence (a) and presence (b) of fura 2
loading (1 mM). Diameters are presented normalized to maximum
diameter under passive conditions and changes in [Ca2+]i are
presented as the change in 340 : 380 nm ¯uorescence ratio normalized
to minimum values under passive conditions. Results are shown as
mean+s.e.mean; n=5; *P50.05.

Figure 2 E�ect of 2APB (50 mM) on phenylephrine concentration-
response relationships for cannulated arterioles (70 mmHg) in the
absence (a) and presence (b) of fura 2 loading (1 mM). Diameters are
presented normalized to maximum diameter under passive condi-
tions. Results are shown as mean+s.e.mean; n=5; *P50.05.
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approximately 20 s (Figure 7). This in¯ux of Ca2+ was totally
blocked by pre-exposure to 2APB (50 mM); with the

340 : 380 nm ¯uorescence ratio changing from 1.02+0.02 to
1.04+0.04 (n.s., P=0.33) on re-addition of Ca2+ (Figure 7b).
Additional experiments were performed using 10 mM

nifedipine in case of incomplete blockade of voltage-gated

channels at the low concentration. Consistent with the above
experiments a Ca2+ in¯ux component persisted and was
attenuated by 2APB (Figure 7b).

To determine whether the non-voltage gated Ca2+ entry
component was a�ected by the level of intraluminal pressure,
in¯ux was compared at 10, 70 and 120 mmHg. As shown in

Figure 8a, Ca2+ entry was signi®cantly (P50.02) higher at a
pressure of 10 (124.3+2.4%) as compared to either 70
(117.3+5.1%) or 120 (108.9+1.2%) mmHg. Exposure to

2APB signi®cantly attenuated Ca2+ entry (Figure 8b) at each
pressure (10 mmHg, 108.9+1.0%; 70 mmHg, 101.2+3.0%;
and 120 mmHg, 100.1+2.7%).

Ca2+ entry following thapsigargin treatment

In the presence of Ca2+ (2.5 mM) containing PSS, thapsigargin

(1 mM) caused a biphasic change in diameter with an initial
phase of dilation followed by constriction to 60+2.0% (n=5)
of basal diameter (Figure 9a). Intracellular Ca2+ increased over

3 ± 5 min to reach a steady-state level of 154+9% of the pre-
thapsigargin level (P50.02; Figure 9a). 2APB (50 mM), added

after a steady-state response was obtained caused a rapid
dilation to 120+2.2% and a decrease in [Ca2+]i (113+5%). In
three additional experiments thapsigargin (1 mM) was added to

the vessels after superfusion with 0 Ca2+, 0.5 mM EGTA bu�er
containing 1 mM nifedipine. Re-addition of Ca2+ in the
presence of thapsigargin resulted in a similar increase in Ca2+

in¯ux (16+3%) compared to that occurring in the absence of

the Ca2+ ATPase inhibitor (15+4%) consistent with an e�ect
on capacitative Ca2+ entry. Ca2+ entry in the presence of
nifedipine and thapsigargin was blocked by 2APB (50 mM;

Figure 9b).

Effect of 2APB on rate of Ca2+ entry as assessed by
Mn2+ quench

To further demonstrate that 2APB was exerting an e�ect on

Ca2+ entry through non-voltage gated mechanisms the rate of

Figure 5 E�ect of 2APB (50 mM) on diameter and [Ca2+]i responses
to an acute 50 ± 120 mmHg pressure step. Pressure-induced changes
in [Ca2+]i are shown in (a) and changes in diameter in (b). Results
are shown as mean+s.e.mean; n=6.

Figure 3 E�ect of 2APB (50 mM) on phenylephrine-induced changes
in [Ca2+]i. Data is presented for both the peak change in [Ca2+]i (a)
and that occurring after a steady-state response had been reached (b).
Changes in [Ca2+]i are presented as the change in 340 : 380 nm
¯uorescence ratio relative to values obtained under passive
conditions. Results are shown as mean+s.e.mean; n=5; *P50.05.

