Anesthesiology 2001; 95:681- 88

© 2001 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Propofol Attenuates Capacitative Calcium Entry in
Pulmonary Artery Smooth Muscle Cells

Mayumi Horibe, M.D.,* Izumi Kondo, M.D.,* Derek S. Damron, Ph.D.,T Paul A. Murray, Ph.D.%

Background: Depletion of intracellular Ca** stores results in
capacitative Ca®** entry (CCE) in pulmonary artery smooth mus-
cle cells (PASMCs). The authors aimed to investigate the effects
of propofol on CCE and to assess the extent to which protein
kinase C (PKC) and tyrosine kinases mediate propofol-induced
changes in CCE.

Methods: Pulmonary artery smooth muscle cells were cul-
tured from explants of canine intrapulmonary artery. Fura
2-loaded PASMCs were placed in a dish (37°C) on an inverted
fluorescence microscope. Intracellular Ca®** concentration was
measured using fura 2 in PASMCs using a dual-wavelength spec-
trofluorometer. Thapsigargin (1 um), a sarcoplasmic reticulum
Ca**—adenosine triphosphatase inhibitor, was used to deplete
intracellular Ca** stores after removing extracellular Ca**. CCE
was activated when extracellular Ca?* (2.2 mm) was restored.

Results: Thapsigargin caused a transient increase in intracel-
lular Ca®** concentration (182 * 11%). Restoring extracellular
calcium (to induce CCE) resulted in a peak (246 = 12% of
baseline) and a sustained (187 * 7% of baseline) increase in
intracellular Ca** concentration. Propofol (1, 10, 100 um) atten-
uated CCE in a dose-dependent manner (peak: 85 = 3, 70 = 4,
62 = 4%; sustained: 94 = 5, 80 * 5, 72 * 5% of control,
respectively). Tyrosine kinase inhibition (tyrphostin 23) atten-
uated CCE (peak: 67 = 4%; sustained: 74 = 5% of control), but
the propofol-induced decrease in CCE was still apparent after
tyrosine kinases inhibition. PKC activation (phorbol 12-myris-
tate 13-acetate) attenuated CCE (peak: 48 = 1%; sustained: 53 *
3% of control), whereas PKC inhibition (bisindolylmaleimide)
potentiated CCE (peak: 132 *= 11%; sustained: 120 * 4% of
control). Moreover, PKC inhibition abolished the propofol-in-
duced attenuation of CCE.

Conclusion: Tyrosine kinases activate and PKC inhibits CCE in
PASMCs. Propofol attenuates CCE primarily via a PKC-depen-
dent pathway. CCE should be considered a possible cellular target
for anesthetic agents that alter vascular smooth muscle tone.

CAPACITATIVE Ca®" entry involves the influx of Ca*"
across the sarcolemma in response to depletion of intra-
cellular Ca** stores.!”* Capacitative Ca?" entry is insen-
sitive to voltage-gated Ca®*" channel inhibitors.*> The
mechanisms involved in regulating capacitative Ca*" en-
try are not well understood. We recently demonstrated
that capacitative Ca®" entry exists in canine pulmonary
artery smooth muscle cells (PASMCs) and serves to refill
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the sarcoplasmic reticulum Ca®*" pool.> Moreover, we
observed that capacitative Ca®>" entry is required to
maintain a-agonist-induced oscillations in intracellular
Ca®" concentration ([Ca®*])) and is involved in the con-
tractile response to a-adrenoreceptor activation.” Be-
cause capacitative Ca*™" entry is involved in the regula-
tion of [Ca”]i and vasomotor tone, it could serve as a
cellular target for anesthetic agents that exert vasoactive
effects.

