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Voltage-independent calcium entry in hypoxic pulmonary
vasoconstriction of intrapulmonary arteries of the rat

T. P. Robertson, D. Hague, P. I. Aaronson and J. P. T. Ward

Department of Respiratory Medicine and Allergy, GKT School of Medicine, King's College

London, Guy’s Campus, London SE1 9RT, UK

(Received 19 January 2000; accepted after revision 28 March 2000)

It has been proposed that hypoxic pulmonary vasoconstriction (HPV) is mediated via K*
channel inhibition and Ca®" influx through voltage-gated channels. HPV depends strongly
on the degree of preconstriction, and we therefore examined the effect of Ca’*
blockade on tension and intracellular [Ca®*] ([Ca®"],) during HPV in rat intrapulmonary
arteries (IPAs), whilst maintaining preconstriction constant. We also investigated the role of

intracellular Ca®" stores.

channel

HPV demonstrated a transient constriction (phaseI) superimposed on a sustained
constriction (phase II). Nifedipine (1 gm) partially inhibited phase I, but did not affect
phase II. In arteries exposed to 80 mm K* and nifedipine or diltiazem the rises in tension
and [Ca”"], were blunted during phase I, but were unaffected during phase I1.

At low concentrations (< 3 um), La*" almost abolished the phase I constriction and rise in
[Ca®],, but had no effect on phase II, or constriction in response to 80 mm K. Phase IT was
inhibited by higher concentrations of La®* (IC,, ~50 um).

IPA treated with thapsigargin (1 um) in Ca’"-free solution to deplete Ca>* stores showed
sustained constriction upon re-exposure to Ca”" and an increase in the rate of Mn** influx,
suggesting capacitative Ca>* entry. The concentration dependency of the block of constriction
by La®" was similar to that for phase I of HPV. Pretreatment of TPA with 30 gm CPA
reduced phase I by > 80 %, but had no significant effect on phase I1.

We conclude that depolarization-mediated Ca®" influx plays at best a minor role in the
transient phase I constriction of HPV, and is not involved in the sustained phase IT
constriction. Instead, phase I appears to be mainly dependent on capacitative Ca>* entry
related to release of thapsigargin-sensitive Ca’* stores, whereas phase II is supported by
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Ca’* entry via a separate voltage-independent pathway.

Hypoxic pulmonary vasoconstriction (HPV) is a unique and
vital local homeostatic mechanism within the lung. By
constricting in response to a hypoxic stimulus, the
pulmonary circulation diverts blood flow away from poorly
ventilated areas of the lung, thus maintaining ventilation—
perfusion matching in the event of localized alveolar
hypoxia (von Euler & Liljestrand, 1946).

The mechanisms underlying HPV remain unresolved.
However, studies over the past two decades have shown that
HPV is associated with membrane depolarization (Madden
et al. 1984), and have suggested that HPV requires Ca®*
influx via voltage-gated Ca’* channels (Vadula et al. 1993;
Cornfield et al. 1994). The resting membrane potential in
pulmonary artery (PA) smooth muscle cells is set mainly by
one or more voltage-gated K* currents (Smirnov et al. 1994;
Osipenko et al. 1997; Yuan et al. 1998), some of which are

suppressed by hypoxia, leading to depolarization (Post et al.

1992, 1995; Yuan et al. 1993; Osipenko et al. 1997). These

observations support the proposal that K channel inhibition
in PA smooth muscle cells plays a central role in linking
hypoxia to the increase in intracellular Ca®*, and hence
HPV (Weir & Archer, 1995; Post et al. 1995; Gelband &
Gelband, 1997).

A crucial prediction of this model is that HPV should be
prevented by inhibition of voltage-gated Ca®* channels. In
accordance with this, HPV and/or hypoxia-mediated rises
in the intracellular Ca®" concentration ([Ca’"],) are greatly
attenuated by organic Ca®" channel antagonists in intact
dogs (Tucker et al. 1976), blood-perfused rat lung (McMurtry
et al. 1976), isolated small PA (Jin et al. 1992; Leach et al.
1994; Savineau et al. 1995; Woodmansey et al. 1995), and
single PA cells (Salvaterra & Goldman, 1993; Vadula et al.
1993; Cornfield et al. 1994).

However, one notable property of HPV, which does not
appear to have been taken into account in these studies, is
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that its amplitude is strongly enhanced if' PAs are slightly
stretched, or if a small degree of pretone is elicited using an
agonist (Rodman et al. 1989; Demiryurek et al. 1993;
Wadsworth, 1994; Ward & Robertson, 1995; Jabr et al.
1997; Ozaki et al. 1998). A similar phenomenon has long
been known to exist in intact animals and isolated lung
preparations (Fishman, 1976). Most studies of HPV in
isolated PA have therefore examined the effect of hypoxia
following preconstriction with agonists such as PGF,,, 5-HT
or noradrenaline. However, since preconstriction by these
agonists is itself sensitive to Ca’* channel antagonists (e.g.
Jin et al. 1992; Leach et al. 1994), it is possible that
inhibition of HPV caused by Ca®* channel blockade is
secondary to the effect on pretone. This is supported by the
observation of Rodman et al. (1989) that although nifedipine
reduced HPV in rat PA preconstricted with phenylephrine,
the response was completely restored if the phenylephrine
concentration was raised to bring the level of pretone back
to that developed before nifedipine was applied.