Figure 4 E�ect of 2APB (50 mM) on KCl concentration-response
relationships for cannulated arterioles (70 mmHg). Diameters are
presented normalized to maximum diameter under passive condi-
tions. Results are shown as mean+s.e.mean; n=3.
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Mn2+ quenching of the fura 2 signal was examined in
arterioles treated with nifedipine (10 mM). As shown in Figure
10, 2APB (50 mM) decreases the rate of quench of the

¯uorescence signal consistent with inhibition of cation entry.
Calculated slope values for the 30 s period following addition
of Mn2+ were 0.0051+0.0003 in the absence of 2APB and

0.0035+0.0003 in the presence of 2APB (P50.005).

Involvement of the actin cytoskeleton in arteriolar
vascular smooth muscle capacitative Ca2+ entry

Capacitative Ca2+ entry was studied before and after exposure
of arterioles to the cytoskeletal disrupting agent cytochalasin D

(1 mM). This concentration of cytochalasin was previously
shown to be e�ective in inhibiting capacitative Ca2+ entry in
endothelial cells. Cytochalasin D treatment did not signi®cantly

decrease the extent of capacitative Ca2+ in¯ux (Figure 11).
Further, 2APB signi®cantly inhibited Ca2+ entry in both
control and cytochalasin treated vessels (Figure 11).

Discussion

The principal ®ndings of these studies relate to (1) the
demonstration of capacitative Ca2+ entry mechanisms in
intact arterioles and (2) the involvement of IP3 receptor-

mediated mechanisms in arteriolar tone and reactivity. In
relation to the second of these observations it was
demonstrated that the putative IP3 receptor modulator

2APB markedly inhibits the vasoconstrictor response of
single cannulated arterioles to phenylephrine and attenuates
the associated changes in intracellular Ca2+. This did not
appear to be a non-speci®c inhibition of contraction as the

mechanical response to KCl (15 ± 60 mM), an agent which is
believed to exert its e�ects purely via voltage-gated Ca2+

entry, was maintained in the presence of 2APB. In addition,

2APB was found to exert a modest dilator e�ect on arterioles
maintained under isobaric (70 mmHg) conditions without
altering Ca2+i while totally inhibiting the mechanical response

to an acute intraluminal pressure step (50 ± 120 mmHg),
again without a�ecting [Ca2+]i. On the basis that 2APB
inhibits both myogenic tone and acute myogenic constriction

without altering global [Ca2+]i, it is suggested that the IP3

receptor, or related mechanisms are involved in local
intracellular Ca2+-contraction coupling. Supporting the
possibility that the IP3 receptor is involved in processes other

than SR Ca2+ release per se the present studies also
demonstrated that 2APB blocked a component of Ca2+ entry
that did not involve nifedipine-sensitive mechanisms. Com-

parison with other cell systems would suggest that this is
indicative of store-depletion or capacitative Ca2+ entry.

Studies of Maruyama et al. (1997) have characterized

2APB as an IP3 receptor antagonist or modulator. These
investigators showed 2APB to inhibit IP3-induced Ca2+

release from rat cerebellar microsomes without a�ecting IP3

binding to its receptor. 2APB was also shown to inhibit Ca2+

entry into platelets and neutrophils while not a�ecting
ryanodine-sensitive Ca2+ stores. In studies using cultured

Figure 7 Demonstration of capacitative Ca2+ entry in cannulated
and pressurized (70 mmHg) arterioles. Vessels were initially super-
fused with 0 mM Ca2+ bu�er and 0.5 mM EGTA, containing either
1 mM (upper panel) or 10 mM (lower panel) nifedipine. Ca2+ in¯ux
was then demonstrated by addition of 2.5 mM Ca2+ to the
superfusate. Results are shown as mean+s.e.mean; n=5.

Figure 6 Data illustrating a lack of e�ect of 2APB (30 and 100 mM).
Example responses typical of three separate experiments are shown.
Tracings illustrate arteriole diameter responses and associated
changes in [Ca2+]i following exposure to ca�eine (20 mM) in the
absence and presence of 2APB.
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bovine aortic endothelial cells we have con®rmed that 2APB
inhibits agonist-induced (ATP and bradykinin) Ca2+ release
and subsequent capacitative Ca2+ entry. Further, it does not

a�ect agonist-induced IP3 production or alter the binding of
IP3 to a binding peptide (Bishara et al., unpublished
observations).