The goal of the current study was to investigate the
effect of propofol on capacitative Ca*>* entry in PASMCs.
We tested the hypothesis that propofol would attenuate
capacitative Ca®" entry in PASMCs. The rationale for this
hypothesis is based on two factors. First, propofol is
known to inhibit voltage-gated influx of extracellular
Ca?" in vascular smooth muscle.®™® Second, we have
demonstrated that intravenous anesthetics,”'® including
supraclinical concentrations of propofol,” attenuate
phenylephrine-induced [Ca®*]; oscillations in PASMCs,
which require capacitative Ca*™" entry. Because a ty-
rosine kinase is involved in the signal transduction path-
way for capacitative Ca*" entry in PASMCs,” we also
tested the hypothesis that tyrosine kinase inhibition
would prevent the effects of propofol on capacitative
Ca®”" entry. Finally, we investigated the effects of protein
kinase C (PKC) activation and inhibition on capacitative
Ca®" entry and assessed the extent to which PKC is
involved in propofolinduced changes in capacitative
Ca*" entry.

Materials and Methods

Animals

Pulmonary arteries were isolated from adult mongrel
dogs. The technique of euthanasia was approved by the
Cleveland Clinic Institutional Animal Care and Use Com-
mittee (Cleveland, OH). All steps were performed asep-
tically during general anesthesia with intravenous pen-
tobarbital sodium (30 mg/kg) and intravenous fentanyl
citrate (20 pg/kg). The dogs were intubated and venti-
lated, exsanguinated by controlled hemorrhage via a
femoral artery catheter, and euthanized with electrically
induced ventricular fibrillation. A left lateral thoracot-
omy was performed, and the heart and lungs were re-
moved en bloc. The pulmonary arteries were isolated
and dissected in a laminar flow hood during sterile
conditions.

Cell Culture of Pulmonary Artery Smooth Muscle

Cells

Primary cultures of PASMCs were obtained as previ-
ously described."" Intralobar pulmonary arteries (ID =
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2-4 mm) were carefully dissected and prepared for
tissue culture. Explant cultures were prepared according
to the method of Campbell and Campbell,'* with minor
modifications. Briefly, the endothelium and adventitia
were removed together with the most superficial part of
the tunica media. The media was cut into 2-mm? pieces
and explanted in 25-cm® culture dishes nourished by
D-MEM/F-12 medium (Gibco, Grand Island, NY) contain-
ing 10% fetal bovine serum and a 1% antibiotic-antimy-
cotic mixture solution (10,000 units/ml penicillin,
10,000 pg/ml streptomycin, 25 ug/ml amphotericin B)
and kept in a humidified atmosphere of 5% CO,:95% air
at 37°C. PASMCs began to proliferate from explants after
7 days in culture. Cells were allowed to grow for an
additional 7-10 days before being subcultured nonenzy-
matically to 35-mm glass dishes designed for fluores-
cence microscopy (AT system; Bioptechs Inc., Butler,
PA). Cells were used for experimentation within 72 h.
Cells from the first and second passage were used for
experiments. More than 90% of the cells stained positive
for smooth muscle « actin.'!

Fura 2-Loading Procedure

Pulmonary artery smooth muscle cells were loaded
with fura 2 as previously described.!' Twenty-four hours
before experimentation, the culture medium containing
10% fetal bovine serum was replaced with serum-free
medium to arrest cell growth, allow for establishment of
steady state cellular events independent of cell division,
and to prevent a false estimate of [Ca®"], resulting from
binding of available dye to serum protein in the medium.
PASMCs were washed twice in loading buffer, which
contained 125 mm NaCl, 5 mm KCI, 1.2 mm MgSOy,
11 mm glucose, 1.8 mm CaCl,, 25 mm HEPES, and 0.2%
bovine serum albumin, at pH 7.40 adjusted with NaOH.
PASMCs were then incubated in loading buffer contain-
ing 2 pm fura 2/AM, the acetoxymethyl ester derivative
of fura 2 (Molecular Probes, Eugene, OR), at ambient
temperature for 30 min. After the 30-min loading period,
the cells were washed twice in loading buffer and incu-
bated at ambient temperature for an additional 20 min
before initiating the study. This provided enough time to
wash away any extracellular fura 2/AM and for intracel-
lular esterases to cleave fura 2/AM into the active fura 2.