Rodman et al. (1989) did not discuss the implications of this
observation, and their study focused on the peak response
to hypoxia which occurred in the rat main PA within 5 min
after hypoxia was imposed. However, we and others have
shown that when hypoxia is prolonged for more than
10—15min, HPV in isolated PA is biphasic (e.g. Bennie et al.
1991; Kovitz et al. 1993; Leach et al. 1994). For example, in
intrapulmonary arteries (IPAs) from the rat the response to
hypoxia consists of an initial transient constriction (phase I)
superimposed on a sustained constriction that is more slowly
developing (phase II). The amplitude of both phases is
strongly enhanced by a small degree of pretone (Leach et al.
1994; Ward & Robertson, 1995; Ozaki et al. 1998).

In the present study, we have evaluated the effects of
inhibitors of both voltage- and non-voltage-gated Ca”" entry
on both phases of HPV in the rat IPA. We have used a
protocol in which pretone was kept constant by varying the
concentration of PGF,, in order to determine the effects of
these inhibitors on HPV per se. Our results suggest that
Ca’ entry through voltage-gated channels plays little part
in the response to hypoxia observed in this model of HPV.

METHODS

IPA mounting

Male Wistar rats (250—350g) were anaesthetized with sodium
pentobarbital (55 mg kg™ 1.P) and killed by cervical dislocation.
The lungs were excised and placed in a physiological salt solution
(PSS) containing (mm): NaCl, 118; NaHCO,, 24; MgSO,, 1;
NaH,PO,, 0:435; glucose, 5:56; sodium pyruvate, 5; CaCl,, 1-8;
and KCI, 4. Small TPAs (150-550 ym internal diameter, median
~300 um) were dissected free of adventitia, mounted in a
temperature-controlled myograph at 37 °C (Cambustion AM10,
Cambustion Ltd, Cambridge, UK), and gassed continuously with
95% air/5% CO, (pH 7-35). They were then stretched to give an
equivalent transmural pressure of 30 mmHg as previously described
(Leach et al. 1992). All arteries had an intact endothelium, as
determined by relaxation in response to 1 gm acetylcholine.
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Estimation of [Ca®*);

TPAs were loaded with the Ca®"-sensitive fluorophore fura PE-3,
via incubation of the vessels with the acetoxymethyl ester of fura
PE-3 (3 um) for 2 h at room temperature (Sigma-Aldrich Ltd). The
vessels were then washed with PSS, the bath temperature raised to
37°C, and the myograph transferred to the stage of an inverted
fluorescence microscope (Olympus IMT2, Olympus Ltd, London
UK). Changes in [Ca®]; were assessed by calculating the ratio of
the light emitted through a wide bandpass 500 nm emission filter
when the vessel was illuminated at 340 and 380 nm (Cairn
spectrophotometer, Cairn Research Ltd, Faversham, Kent, UK).

Hypoxic protocol

IPAs were equilibrated with four exposures to 80 mm KCI-PSS
(KPSS) of 2 min duration (isotonic replacement of NaCl by KCl), as
previously described (Leach et al. 1992, 1994; Robertson et al.
1995). As we have previously shown, a small degree of agonist-
induced tone is required to facilitate the hypoxic response in
isolated rat IPA (Leach et al. 1994; Robertson et al. 1995). The
vessels were therefore exposed to 3 um PGF,, for 20 min prior to,
and during, the hypoxic challenge, equivalent to ~12% of the
response to KPSS. This ‘pretone’ was stable over at least the
experimental period, as reflected by the developed tension before
and after the hypoxic challenge (e.g. Fig. 1; and Robertson et al.
1995).

Hypoxia was induced by continuous gassing with 1% O,/5% CO,/
balance N, for 45 min, after which time the vessels were
reoxygenated and washed with PSS. There were no changes in PSS
pH or osmolarity over this period. Oxygen tension in the myograph
chamber was continually monitored via a dissolved oxygen meter
(Diamond General electrode, Ann Arbor, MI, US; Strathkelvin
oxygen meter, Glasgow, UK). During the hypoxic challenge the
chamber P, was typically 15-18 mmHg, compared to the control
Py, of 135-145 mmHg. We have previously demonstrated that
HPV in IPA of the rat is reproducible providing the vessels are
allowed at least 1 h to recover between hypoxic challenges (Fig. 14;
Leach et al. 1994; Robertson et al. 1995). A recovery period of
60—90 min was therefore used between the control and experimental
exposures in all experiments.

Protocols for experiments using 0 Ca?* or La®*

The effect of 0 Ca®" was examined by omission of Ca®* from the
PSS and addition of 1 mm EGTA. To prevent precipitation,
experiments involving La*" were performed with a Hepes-buffered
PSS gassed with air (control) or 1% O, in N, (hypoxia), containing
(mm): NaCl, 130; MgCl,, 1; glucose, 5:56; CaCl,, 1-8; KCI, 4; and
Hepes, 10, with pH adjusted to 7-4 with NaOH. La®" is avidly
bound by EGTA, and EGTA was therefore not used in 0 Ca®*
solutions for these experiments. The preparations were returned to
standard HCO,™ PSS gassed with 5% CO, in air for 60 min
between hypoxic challenges.

Tension is presented as a percentage of the maximum tension
obtained in reponse to the final exposure to KPSS during the
equilibration procedure. Changes in [Ca®*]; are represented in terms
of the change in the fura PE-3 ratio. Mean changes are expressed as
a percentage of the maximum ratio change seen during the final
KPSS exposure (Fy,0/350); although not linearly related to [Ca*"];
this provides a reliable qualitative index of changes in [Ca®],.
Results are expressed as means + s.E.M., and means were compared
using ANOVA for repeated measures, or Student’s paired or
unpaired ¢ test as appropriate (SigmaStat, SPSS Inc., Chicago, 11,
URSA). A difference was deemed significant if P< 0-05.
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RESULTS

Effects of Ca?* removal and antagonists of voltage-
gated Ca®* channels on IPA force development during
hypoxia

Removal of extracellular Ca®" abolished the response to
hypoxia, as shown in Fig. 1B. Following a control hypoxic
response and a subsequent 1h recovery period, arteries
were exposed to a Ca*’-free medium containing 1 mm
EGTA. A level of pretone equivalent to that used for the
control response was evoked with PGF,, (100 um, as
compared to 3 um used for the control response), and then
hypoxia was imposed.