Recently, it has been suggested that 2APB may block
capacitative entry at sites other than the endoplasmic
reticulum IP3 receptor. In particular, a direct e�ect on

plasma membrane Ca2+ entry channels has been proposed
(Broad et al., 2001; Dobrydneva et al., 2001). Whether these
studies are of direct relevance to arteriolar smooth muscle is

uncertain, as given the number of TRP channels identi®ed to
date (Putney & Mckay, 1999; Friel, 1996) there is the
possibility of tissue-speci®c di�erences. In regard to the
present results, inhibition at either site does not negate the

underlying hypothesis that functional arteriolar smooth
muscle exhibits capacitative Ca2+ entry. In relation to other
possible sites where 2APB could impact on Ca2+ handling it

is important to note that it had no apparent e�ect on Ca2+

entry through voltage-gated Ca2+ channels and it did not
alter the extent of Ca2+ release by ca�eine.

From the results of the present studies it would appear that

2APB is more e�ective in inhibiting the acute contractile
responses to phenylephrine or an acute pressure step than
steady-state isobaric arteriolar tone. Thus 50 mM 2APB

caused a marked rightward shift in the phenylephrine
concentration response curve and prevented the acute

Figure 9 E�ect of 2APB (50 mM) on capacitative Ca2+ entry in
arterioles following thapsigargin (1 mM) exposure. Example tracings
are shown for experiments performed in the presence of Ca2+

containing superfusate solution (upper panel) and using the Ca2+ re-
addition protocol (b). Results in (a) are representative of ®ve
experiments and (b) of three experiments.

Figure 10 Demonstration of non-voltage gated Ca2+ entry in
cannulated arterioles (70 mmHg) using the Mn2+ quench technique.
Mn2+ (1 mM) was added following treatment of arterioles with Ca2+

free bu�er containing 1 mM nifedipine. Results are shown as
mean+s.e.mean; n=6.

Figure 8 E�ect of intraluminal pressure on capacitative Ca2+ entry.
(a) Shows Ca2+ entry responses at intraluminal pressures of 10, 70
and 120 mmHg. Capacitative Ca2+ entry was demonstrated by re-
addition of Ca2+ (2.5 mM) after prior exposure to nifedipine (1 mM)
in Ca2+ free bu�er. Data are presented as the 340 : 380 nm
¯uorescence ratio normalized to values obtained at 70 mmHg in
2.5 mM Ca2+ bu�er. (b, left side) illustrates the extent of Ca2+ entry
(as shown in a) normalized as per cent of the baseline response while
the right hand side shows that 2APB inhibits Ca2+ entry at each of
the intraluminal pressures examined. Results are shown as mean+
s.e.mean; n=6 control; n=3, 2APB; *P50.05.
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myogenic response to a step change in pressure while having

comparatively little e�ect on steady-state arteriolar tone at
70 mmHg. This could conceivably indicate that once steady-
state contraction is achieved in arteriolar smooth muscle, the

requirement for IP3 receptor-mediated mechanisms of Ca2+

handling is reduced compared to during the initiation of the
contraction. Although the IP3 receptor may be linked to
capacitative Ca2+ entry it must be remembered that under

physiological conditions these vessels would be expected to
have a membrane potential of approximately 735 mV
favouring Ca2+ entry via voltage-gated Ca2+ channels.

Further, calcium channel antagonists such as nifedipine and
verapamil inhibit steady-state myogenic tone and induce
passive mechanical behaviour to subsequent changes in

intraluminal pressure (Wesselman et al., 1996; Knot et al.,
1998; Potocnik et al., 2000).
An interesting observation was that under some circum-

stances 2APB exposure resulted in dissociation between

[Ca2+]i and contractile activity. For example, during the
acute pressure step [Ca2+]i increased to comparable levels
(Figure 7) both in the absence and presence of 2APB (50 mM)

yet in the presence of this compound, contraction was almost
totally inhibited. Similarly, the higher concentrations of
2APB (100 and 300 mM) led to a reduction in steady-state

tone without a concomitant decrease in [Ca2+]i. These data
may be explained by the relative insensitivity of global [Ca2+]i
measurements for estimating regional or focal changes of