Measurement of Intracellular Ca”"* Concentration

Intracellular Ca** concentration was measured as pre-
viously described.'" Culture dishes containing fura
2-loaded PASMCs were placed in a temperature-regu-
lated (37°C) chamber (Bioptechs, Inc.) mounted on the
stage of an Olympus IX-70 inverted fluorescence micro-
scope (Olympus America Inc., Lake Success, NY). Fluo-
rescence measurements were obtained from either indi-
vidual PASMCs or from a cluster (two to three cells) of
neighboring cells in a culture monolayer using a dual-
wavelength spectrofluorometer (Deltascan RFK6002;
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Photon Technology International, Lawrenceville, NJ) at
excitation wavelengths of 340 and 380 nm and an emis-
sion wavelength of 510 nm. The volume of the chamber
was 1.5 ml. The cells were superfused continuously at
1 ml/min with Krebs-Ringer buffer, which contained 125
mum NaCl, 5 mm KCI, 1.2 mm MgSO,, 11 mm glucose, 2.5
mm CaCl,, and 25 mm HEPES, at pH 7.40 adjusted with
NaOH. The temperature of all solutions was maintained
at 37°C in a water bath. Solution changes were accom-
plished rapidly by aspirating the buffer in the dish and
transiently increasing the flow rate to 10 ml/min. Just
before data acquisition, background fluorescence (i.e.,
fluorescence between cells) was measured and sub-
tracted automatically from the subsequent experimental
measurements. Fura 2 fluorescence signals (340, 380,
and 340/380 ratio) originating from PASMCs were con-
tinuously monitored at a sampling frequency of 25 Hz
and were collected using a software package from Pho-
ton Technology International.

Experimental Protocols

Capacitative Ca®" entry is triggered by the depletion of
intracellular Ca*" stores. Thapsigargin increases [Ca®"],
via irreversible inhibition of sarcoplasmic reticulum
Ca®"-adenosine triphosphatase (ATPase).'® In the ab-
sence of extracellular Ca®", thapsigargin (1 um) was
used to deplete sarcoplasmic reticulum Ca®* stores.
With thapsigargin still present, capacitative Ca®" entry
was then induced by restoring the extracellular Ca*”"
concentration (2.2 mm).” The effects of propofol (1, 10,
and 100 upm), tyrosine kinase inhibition (tyrphostin 23:
100 pm), PKC activation (phorbol 12-myristate 13-ace-
tate: 1 um) and PKC inhibition (bisindolylmaleimide:
1 um) on capacitative Ca®" entry were assessed.

Drug Preparation

Propofol, thapsigargin, phorbol 12-myristate 13-ace-
tate (all obtained from Research Biochemical Interna-
tional, Natick, MA), tyrphostin 23 (Calbiochem, La Jolla,
CA), and bisindolylmaleimide 1 (Sigma, St. Louis, MO)
were all dissolved in dimethyl sulfoxide as stock solu-
tions. Aliquots of each stock solution were diluted
1:1000 in Krebs-Ringer buffer to achieve final concen-
trations in the bath. Similar dilutions of dimethyl sulfox-
ide in Krebs-Ringer buffer have no effect on [Ca®"],.
Pure propofol was used to avoid any effects of the
intralipid emulsion on the fluorescence signal.

Data Analysis

Peak and sustained increases in [Ca®" ], were measured
in PASMCs when the superfusion solution was switched
from a Ca*®"-free solution to a solution containing 2.2 mm
Ca*". Peak and sustained fluorescence ratio values were
averaged before and after each intervention and are
expressed as percent of control. The control response to
which all interventions were compared was the first
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capacitative Ca®" entry response after thapsigargin pre-
treatment. This value was set at 100%. Therefore, each
cell served as its own control. The “peak” response was
calculated as the fluorescence change from baseline to
peak fluorescence. The “sustained” response represents
the fluorescence values measured 5 min after reintroduc-
tion of Ca*" to the buffer. Results are presented as
mean * SEM. Statistical analysis was performed using
repeated-measures analysis of variance followed by Bon-
ferroni-Dunn post hoc testing. Differences were consid-
ered statistically significant at P < 0.05.