The effect of nifedipine on HPV is shown in Fig. 2. Arteries
were subjected to hypoxia under control conditions, allowed
to recover for 1 h, and then exposed to nifedipine before a
second hypoxic challenge. It was necessary to raise the
PGF,, concentration slightly, to 3:5—4 um, to achieve a level
of pretone in the presence of nifedipine which matched that
used for the control response. Under these conditions, 1 um
(Fig. 24) and 10 um (Fig. 2B) nifedipine caused a similar
partial inhibition of phase I (to 48 and 52 %, respectively,
both P<0-05). Neither concentration of nifedipine
significantly diminished the amplitude of the phase II
constriction measured after 45 min. By comparison,
nifedipine at 1 and 10 gm reduced the KPSS-induced
constriction in these arteries by 98 and 99 %, respectively
(not shown).

The response to hypoxia was also recorded in IPAs that
were simultaneously treated with a voltage-gated Ca™*
channel blocker, and KPSS to depolarize the artery. Two
procedures were used with 1 ym nifedipine. In the first, a
control response to HPV was evoked utilizing 3 um PGF,,
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to elicit pretone. Following a 1 h recovery period, IPAs were
contracted with KPSS. Nifedipine was then added, causing
a rapid relaxation to baseline. In the continuing presence of
KPSS and nifedipine, PGF,, (1 um) was added to elicit a
level of pretone similar to that used for the control response,
and hypoxia was then imposed. Under these conditions, the
phase I constriction was significantly attenuated by 38%
compared to control (P < 0-05); the fall in tension which
terminated phase I was also significantly blunted (Fig. 2C).
However, the amplitude of the phase Il constriction
measured after 45 min was not different from that of the
control response to hypoxia.

The second procedure was identical to the first, except that
1 uM nifedipine was added prior to, rather than subsequent
to KPSS, in an effort to prevent any loading of intracellular
Ca®" stores which might occur as a result of the KPSS
challenge. Figure 2D shows that under these conditions
phase I was reduced by 52%. In this case, neither the
relaxation from phase I nor the amplitude of phase I was
different from control.

Simultaneous measurement of tension and [Ca®*];

The effect of calcium channel blockade (10 gm verapamil)
upon tension and [Ca®*], during HPV in normally polarized
IPA is shown in Fig. 34. Pretone in the presence of
verapamil was maintained constant by raising the
concentration of PGF,, to 3-5—4 um. Under these conditions
the increase in [Ca’*], associated with pretone was identical
in control (11+3 £ 0:6 % response to KPSS) and verapamil-
treated arteries (11:2 4+ 0-6 % response to KPSS) suggesting
that the relationship between [Ca’]; and tension was not
altered at the slightly higher PGF,, concentration. As with
nifedipine, phase I tension was partially inhibited by
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Figure 1. Repeatability of hypoxic response in rat IPA, and dependence on external Ca?*

A, IPAs were preconstricted with 3 um PGF,, and challenged with hypoxia for 45 min before being washed
(O). After 60 min the process was repeated (@). The value shown for phase I after 5 min hypoxia is the
mean of the peak tension obtained during this phase. It can be seen that the second (experimental)
response was identical to the first (control) response. The symbols represent the mean + s.E.m. of five
arteries. Where error bars are not shown, the error is smaller than the symbol. B, HPV in IPAs under
control conditions (O, 3 um PGF,,), and in 0 Ca®* PSS containing 1 mm EGTA (@, 100 um PGF,,).
Removal of extracellular Ca®* completely inhibited HPV (n=3, P< 0-001 for every point).
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verapamil, in this case by 40%, and the phasel Ca™*
transient was substantially reduced. However, verapamil
had no significant effect on the magnitude of either the
phase IT constriction or the associated rise in [Ca®*],. This

concentration of verapamil reduced the KPSS-induced
constriction by > 95 %.

Figure 3B compares force development and [Ca®"]; during
the control hypoxic challenge with the response evoked by
hypoxia after arteries were treated with the Ca® channel
blocker diltiazem (10 gm) and then depolarized with KPSS.
As previously described, the PGF,,-induced pretone in the
presence of KPSS and diltiazem was set to the same level as
that for the control HPV response. Under these conditions,
the increase in both [Ca>*]; and tension during phase I was
significantly inhibited, by 30 and 19%, respectively.
However, treatment with KPSS and diltiazem did not affect
either parameter measured during phase II.
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Effects of La®* and SKF 96365 on HPV

The limited effect of antagonists of voltage-gated Ca’*
entry on HPV in both normally polarized and depolarized
arteries implies either that Ca® entry during contraction
occurs through one or more non-voltage-dependent pathways,
or that the rise in [Ca®"]; illustrated in Fig.3B and D is due
to release from intracellular stores. We used the non-
selective Ca’* entry blockers La*" and SKF 96365 to explore
the former possibility. As described above, the concentration
of PGF,, was raised in order to maintain the level of
pretone (3-5—4 um PGF,, for 1 gm La®**; 50-100 um PGF,,
for 100 um La®"; 10 um PGF,, for 10 um SKF 96365;
15 um PGF,, for 100 um SKEF 96365). A Hepes-buffered
solution was used with La®** to avoid precipitation.