Ca2+ that are of functional signi®cance.
Evidence from a variety of cell types suggests that Ca2+

changes within cellular compartments may activate distinct
intracellular responses. For example Fagan et al. (1998) have

shown that Ca2+ entering C6-2B rat glioma cells by a store
depletion or capacitative mechanism can regulate Ca2+

sensitive isoforms of adenylyl cyclase while a global change

in intracellular Ca2+ (as caused by ionomycin) is ine�ective in
regulating the same adenylyl cyclase subtype. In arteriolar
smooth muscle it is likely that Ca2+ regulates functions other

than contraction, such as ion channel activity. For example a
localized increase in Ca2+ between the SR and plasma
membrane may conceivably activate KCa channels and Na+-

Ca2+ exchange while not directly a�ecting contraction. Such
regional di�erences in Ca2+ may in fact limit rises in bulk
cytoplasmic Ca2+ and thereby attenuate contractile activity

(Van Breemen et al., 1995). Similarly we have previously
found that in the presence of verapamil (10 mM) arterioles
exposed to phenylephrine (0.1 mM) or a 50 ± 120 mmHg
pressure step exhibit a similar change in intracellular Ca2+

yet contraction only occurs in response to the alpha agonist
(Zou et al., 2000). Thus it is conceivable that changes in
[Ca2+]i underlie multiple functions in myogenically active

vessels and therefore highlight the need for an understanding
of the spatio-temporal aspects of Ca2+ control.

A further novel ®nding of these studies is the existence of

what appears to be a component of capacitative Ca2+ entry
in cannulated and mechanically functional arterioles. In this
context it is de®ned as Ca2+ entry that follows a period of

extracellular Ca2+ deprivation when voltage-gated Ca2+

in¯ux is blocked with nifedipine (1 or 10 mM). Interestingly
there was not an observable increase in the Ca2+ in¯ux by
this non-voltage gated mechanism when intraluminal pressure

was raised to higher levels. Paradoxically there was evidence
for an inverse relationship despite the fact that our previous
studies have shown global [Ca2+]i to increase with increasing

intraluminal pressure (Zou et al., 1995, 2000). Thus it appears
that capacitative Ca2+ entry per se is not directly related to
myogenic vasoconstriction but perhaps responds to the

pressure-induced increase in [Ca2+]i or other signalling
molecules. Given this the question then becomes what is
the stimulus for capacitative Ca2+ entry in this preparation?

Presumably the in¯ux on re-addition of Ca2+ to the
superfusate re¯ects a loss of intracellular Ca2+ and, in
particular, SR Ca2+ during the exposure to a 0 mM Ca2+

bu�er containing 0.5 mM EGTA and nifedipine. Under

similar conditions previous studies have shown that arterioles
do tend to lose Ca2+ from intracellular stores as a function of
time (Hynes & Duling, 1991).

That 2APB was having an e�ect on Ca2+ entry
independent of voltage-gated Ca2+ entry as opposed to
Ca2+ release from the sarcoplasmic reticulum was further

con®rmed using the Mn2+ quench technique. Mn2+ quenches
Fura 2 ¯uorescence at a rate determined by factors
controlling cation in¯ux (Sage et al., 1989). As voltage-gated
Ca2+ entry was ®rst inhibited by exposing arterioles to

nifedipine it is likely that quenching of the Fura 2 signal, in
part, re¯ects Mn2+ entry via a capacitative Ca2+ entry
mechanism. The observation that 2APB decreased the rate of

quenching of the ¯uorescent signal is consistent with this
agent impairing a non-voltage dependent Ca2+ entry
mechanism.