Results

Capacitative Ca’" Entry in Pulmonary Artery

Smooth Muscle Cells

Capacitative Ca®" entry can be triggered by thapsigar-
gin-induced depletion of intracellular Ca*>* stores. In the
absence of extracellular Ca®", thapsigargin (1 um) in-
creased [Ca”]i by 182 £ 11%, followed by a return of
[Ca”]i to baseline values (fig. 1, top). Once the baseline
fluorescence signal had stabilized, the extracellular Ca’*
concentration ([Ca”]o) was restored (2.2 mm) in the
continued presence of thapsigargin (fig. 1, top). Restor-
ing [Ca”]0 resulted in a rapid peak increase (246 = 12%
of baseline) in [Ca”]i and a sustained increase (187 =
7% of baseline) in [Ca®"]; (i.e., capacitative Ca*>" entry
was induced). The sustained increase in [Ca”]i returned
to baseline when [Ca”]o was removed. The reproduc-
ibility of inducing capacitative Ca®>" entry was assessed
by sequentially removing and restoring [Ca®"], three
consecutive times in the continued presence of thapsi-
gargin. There were no significant differences in the peak
or sustained increases in [Ca®"]; when [Ca®"], was re-
stored three consecutive times (fig. 1, bottom).

Effect of Propofol on Capacitative Ca”" Entry

After depletion of sarcoplasmic reticulum Ca®" stores
with thapsigargin, capacitative Ca®*" entry was com-
pared in the absence or presence of propofol, which was
added to the superfusion buffer 5 min before restoring
[Ca®*"], a second time (fig. 2, top). Propofol had no
effect on baseline [Ca®"]; before the addition of [Ca®"],.
Propofol caused dose-dependent decreases in both the
peak and sustained increases in [Ca®"], when [Ca®"],
was restored (fig. 2, bottom). After washout of propofol,
capacitative Ca®" entry was similar in magnitude to the
response measured before propofol administration (fig.
2, top).

Role of Tyrosine Kinases in Propofol-induced

Attenuation of Capacitative Ca”" Entry

We previously demonstrated that tyrosine kinases play
a role in regulating capacitative Ca®>" entry in PASMCs.”
In the current study, tyrphostin 23 (100 um) was used to
inhibit tyrosine kinases. Tyrosine kinase inhibition atten-
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Fig. 1. (Top) Representative trace depicting capacitative Ca**
entry after depletion of sarcoplasmic reticulum Ca®* stores
with thapsigargin. In the absence of extracellular Ca** (Ca**
free buffer plus 2 mm EGTA), thapsigargin stimulated a transient
increase in intracellular Ca®>* concentration ([Ca®*])) by releas-
ing Ca** from sarcoplasmic reticulum Ca** stores. After [Ca®**];
had returned to baseline, Ca®>* was added back to the buffer,
which induced a peak and sustained increase in [Ca*'], ie.,
capacitative Ca** entry. [Ca®*], returned to baseline values after
removing extracellular Ca®**. Extracellular Ca®** was sequen-
tially added and removed three times. In this and all other
representative traces, the thapsigargin and capacitative Ca**
entry traces represent consecutive recordings from the same
cells. (Bottom) Summarized data showing the reproducibility of
capacitative Ca®** entry (n = 7 cells).

uated both the peak (67 = 4% of control) and sustained
(75 = 5% of control) increases in [Ca®"]; mediated
through capacitative Ca*" entry (fig. 3). However, in the
presence of tyrosine kinase inhibition, propofol
(100 um) further attenuated the peak (46 £ 4% of con-
trol) and sustained (55 * 2% of control) increases in
[Ca®"], when [Ca®"], was restored (fig. 4).