Figure 44 and B shows example traces of the effect of two
concentrations of La*" on tension and [Ca’"]; during HPV.
The mean response of a number of IPAs is illustrated in
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Figure 2. Nifedipine suppresses phaseI but not phase II of HPV in either polarized or

depolarized TPA

A, HPV in IPA under control conditions (O) and following preincubation with 1 gm nifedipine (@, n=4,
** P<0:001). The PGF,, concentration was raised from 3 um (control) to 3:5 or 4 uM so as to ensure that
the pretone level matched that in control conditions. B, similar experiment to that in A, but with 10 ym
nifedipine (W, n =4, *P<0:05, **P<0-001). C, HPV in depolarized IPA; arteries were exposed to KPSS,
and then relaxed to the baseline with 1 g nifedipine. Pretone was raised to the same level as in controls by
addition of 1 um PGF,, and the hypoxic challenge was performed as before (A, n=4, *P<0:05,
**P<0:001). D, similar to C, except that 1 um nifedipine was added before rather than after KPSS (w,

n=>5, *P<0-05, *P< 0-001).
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Fig.4C and D. A low concentration of La>" (1 um) greatly
inhibited the phase I contraction, but did not suppress the
phase II contraction. In contrast to the organic Ca®* channel
blockers, La®** at a higher concentration (100 #m) not only
eliminated phase I contraction completely, but also strongly
reduced the phase II contraction. The effects of La** on
[Ca®], closely paralleled those on tension; the lower
concentration of La®" selectively suppressed the transient
rise in [Ca®*], associated with phase I, and the higher
concentration abolished the transient rise and greatly
diminished the sustained increase in [Ca’"]; coinciding with
the phase II contraction (Fig.4 B and D).

In the light of previous evidence that release of Ca’* from
intracellular stores is an early consequence of hypoxia in
pulmonary artery smooth muscle (Jabr et al. 1997; Gelband
& Gelband, 1997), it seemed possible that micromolar
concentrations of La** might be acting to block Ca®* entry
via a store-operated Ca’* channel or ‘capacitative’ Ca’*
entry mechanism (CCE), analogous to that existing in other
types of cell (Putney, 1986; Broad et al. 1999). In this case,
it would be predicted (1) that agents which selectively
deplete intracellular Ca®* stores should cause a sustained
increase in Ca®* influx which would also be sensitive to low
concentrations of La®*, and (2) that activation of CCE in the
presence of extracellular Mn** should cause an influx of this
cation which would be demonstrable as a quenching of the
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fura signal at its isosbestic wavelength (~360 nm) (Morgan
& Jacob, 1994).

In order to investigate the first prediction, IPAs were placed
into Ca®*-free solution, and then treated for 10 min with
thapsigargin (1 M), an agent that blocks the smooth
endoplasmic reticulum Ca®*-ATPase (SERCA). Thapsigargin
did not cause a contraction under these conditions. However,
subsequent restoration of the normal concentration of Ca’*
caused a sustained contraction (Fig.5A4). This contraction
was likely to be due to Ca”" entry via CCE, since it was not
observed if thapsigargin treatment during the Ca**-free
period was omitted (Fig.5B). As predicted, application of
1 um La®" prior to the re-admission of Ca® abolished the
contraction seen in thapsigargin-treated IPAs (Fig. 54).
Similar results were obtained with 10 um cyclopiazonic acid

(CPA, n=5, data not shown).

The second prediction was evaluated as follows. IPAs were
loaded with fura-2 AM, which we found to be more
effectively quenched by Mn®" than fura PE-3. The 360 nm
signal was monitored in normal PSS, and during an 80 s
exposure to PSS containing 50 um Mn**. Addition of Mn®*
led to an acceleration of the slow rate of decay of the signal
(Fig. 64, control trace; Fig. 6B, open circles, mean data).
Mn** was then removed, causing an immediate return of
the rate of decay of the signal to the pre-Mn®* level (not

C HYPOXIA
I PGFa, |
*

g st

=

£

Q

© 50}

i)

C

k]

g 25

)

—

X

0

D

~ 50 | iy

3

[V
25
g

g

ol —_
20 min

Figure 3. Verapamil and diltiazem have no effect upon either the sustained increase in tension or
[Ca**]; during HPV in polarized or depolarized arteries

A and B, TPAs were exposed to hypoxia in the presence of 3 um PGF,, (O) and following preincubation
with 10 gm verapamil (@); the PGF,, concentration was raised to 35 or 4 g™ in the presence of verapamil
to match pretone to the control level. A shows tension development in eight IPAs; B depicts fura PE-3
Fyy0/380 fluorescence ratio, an indication of [Ca®*],, measured simultaneously in four of these arteries
(*P<0:05). C and D, HPV under control conditions (O) and in the same TPA exposed sequentially to
diltiazem (10 g, 20 min), KPSS containing diltiazem (10 min), and KPSS containing diltiazem and
sufficient PGF,, (1 or 1:5 um) to evoke the same pretone as in control conditions (M). €' shows mean tension
development in 17 TPAs; D depicts the fura PE-3 F,, 54, fluorescence ratio measured simultaneously in

seven of these arteries (*P < 0-05).
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Figure 4. Effect of La®** on HPV in IPA
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A and B, tension and fura PE-3 Fy, s, fluorescence ratio, respectively, measured simultaneously in a
single TPA under control conditions and in the presence of 1 and 100 um La®". (' and D, mean results for

five [PAs: control, O; 1 ym La*", @; and 100 AM Lat

shown). TPAs were then treated for 10 min with 1 um
thapsigargin, which itself did not affect the 360 nm signal.