Although early studies in vascular smooth muscle provided
impetus to the idea of capacitative Ca2+ entry (Casteels &
Droogmans, 1981) characterization of such mechanisms has

largely been undertaken in non-excitable cells (Sage et al.,
1989). In such studies evidence has been provided for Ca2+

selective entry channels including calcium release-activated
(CRAC) and TRP channels (Putney & McKay, 1999; Ma et

al., 2000). Similar channels, speci®c for Ca2+ entry, have not
been identi®ed in smooth muscle although evidence has been
provided for non-selective cation channels the activity of

which is modulated by the ®lling state of intracellular Ca2+

stores (Arnon et al., 2000; Trepakova et al., 2001). Under
physiological conditions such channels would likely carry

Figure 11 E�ect of cytochalasin D (1 mM) treatment on non-voltage
gated Ca2+ entry in cannulated arterioles (70 mmHg). Arterioles
were pre-treated with cytochalasin for 60 min before examining
capacitative Ca2+ entry as in earlier protocols. 2APB was added to
demonstrate that Ca2+ entry was similarly inhibited in both groups
of arterioles. Results are shown as mean+s.e.mean; n=5.
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Na+ which could lead to membrane depolarization and
opening of voltage-dependent Ca2+ channels. In the present
studies, however, capacitative Ca2+ entry was still evident in

the presence of nifedipine suggesting the existence of at least
a component of Ca2+ entry that was not related to voltage
dependency.
Two general hypotheses have been proposed to explain the

coupling between store-depletion and Ca2+ entry through
non-voltage dependent mechanisms. The ®rst of these is that
store depletion leads to the production of a di�usable factor

which modulates Ca2+ entry. One such factor, termed
calcium in¯ux factor, was suggested to be a small molecular
weight phosphorus containing compound (Randriamampita

& Tsien, 1993) while other studies have implicated a role for
arachidonic acid metabolites (Rzigalinski et al., 1999). The
second hypothesis suggests that store depletion leads to a

conformational change which results in a physical coupling
between the endoplasmic reticulum and cell membrane Ca2+

entry channels. Support for this has been provided by studies
demonstrating that capacitative calcium entry is inhibited by

agents condensing (calyneurin) or disrupting (cytochalasin D)
the actin cytoskeleton (Holda & Blatter, 1997; Ma et al.,
2000; Bishara et al., unpublished observations). With respect

to the latter, in related studies we have found 1 mM
cytochalasin (as used in the current study) markedly inhibits
capacitative calcium entry in cultured endothelial cells. In

apparent contrast this concentration of cytochalasin did not
markedly inhibit capacitative calcium entry in arterioles. This
may re¯ect di�erences in the underlying Ca2+ entry

mechanisms in the two cell types or suggest that higher
concentrations of cytochalasin are required in vascular
smooth muscle to disrupt a physical relationship between
the sarcoplasmic reticulum and Ca2+ entry. In regard to the

latter, although higher concentrations are required to cause
gross changes in cell morphology (Tseng et al., 1997), a

concentration of 1 mM cytochalasin does inhibit force
production in tracheal smooth muscle (Mehta et al., 2000;
Youn et al., 1998). Alternatively, capacitative calcium entry

in endothelial cells may be dependent on dynamic properties
of the cytoskeleton as opposed to purely structural features.
Regardless of the underlying reason it appears that vascular
smooth muscle and endothelial cells di�er with respect to

sensitivity to cytochalasin D for inhibiting capacitative
calcium entry.
In summary, the present studies demonstrate capacitative

Ca2+ entry in functional arterioles and provide support for
IP3 receptor-related mechanisms in myogenic tone and
reactivity. Capacitative Ca2+ entry while being evident in

the presence of blockade of dihydropyridine-sensitive Ca2+

entry mechanisms does not appear to play a direct role in
supplying Ca2+ for myogenic tone as its e�cacy does not

increase with increasing intraluminal pressures. Inhibition of
capacitative Ca2+ entry at higher intraluminal pressures may
indicate that steady-state levels of [Ca2+]i, or another
pressure-induced signalling molecule, modulates non-voltage

gated mechanisms of Ca2+ entry in arteriolar smooth muscle.
The e�ectiveness of 2APB in inhibiting both non-voltage
gated Ca2+ entry and responsiveness to an acute pressure step

(in the face of an unchanged global cytosolic Ca2+ level) is
consistent with it inhibiting an element of an axis involving
IP3-mediated and or capacitative Ca2+ entry mechanisms in

myogenic reactivity. It is suggested that such mechanisms
participate on a localized intracellular level to couple the
myogenic stimulus to contraction.

Work described in these studies was supported by grants from the
National Health and Medical Research Council of Australia and
the National Heart Foundation.
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