Role of Protein Kinase C in Propofol-induced

Attenuation of Capacitative Ca”" Entry

Protein kinase C has been implicated in the regulation
of capacitative Ca®" entry in a variety of cell types.'* !¢
However, the extent to which PKC is involved in capac-
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Fig. 2. (Top) Representative trace depicting the effect of propo-
fol (100 um) on capacitative calcium entry. After depletion of
sarcoplasmic reticulum Ca** stores with thapsigargin, capaci-
tative calcium entry was compared in the absence or presence
of propofol, which was added to the superfusion buffer 5 min
before restoring extracellular Ca®** concentration ([Ca**]).
(Bottom) Summarized data showing the dose-dependent inhib-
itory effects (*P < 0.05) of propofol (1, 10, 100 um) on the peak
and sustained increases in intracellular Ca** concentration
([Ca**]) caused by capacitative calcium entry compared with
control (Cont) (n = 8 cells).

itative Ca>" entry in PASMCs has not been previously
investigated. Activation of PKC with phorbol 12-myris-
tate 13-acetate (1 um) attenuated both the peak (48 £ 1%
of control) and sustained (53 * 3% of control) increases
in [Ca®>"], mediated via capacitative Ca>" entry (fig. 5).
In contrast, PKC inhibition with bisindolylmaleimide
(1 wm) potentiated both the peak (132 = 11% of control)
and sustained (120 = 4% of control) increases in [C82+]i
when [Caﬁ]0 was restored (fig. 6). Moreover, in the
presence of PKC inhibition, propofol (100 um) had no
effect on capacitative Ca®" entry (fig. 7). Thus, PKC
inhibition abolished the propofol-induced attenuation in
capacitative Ca®" entry.

Discussion

The main findings of our study are as follows. First,
both tyrosine kinases and PKC are involved in the signal
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transduction pathway for capacitative Ca®*" entry in
PASMCs. Tyrosine kinases positively regulate capacita-
tive Ca’"* entry, whereas PKC negatively regulates capac-
itative Ca®>* entry. Second, propofol causes dose-depen-
dent inhibition of capacitative Ca>" entry in PASMCs.
Third, the propofol-induced attenuation of capacitative
Ca®" entry is still observed after inhibition of tyrosine
kinases. Finally, PKC inhibition abolishes the propofol-
induced attenuation in capacitative Ca** entry.

It is well known that [Ca®"], is an important determi-
nant in the regulation of cardiac and smooth muscle
contraction. In vascular smooth muscle, agonist-induced
increases in [Ca®"], primarily occur via release of Ca*”"
from intracellular stores by a 1,4,5 inositol triphosphate-
dependent mechanism. In addition, some agonists can
trigger Ca®" influx across the sarcolemma, primarily via
voltage-gated or receptor-operated Ca’>* channels. An
increase in [Ca®"], activates the myosin light chain ki-
nase through a calmodulin-dependent mechanism, re-
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Fig. 3. (Top) Representative trace depicting the effect of the
tyrosine kinase inhibitor tyrphostin 23 (Tyr; 100 um) on capac-
itative calcium entry. After depletion of sarcoplasmic reticulum
Ca** stores with thapsigargin, capacitative calcium entry was
compared in the absence or presence of tyrphostin 23, which
was added to the superfusion buffer 5 min before restoring
extracellular Ca®** concentration ([Ca®**],)). (Bottom) Summa-
rized data showing the inhibitory effect (*P < 0.05) of tyrphos-
tin 23 on capacitative Ca®>" entry. This inhibitory effect of tyr-
phostin 23 was entirely reversible (n = 7 cells).
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Fig. 4. (Top) Representative trace depicting the effect of tyr-
phostin 23 (Tyr; 100 um) alone and in combination with propo-
fol (100 um) on capacitative Ca®>* entry. After depletion of sar-
coplasmic reticulum Ca** stores with thapsigargin, capacitative
Ca’* entry was compared in the absence or presence of tyr-
phostin 23 and tyrphostin 23 plus propofol, which were each
added to the superfusion buffer 5 min before restoring extra-
cellular Ca** concentration ([Ca**])). (Bottom) Summarized
data showing that, although tyrphostin 23 alone attenuated
(*P < 0.05) capacitative Ca** entry, the addition of propofol
resulted in a further reduction (+P < 0.05) in capacitative Ca**
entry (n = 7 cells).