Thapsigargin was then removed, and Mn®" was reapplied.

Figure 64 (see also Fig. 65, filled circles) illustrates that the
resulting acceleration of the decay of the fura-2 signal,
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, . *P< 005, ¥*P < 0-001 compared to control.

indicative of Mn®** entry, was now greatly enhanced. Results
are expressed in terms of the total quenchable 360 nm
signal; maximum quench was ascertained by treating the
TPA at the end of the experiment with ionomycin in the
presence of Mn®*, and allowing the signal to decay completely.

Figure 5. Thapsigargin-induced tension in IPA

A, the trace shows tension developed by an IPA incubated in
Ca’*-free solution (no KGTA). Thapsigargin (1 gm) was applied
after 10 min, and 2 my Ca®* was added to the bath 10 min
later. The tension developed on re-admission of Ca®* was
completely ablated when the procedure was repeated in the
presence of 1 um La®*. B, re-admission of Ca* without prior
application of thapsigargin did not cause constriction,
suggesting that the contraction was due to a capacitative Ca®*
entry mechanism. Results are typical for at least four
independent experiments for the two conditions.
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Figure 6. Thapsigargin-induced Mn** influx in IPA; evidence for CCE

A, typical traces of the change in fluorescence at 360 nm of TPA loaded with fura-2 AM due to addition of
50 gt Mn**, under control conditions and following treatment with thapsigargin, and in the presence of
1 um La®*. Values are expressed as a proportion of the 360 nm signal quenchable by Mn**. B, mean
response for control IVA (O, n=8), thapsigargin-treated IVA (@, n=1>5), control IVA in the presence of
1 pu La®* (O, n= 3), and thapsigargin-treated IVA in the presence of 1 um La®" (@, n= 3). Thapsigargin
treatment substantially increased the rate of Mn** influx; this increase was abolished by 1 gar La®*, which
did not affect the control rate. Each symbol is the mean of rolling averages (6 s) derived from the individual

experiments. **P < 0:001 compared to control.

Similar experiments were carried out in IPA exposed to
1 um La®* before (for 10 min) and during Mn** application.
La®" had no effect on the rate of decay of the 360 nm signal
in control IPA either before or during the application of
Mn** (Fig. 64; see also Fig. 6B, open squares). However,
La" abolished the increased rate of signal decay evident
when Mn** was added after thapsigargin pretreatment
(Fig. 64; see also Fig. 6B, filled squares). These results show
that thapsigargin pretreatment activated a Mn®*-permeable
influx pathway which was completely blocked by 1 um La®".

-

Figure 7 presents the concentration dependencies of the
inhibition by La*" of both phases of HPV, as well as the
contractions evoked by KPSS, and following store depletion
by thapsigargin (1 gm). For the hypoxic challenges the level
of pretone was maintained in the presence of La®** by
increasing the concentration of PGF,, (to 3:5—4 um for 1 um

Figure 7. Dose dependency of La®* block in TPA

Effect of La®" on phase I (m) and phase 11 (00) of HPV, and thapsigargin-
(@) and 80 mm KCl-induced tension (O). Tension is expressed in terms of
inhibition from control. Each point is the mean of three to eight

experiments. *P < 0-01, 80 mm KCI compared to phase II.

La®*; 56 um for 3 um La*"; 5-10 um for 10 um La®";
20-30 um for 30 um La®"; and 50-100 v for 100 um
La®"). Pretone was not diminished by concentrations of
La® below 1 um. La®" inhibited store release-associated
contraction over a concentration range approximately
500-fold lower than that required to block depolarization-
mediated contraction (Fig. 7). The potency of La*" in
inhibiting the thapsigargin-induced contraction was slightly
greater than that for the phase I contraction (IC;, ~200 wvs.
~100 nm). The phase II contraction was also suppressed by
La®", though with a substantially greater IC,, than that for
phase I (~50 um). At 100 pm La®" a significant fraction of
the phase IT contraction remained (see also Fig. 4), although
contraction in response to high K* solution was suppressed
to a significantly greater extent (KPSS: 88+ 6%, n=17;
phase I1: 60 + 5%, n=4; P<0-01).
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Although the concentration dependency of SKF 96365 was
not studied in detail, its effect on HPV resembled that of
La®". At a concentration of 10 um, SKF 96365 markedly
inhibited the HPV phase I contraction (control, 59-6 + 2:3 %
response to KPSS; SKF 96365 (10 um), 24 + 4:6%; n=4,
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Figure 8. Effect of CPA, caffeine and ryanodine, and
preconstriction with 20 mm K* on HPV in IPA

A and B, TPAs were exposed to hypoxia in the presence of

3 um PGF,, (O) and following preincubation with 30 um CPA
(4, @, n=2>5), or 10 gm ryanodine and 10 mm caffeine (5, m,
n="T7). For CPA only, PGF,, had to be reduced to 1 um to
maintain the same level of pretone as control. For ryanodine
and caffeine no alteration from 3 um PGF,, was required.

C, TPAs were exposed to hypoxia following preconstriction
with 3 um PGF,, (O) or 20 mm K* (O, n = 5). *P< 0-05,
**P < 0:001 compared to control.
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P<0:001) but had no effect on phase II (control at 45 min,
22:3 +6:6%; SKF 96365, 19:3+ 0:8%). However, at
100 gm SKF 96365 abolished both phases of contraction
(phase I, 3:0+3:3%; phasell, 1:6+2:6%; n=4,
P<0:001). Notably, 100 gm SKF 96365 required only
15 um PGF,, to maintain pretone, whereas 100 gm La**
required 50—100 um PGF,,.

Effect on HPV of CPA, thapsigargin, caffeine and
ryanodine, and preconstriction with 20 mm K*

The apparent dependency of the HPV phase I contraction
on a CCE mechanism implies that Ca’" release must be
occurring in these arteries before or during this transient
contraction. In accord with this prediction, pretreatment
of TPA with CPA (30 um) greatly reduced the phase I
contraction (Fig. 84). An apparent suppression of the
phase IT contraction by CPA did not reach significance. In
separate experiments, 30 nm thapsigargin was applied for
10 min, and then removed from the bath 10 min before
pretone was evoked with 0:5—1 gm PGF,,. Under these
conditions phase I of HPV was also strongly depressed
(control, 62:7 +2:7% response to KPSS; thapsigargin,
6:6+1:7%; n="7, P<0-001).

To examine the role of caffeine- and ryanodine-sensitive
stores, IPAs were treated with 10 gM ryanodine for 20 min
prior to and during the hypoxic challenge. The IPAs were
then challenged with caffeine (10 mm) for two periods of
2min each at 10 and 5 min before preconstriction with
PGF,,. The first addition of caffeine caused a small transient
constriction that returned to baseline; there was no response
to the second addition. Ryanodine and caffeine had no effect
on the level of preconstriction elicited by 3 um PGF,,. In
contrast to the effect of CPA, treatment with caffeine and
ryanodine had only a small effect on HPV (Fig. 8 B), with a
reduction in phase I of < 20 %.

In separate experiments we examined the possibility that
hypoxia-mediated Ca>* store release, and therefore phase I,
might be facilitated by the presence of an agonist. We
therefore used PSS containing 20 mm K' to set pretone
rather than PGF,,. Under these conditions the response to
hypoxia was almost identical to that following treatment
with CPA (Fig. 8C), in that phasel was much less
pronounced, whereas phase II was similar to that observed
with PGF,,.

DISCUSSION

We have previously suggested that the mechanism(s)
underlying HPV is multifactorial (Ward & Aaronson, 1999).
Although hypoxia is generally reported to elicit a sustained
monophasic rise in PA pressure in wvivo and in blood-
perfused lungs, isolated PA preparations often exhibit a
biphasic response when hypoxia is maintained for more than
~10—15 min. This is more apparent in some species (e.g. rat,
pig) than others, and is enhanced in the presence of agonist-
induced pretone (see Ozaki et al. 1998; Ward & Aaronson,
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1999). The biphasic response usually consists of a transient
phase I constriction superimposed on a sustained phase I1
constriction. The sustained component has been shown to be
endothelium dependent in rat (Leach et al. 1994), rabbit
(Johns et al. 1989), pig (Kovitz et al. 1993) and human
(Demiryurek et al. 1993), although in the latter a transient
phase I was not apparent. In contrast, it has been reported
that the phase II constriction in rat IPA is not dependent on
the endothelium (Bennie et al. 1991; Jin et al. 1992),
although these studies were difficult to interpret since very
high levels of preconstriction were used, and hypoxia
actually caused a net relaxation.

Phase I may have less relevance to sustained HPV in wvivo,
since it is by nature transient (discussed in Ward &
Robertson, 1995; Ward & Aaronson, 1999), although it could
be argued that phase I may have a role in the initial rapid
response to hypoxia seen in vivo, or for moment-to-moment
regulation of the ventilation—perfusion ratio. Whatever the
relative importance of the two phases, it is clear from this
study that they involve different Ca®* entry mechanisms.

Effects of selective antagonists of voltage-gated Ca®*
channels

Our results show that when the level of pretone is kept
constant, both phases of HPV in rat IPA are clearly apparent
in the presence of organic Ca>" channel blockers. Moreover,
HPV persists even when these blockers are applied to IPA in
which the membrane potential has been strongly depolarized
by high K. Similar responses were obtained with all three
organic Ca®* channel blockers tested. In each case, phase |
was only partially suppressed by Ca’* channel blockade
with, or without, depolarization. However, both the rise in
[Ca®]; and the development of tension during phase 1T were
essentially independent of Ca®* influx via voltage-gated
Ca®* channels. These results demonstrate that depolarization
and Ca’" influx through such channels are not required for
either the plateau elevation of [Ca®*]; or the progressive rise
in tension which characterize phase II in this model of HPV
(Robertson et al. 1995).

We were careful to maintain the same level of pretone
during the various interventions that were used to block
depolarization-induced Ca®* influx as that for the control
hypoxic challenge. This approach was based on the
dependency of HPV on the level of pretone which has
been consistently demonstrated in wvivo, in perfused
lung preparations and in isolated pulmonary arteries
(e.g. Fishman, 1976; Ward & Robertson, 1995; Ozaki et al.
1998). It is of interest that Rodman et al. (1989) also
demonstrated that nifedipine did not suppress the early
peak contraction in response to hypoxia in rat PA if pretone
was maintained at levels by elevating the
concentration of phenylephrine, although this contraction
was reduced if pretone was not maintained in this way. This
previous report, together with the present more systematic
study of both phases of HPV, suggests strongly that the
reported inhibitory action of Ca®* channel blockers on HPV

control
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in several models (Tucker et al. 1976; McMurtry et al. 1976;
Jin et al. 1992; Leach et al. 1994; Savineau et al. 1995;
Woodmansey et al. 1995) could have been due to a non-
specific decrease in initial pulmonary vascular tone, in other
words pretone (Ward & Aaronson, 1999).