sulting in phosphorylation of the myosin light chains and
initiation of contraction.'” [Ca®*], is ultimately restored
either by pumping the Ca’*" out of the cell via the
sarcolemmal Ca®?* ATPase or Na"-Ca®*" exchanger, or
by resequestering Ca>”" into the intracellular store by the
sarcoplasmic reticulum Ca** ATPase.'®'’

In addition to the aforementioned sarcolemmal ion
channels, Ca*" influx can also be controlled by the
filling-state of the intracellular Ca®* store. The concept
of capacitative Ca>" entry was first postulated by Put-
ney.! According to his model, depletion of intracellular
Ca®” stores results in activation of a Ca** influx pathway
that is somehow sensitive to the state of filling of intra-
cellular Ca?" stores. Influx of Ca*" via capacitative Ca*"
entry refills the intracellular Ca®>" stores that have been
depleted in response to agonist activation. In the current
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study, thapsigargin was used as a tool to deplete the
sarcoplasmic reticulum pool of Ca®>" in the absence of
extracellular Ca®>" and thereby activate capacitative Ca**
entry. Consistent with our previous study,’ the amplitude
of the thapsigargininduced increase in [Ca**], was vari-
able, which likely reflects differences in the size of the
sarcoplasmic reticulum Ca®" store in different cells. The
size of the sarcoplasmic reticulum Ca>" store may depend
on the cell passage number, the phase of the cell cycle, the
length of time in serum-free medium, or whether the re-
sponse was derived from an individual cell or a cluster of
two to three neighboring cells. Restoring [Ca®"], stimu-
lated capacitative Ca>* entry, which was typically charac-
terized by both a peak and sustained increase in [Ca®"],.
The rapid peak increase in [Ca’"]; results from massive
influx of Ca®>" into the cytosol via SK&F 96365-sensitive
Ca”®" channels that open in response to depletion of sarco-
plasmic reticulum Ca®*" stores.” The sustained or pro-
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Fig. 5. (Top) Representative trace depicting the effect of the
protein kinase C activator, phorbol 12-myristate 13-acetate
(PMA; 1 pm), on capacitative Ca®’* entry. After depletion of
sarcoplasmic reticulum Ca** stores with thapsigargin, capaci-
tative Ca”>* entry was compared in the presence and absence of
PMA, which was added to the superfusion buffer 5 min before
restoring extracellular Ca** concentration ([Ca®**],). (Bottom)
Summarized data showing the inhibitory effect *P < 0.05) of
phorbol 12-myristate 13-acetate on capacitative Ca** entry. This
effect was reversible (n = 7 cells).
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Fig. 6. (Top) Representative trace depicting the effect of the
protein kinase C inhibitor bisindolylmaleimide (Bis; 1 um) on
capacitative Ca** entry. After depletion of sarcoplasmic reticu-
lum Ca** stores with thapsigargin, capacitative Ca®>* entry was
compared in the presence and absence of bisindolylmaleimide,
which was added to the superfusion buffer 5 min before restor-
ing extracellular Ca** concentration ([Ca**])). (Bottom) Sum-
marized data showing the potentiating effect (*P < 0.05) of
bisindolylmaleimide on capacitative Ca** entry. This effect was
reversible (n = 7 cells).

longed increase in [Ca®"], is more complex. Because thap-
sigargin is an irreversible inhibitor of the sarcoplasmic
reticulum Ca®>* ATPase, the sarcoplasmic reticulum is in-
capable of refilling with Ca*"* despite the increased avail-
ability of cytosolic free Ca**. As a result, capacitative Ca**
entry across the sarcolemma is sustained, and a new steady
state level of [C32+]i is achieved as other mechanisms
regulating Ca>* extrusion (Na"-Ca** exchanger and the
sarcolemmal Ca®* ATPase) begin to offset the continued
influx of Ca®". If the sarcoplasmic reticulum is allowed to
refill, as we have previously demonstrated using a revers-
ible inhibitor of the sarcoplasmic reticulum Ca®" ATPase
(cyclopiazonic acid), the response to capacitative Ca*"
entry is only transient, and a sustained phase is not
evident.’