We observed that the initial relaxation following phase I
was diminished in arteries which had been first depolarized
and then exposed to nifedipine (Fig. 2C). This did not occur
if nifedipine was applied before KPSS (Fig. 2D). Although
we did not further explore this dichotomy, we speculate that
the loading of intracellular Ca®* stores that occurred when
KPSS was applied prior to nifedipine may have caused a
more prolonged release of Ca’* during phase I, thus
offsetting the subsequent relaxation. The mechanism of this
relaxation, which is especially prominent if pretone is
marked (e.g. Bennie et al. 1991) remains unclear. However,
its persistence in depolarized arteries suggests that it is not
caused by hyperpolarization or the offset of depolarization
following phase I.

A possible criticism of the present experiments is that the
changes in PGF,, concentration needed to maintain a
constant level of pretone during voltage-gated Ca>* channel
blockade may have biased the subsequent response to
hypoxia, because the nature of the transduction mechanisms
activated by different concentrations of PGF,, may have
varied. For example, higher concentrations of PGF,, might
cause increased sensitivity of the artery to hypoxia, or of
the contractile apparatus to Ca”*. This seems unlikely for two
reasons. Firstly, in experiments with normally polarized
arteries, the PGF,, concentration had to be increased only
from 3 to a maximum of 4 yM in order to maintain pretone
in the presence of organic Ca®* channel blockers (e.g. Fig. 2).
Secondly, in experiments with depolarized arteries the
concentration of PGF,, was not increased, but instead
decreased to 1 um (e.g. Fig. 3) in order to maintain a
constant pretone. The former effect is likely to be due to a
partial dependency of PGF,, constriction on Ca”* influx via
voltage-gated channels, while the latter is consistent with
the possibility that depolarization favours constriction via
other mechanisms, for example enhancement of IP,
production (Ganitkevich & Isenberg, 1993). In both cases,
however, the relationship between tension and [Ca’"]; during
pretone was not altered from control, which was perhaps
not surprising since the range of PGF,, concentrations used
(1—4 pm) was narrow. This suggests that over this range any
existing level of Ca’" sensitization is constant. Taken
together, these data imply that varying the concentration of
PGF,, within this range has no additional effects on HPV,
other than those related to the level of pretone.

Partial inhibition by organic Ca®* channel blockers of the
rapid hypoxia-induced rise in [Ca®*], has previously been
described in isolated TPA cells (Vadula et al. 1993; Cornfield et
al. 1994). In the present study all three organic Ca®* channel
blockers tested caused partial inhibition of phaseI, at
concentrations suflicient to cause complete inhibition of high
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K*-induced contraction. Therefore, whereas the phase II
contraction in rat TPA did not require voltage-gated Ca®"
influx, phase I may be partly dependent on this pathway.
With regard to the remainder of the phase I contraction,
past reports have suggested that HPV is also dependent to a
variable degree on the release of intracellular Ca’* stores
(Vadula et al. 1993; Gelband & Gelband, 1997; Jabr et al.
1997). Our demonstration that CPA greatly diminished the
amplitude of the phasel contraction in rat ITPA is in
agreement with the earlier finding of Gelband & Gelband
(1997) that thapsigargin eliminated the rapid hypoxia-
mediated contraction and rise in [Ca>*], in these arteries.

Effects of La®*

It is established that the release of intracellular Ca’* stores
is in many cell types associated with activation of a Ca®"
influx pathway mediated by store-operated Ca’* channels
(e.g. Putney, 1986; Berridge, 1995; Broad et al. 1999). It is
proposed that in mammals this ‘capacitative’ Ca>* entry
(CCE) is mediated by one or more of a family of seven
proteins homologous to the transient receptor potential
(Trp) protein of Drosophila (Hardie & Minke, 1993;
Birnbaumer et al. 1996). In addition to store release, CCE
can be activated by a number of other stimuli related to
G protein activation (Boulay et al. 1997; Kiselyov et al.
1998; Hofmann et al. 1999).

CCE has been shown to occur in rat main pulmonary
artery following treatment with thapsigargin, CPA or
noradrenaline, and was blocked by 50 um La*" (Gonzalez De
La Fuente et al. 1995). We have confirmed that CCE also
exists in these smaller rat IPAs by showing both that
thapsigargin treatment under Ca’*-free conditions causes a
contraction upon Ca* repletion (Fig. 5; analogous to Kwan
et al. 1990), and that thapsigargin treatment causes an
increased entry of Mn®', manifested as quenching of the
fura-2 isosbestic signal, which is abolished by 1 um La®*
(Fig. 6; see Morgan & Jacob, 1994). Although the former
observation could also be accounted for if thapsigargin
prevented the functioning of a superficial buffer barrier
(Loutzenhizer & van Breemen, 1983), the selective effect of
La®" on thapsigargin-stimulated Mn** influx is difficult to
explain in this way. Apart from the known ability of La®*
to block a release-activated Mn®" influx pathway (i.e. CCE;
Kwan et al. 1990), this observation could only be explained
if micromolar La*" was blocking Ca®* release, which is
extremely unlikely considering that La®* was first introduced
as a tool precisely because it blocks transmembrane Ca™*
fluxes but not Ca®* release (van Breemen, 1969).

In the light of previous evidence that hypoxia evokes the
release of intracellular Ca®" stores in pulmonary arteries, we
used La®* to investigate whether CCE might underlie the
organic Ca”" blocker-insensitive response to hypoxia. The
experiments described in Figs 5 and 7 revealed that
thapsigargin-mediated CCE was exquisitely sensitive to
blockade by La®* (IC,, ~100nm). La** suppressed the
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hypoxia-induced phase I contraction over a similar, albeit
slightly higher, concentration range. Consistent with this,
1 um La®* profoundly reduced the rise in [Ca**], associated
with the phase I contraction (Fig. 4), but had no effect on
the high K*-induced constriction (Fig.7). These results, as
well as the observation that phase I is greatly suppressed by
prior treatment of IPA with CPA or thapsigargin, suggest
that the transient phase I constriction in response to
hypoxia in isolated rat IPA is mostly due to CCE triggered
by release of intracellular Ca’* stores.

Whereas the 1 um La®" and CPA /thapsigargin data suggest
that phase I is almost entirely mediated via CCE, the
organic Ca>* channel blocker data suggest that voltage-gated
Ca’" influx contributes up to 50% of this phase (see above,
and Figs 2 and 3). However, there is evidence that these
agents may directly reduce store release, as Kanaide et al.
(1988) have shown that verapamil and diltiazem inhibit
noradrenaline-induced Ca®* store release in rat vascular
smooth muscle cells (IC,, ~4 and ~25 um, respectively).
Saida & van Breemen (1983) also showed that 10 um
diltiazem and 1 gm nisoldipine inhibited store release-
mediated contractions by 30—40% in membrane-skinned
rabbit mesenteric artery. It is therefore possible that the effect
of these drugs on phase I overestimates the contribution of
depolarization-mediated Ca’* entry.

Jabr et al. (1997) reported that the response to hypoxia in
canine small PA was almost abolished by ryanodine and
caffeine, but was potentiated by CPA or thapsigargin. They
concluded that HPV was due to release of a ryanodine-
sensitive Ca®* store, which was buffered by a separate
thapsigargin/CPA-sensitive store. They also found that
although nisoldipine abolished HPV under control conditions,
it caused only a partial inhibition after pretreatment with
CPA or thapsigargin, and therefore suggested that hypoxia
might activate a nisoldipine-insensitive Ca®"  entry.
Conversely, in rat IPA preconstricted with PGF,,, CPA
and thapsigargin almost abolished phase I, whereas caffeine
and ryanodine had only a small effect. This difference may
arise because separate ryanodine- and thapsigargin-
sensitive Ca” pools respond differentially to hypoxia and
store depletion in various species. For example, the results
of Jabr et al. (1997) suggest that in canine IPA, hypoxia
releases a ryanodine-sensitive Ca®" store, but that a separate
thapsigargin/CPA-sensitive Ca®" store controls CCE.
Conversely, our results indicate that in rat IPA hypoxia acts
directly on the thapsigargin/CPA-sensitive store.

A large transient phase I constriction would appear to be
associated with pretone induced by a receptor-coupled
agonist (i.e. PGF,,), since phase I was much less pronounced
when pretone was set with 20 mm K*. One possible
explanation for this effect is that G protein stimulation may
promote CCE, as the opening of certain Trp channels has
been shown to be activated by diacylglycerol and IP,
(Kiselyov et al. 1998; Hofmann et al. 1999).
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Figures 1-3 demonstrate that voltage-dependent Ca®"
influx played almost no part in mediating the phase IT
response to hypoxia in these arteries. In addition, phase II
was not abolished by CPA, or caffeine and ryanodine,
suggesting that it was not dependent on Ca’" release.
However, phase II was abolished by removal of extra-
cellular Ca®* or addition of 100 um SKF 96365, and was
substantially reduced by 100 um La®', suggesting that it
does require Ca®* influx. Taken together, these data imply
that phase IT involves a voltage-independent Ca®* influx
that is not dependent on store release and CCE.

The concentration-dependent effect of La®** on the
thapsigargin-induced contraction, and phase I and phase II
of HPV in these experiments is similar to that of the
trivalent cation Gd** reported by Broad et al. (1999) in rat
AT7r5 vascular smooth muscle cells stimulated with vaso-
pressin. In the latter study, CCE was blocked by 1 gm Gd®*,
whereas block of a voltage-independent but non-capacitative
Ca’" entry mechanism required least 100 gm Gd**. Broad et
al. (1999) suggested that this non-capacitative mechanism
was directly activated by arachidonic acid. It remains to be
seen whether this or a related pathway could be responsible
for the sustained rise in [Ca®*], during phase II of HPV in
rat TPA.

We have previously shown that removal of the endothelium
has little effect on the phasel increase in tension but
abolishes phase II, although it does not alter the associated
changes in [Ca®"]; during either phase (see Ward &
Aaronson, 1999). This suggests not only that the endothelium
does not affect Ca* influx or handling in the smooth muscle
during HPV, but also that the rise in [Ca®*]; on its own is
insufficient to cause contraction during phase II of HPV.
We have previously speculated that full development of
phase I1 requires both a rise in [Ca®*]; and an increase in
Ca®*  sensitivity caused by an as yet unidentified
endothelium-derived mediator (Ward & Aaronson, 1999). It
is conceivable that release of such a mediator might be
dependent on endothelial cell [Ca®], and therefore also
affected by, for example, the higher concentrations of La®*
required to inhibit phase II. Although such an effect might
contribute to the suppression of phase II tension under such
conditions, it does not alter our conclusions regarding [Ca®*];
in the smooth muscle during HPV, as this is apparently
independent of the endothelium (Ward & Aaronson, 1999).

In summary, our results demonstrate that at least in this
model of HPV, depolarization and Ca®* entry via voltage-
dependent channels play at best a supporting role in the
hypoxia-induced rise in [Ca>*];. Instead, voltage-independent
capacitative and non-capacitative Ca’* entry pathways may
provide the major sources of Ca®* during hypoxia, and
support the transient and sustained phases of HPV,
respectively.
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