Thapsigargin-induced capacitative Ca*" entry does not
involve activation of intracellular second messengers
(e.g., 1,4,5 inositol triphosphate). The cellular mecha-
nism that mediates capacitative Ca’" entry has been
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intensively investigated, although it has yet to be defin-
itively identified. Various models have been postulated
to explain how the sarcoplasmic reticulum communi-
cates with the plasma membrane. These models can
generally be divided into those that propose the exis-
tence of a diffusible factor and those that suggest that the
signal is transferred via protein phosphorylation and
dephosphorylation.? Potentially important diffusible sec-
ond messengers released from the storage organelles
include cytochrome P450 metabolites,?® G proteins,®' or
a low-molecular-weight compound called Ca*" influx
factor.?? Models based on phosphorylation and dephos-
phorylation interactions suggest that PKC activation ei-
ther inhibits' %> or stimulates** capacitative Ca®" entry
depending on the cell type, whereas tyrosine kinase or
protein kinase A activation are consistently associated
with activation of capacitative Ca®" entry.'#?>"%7

3.0
> «—> «—> «—>
Ca**-Free  Ca.Free | Ca?-Freef Ca? -Free
2
=
©
i
(=]
8
=}
<
(3}
Ca?* « %,
0.5+ NFET g 2zmM o mm’ 2.2 mi
T Thapsigargin (1 uM) >
0 ! | ! 1
0 1000 2000 3000 4000
Time (seconds)
Peak [Ca?*]; Sustained [Ca?*],
140 * *
120
g 100
S 8o
o
w 60
3]
R 40
20 -
0

Cont Bis Bis
+
Prop

Fig. 7. (Top) Representative trace depicting the effect of bisin-
dolylmaleimide (Bis; 1 pm) alone and in combination with
propofol (Prop; 100 um) on capacitative Ca®*" entry. After de-
pletion of sarcoplasmic reticulum Ca** stores with thapsigar-
gin, capacitative Ca®>" entry was compared in the absence or
presence of bisindolylmaleimide and bisindolylmaleimide plus
propofol, which were each added to the superfusion buffer
5 min before restoring extracellular Ca** concentration
([Ca**],). (Bottom) Summarized data showing that bisindolyl-
maleimide alone potentiated (*P < 0.05) capacitative Ca** en-
try. In the presence of bisindolylmaleimide, propofol no longer
had an inhibitory effect on capacitative Ca** entry (n = 7 cells).
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Because capacitative Ca®" entry is involved in the
regulation of [Ca*"], and vasomotor tone in PASMCs,’
the ion channel associated with capacitative Ca** entry
may serve as a cellular target for propofol. In cultured
A10 and rat aortic smooth muscle cells, propofol was
reported to inhibit voltage-gated Ca** channels but to
have no effect on capacitative Ca*>" entry.® In contrast,
propofol attenuated capacitative Ca®" entry in cultured
aortic smooth muscle cells from normotensive rats,?®
and this effect was even more prominent in hypertensive
rats. In our study using canine PASMCs, propofol caused
a dose-dependent decrease in capacitative Ca®" entry.
Typical free plasma concentrations of propofol range
from 1 to 10 pum. Thus, propofol attenuated capacitative
Ca*" entry at clinically relevant concentrations. Tyrosine
kinase inhibition also attenuated capacitative Ca*" entry.
However, in the presence of tyrosine kinase inhibition
with tyrphostin 23, propofol further suppressed capaci-
tative Ca®" entry. These results suggest that inhibition of
tyrosine kinases is not the primary mechanism for propo-
fol-induced inhibition of capacitative Ca** entry. In con-
trast, inhibition of PKC with bisindolylmaleimide re-
sulted in potentiation of capacitative Ca®" entry,
whereas activation of PKC with phorbol 12-myristate
13-acetate resulted in attenuation of capacitative Ca*"
entry. Moreover, pretreatment with bisindolylmaleimide
prevented the propofol-induced attenuation of capacita-
tive Ca®" entry. Taken together, these results suggest
that propofol inhibits capacitative Ca*>* entry via a PKC-
dependent mechanism. The cellular target for this
propofol-induced, PKC-mediated attenuation of capaci-
tative Ca®" entry remains to be elucidated. The propofol-
induced attenuation of the peak response may either
directly or indirectly be caused by PKC-dependent inhi-
bition of Ca®>" channels that mediate capacitative Ca*"
entry, whereas attenuation of the sustained response
may involve effects on the Na*-Ca®" exchanger or the
sarcolemmal Ca®" ATPase. The current results are con-
sistent with previous reports that propofol activates pu-
rified brain PKC.?**° Moreover, we have preliminary
data that suggest that propofol increases myofilament
Ca*" sensitivity in PASMCs via a PKC-dependent
mechanism.'

In previous studies from our laboratory,>!' we dem-
onstrated that a-adrenoreceptor-mediated Ca** oscilla-
tions were not altered by the nonselective, broad-range
protein kinase inhibitor staurosporine. In contrast, the
Ca®" oscillations were abolished by SK&F 96365, an
inhibitor of capacitative calcium entry, and were atten-
uated by tyrosine kinase inhibition with genestein or
tyrphostin. In this study, selective inhibition of PKC
potentiated capacitative Ca>" entry, whereas selective
inhibition of tyrosine kinases attenuated capacitative
Ca®" entry. Because staurosporine effectively blocks
both tyrosine kinases and PKC, the lack of effect of
staurosporine on the a-adrenoreceptor-mediated Ca*”*
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oscillations is likely a result of offsetting effects on ca-
pacitative Ca®" entry, resulting in no net effect on the
Ca*" oscillations. Although propofol (1-10 um) attenu-
ated capacitative Ca*>" entry in this study, we previously
reported that the propofol-induced attenuation of a-ad-
renoreceptor-mediated Ca®" oscillations was apparent
only at supraclinical concentrations.” It should be noted
that capacitative Ca®>" entry is not the only mechanism
regulating a-adrenoreceptor-mediated Ca*" oscillations.
Moreover, regulation of capacitative Ca®*" entry and
Ca*" oscillations has not been entirely elucidated but
appears to involve multiple mechanisms. In the current
study, we demonstrated opposing actions of tyrosine
kinases and PKC activation on capacitative Ca®>" entry
(CCE). It is possible that propofol alters multiple mech-
anisms involved in the regulation of the Ca®" oscilla-
tions, some of which may offset the effects of the other.

Although our results suggest that the effects of propo-
fol on capacitative Ca*" entry are primarily mediated via
activation of PKC, alternative interpretations are possi-
ble. Propofol alone and tyrphostin alone inhibited capac-
itative Ca®" entry by approximately 30-35%. In the
setting of tyrosine kinase inhibition, propofol further
attenuated capacitative Ca’" entry by approximately
20%. Therefore, it could be argued that a portion of the
inhibitory effect of propofol on capacitative Ca*" entry
may be mediated via inhibition of tyrosine kinases. How-
ever, this possibility seems unlikely because if the inhib-
itory effect of propofol on CCE is mediated by a pathway
different from PKC, then propofol should continue to
exert an inhibitory effect on CCE in the presence of PKC
inhibition. Our results indicate that it did not. Given that
PKC activation attenuated CCE and PKC inhibition abol-
ished the propofol-induced attenuation in CCE, it seems
reasonable to conclude that the effects of propofol are
mediated (at least primarily) through PKC activation.
This PKC-mediated attenuation of capacitative Ca’>" en-
try induced by propofol does not appear to be a general
characteristic of intravenous anesthetics. In preliminary
studies,>? thiopental had no effect on capacitative Ca*"
entry, whereas ketamine attenuated capacitative Ca*"
entry via a mechanism that did not involve PKC. These
results indicate that intravenous anesthetics can have
differential effects on capacitative Ca®" entry that are
mediated by more than one cellular mechanism.

In summary, propofol attenuates capacitative Ca*" en-
try in PASMCs. This effect is not altered by inhibition of
tyrosine kinases but is abolished by inhibition of PKC.
Capacitative Ca®" entry should be considered as a pos-
sible cellular target for anesthetic agents that alter vas-
cular smooth muscle tone.
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