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The effect of cholesterol enrichment on vascular smooth muscle cell (VSMC) calcium homeostasis was studied by
evaluating calcium uptake, efflux, and intracellular content in cultured VSMC derived from the rat pulmonary artery.
Incubation of VSMC with liposomes consisting of free cholesterol (FC) and phospholipid (2:1 molar ratio, 1 mg FC/ml
medium) for 24 h resulted in a 69 +/- 19% increase (P less than 0.01; n = 10) in FC which was associated with a 73 +/11% increase (P less than 0.005; n = 10) in intracellular calcium content as assessed by isotopic equilibrium with 45Ca2+
and a 65 +/- 11% increase (P less than 0.024; n = 3) as assessed by atomic absorption spectroscopy. Cholesterol
enrichment caused a marked increase in the unidirectional calcium uptake rate from 0.026 +/- 0.03 to 0.158 +/- 0.022
nmol calcium/s per mg protein (P less than 0.01; n = 3), but had no effect on calcium efflux. Nifedipine (1 microM)
reduced (P less than 0.05; n = 6) the effect of cholesterol enrichment on unidirectional calcium uptake by 78 +/- 16%; and
verapamil (10 microM), diltiazem (1 microM), and nifedipine (1 microM) each significantly inhibited the effect of
cholesterol enrichment on intracellular calcium accumulation. Exposure of cholesterol-enriched VSMC to cholesterol-poor
liposomes for 24 h returned both FC and calcium contents to control […]

Find the latest version:
https://jci.me/115512/pdf

Cholesterol Enrichment Increases Basal and Agonist-stimulated
Calcium Influx in Rat Vascular Smooth Muscle Cells
Russell A. Bialecki,* Thomas N. Tulenko,t and Wilson S. Colucci*

*Cardiovascular Division, Departments of Medicine, Brigham and Women's Hospital and Harvard Medical School,
Boston, Massachusetts 02115; and tDepartment ofPhysiology and Biochemistry,
The Medical College of Pennsylvania, Philadelphia, Pennsylvania 19129

Abstract
The effect of cholesterol enrichment on vascular smooth muscle cell (VSMC) calcium homeostasis was studied by evaluating calcium uptake, efflux, and intracellular content in cultured
VSMC derived from the rat pulmonary artery. Incubation of
VSMC with liposomes consisting of free cholesterol (FC) and
phospholipid (2:1 molar ratio, 1 mg FC/ml medium) for 24 h
resulted in a 69±19% increase (P < 0.01; n = 10) in FC which
was associated with a 73±11% increase (P < 0.005; n = 10) in
intracellular calcium content as assessed by isotopic equilibrium with 4'Ca2" and a 65±11% increase (P < 0.024; n = 3) as
assessed by atomic absorption spectroscopy. Cholesterol enrichment caused a marked increase in the unidirectional calcium uptake rate from 0.026±0.03 to 0.158±0.022 nmol calcium/s per mg protein (P < 0.01; n = 3), but had no effect on
calcium efflux. Nifedipine (1 uM) reduced (P < 0.05; n = 6) the
effect of cholesterol enrichment on unidirectional calcium uptake by 78±16%; and verapamil (10 MM), diltiazem (1 MM),
and nifedipine (1 MM) each significantly inhibited the effect of
cholesterol enrichment on intracellular calcium accumulation.
Exposure of cholesterol-enriched VSMC to cholesterol-poor
liposomes for 24 h returned both FC and calcium contents to
control levels. Serum- and serotonin-stimulated calcium uptakes were potentiated 3.7- and 1.7-fold, respectively, in cholesterol-enriched VSMC, whereas endothelin, vasopressin, and
thrombin-stimulated calcium uptakes were not affected. We
conclude that VSMC FC content plays a role in regulating cellular calcium homeostasis, both under basal conditions and in
response to selected agonists. (J. Clin. Invest. 1991. 88:18941900.) Key words: calcium efflux * liposomes * verapamil * nifedipine * diltiazem

Introduction
Unesterified (i.e., free) cholesterol is a major constitutent ofthe
plasma membrane of mammalian cells, including the vascular
smooth muscle cell (VSMC),' and plays an important role in
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determining both the physical state of the cell membrane (1, 2)
and the activities of integral membrane proteins (3-5). In red
blood cells, cholesterol enrichment caused by exposing cells to
cholesterol-rich liposomes results in a marked increase in calcium influx, the magnitude of which correlates with membrane
cholesterol content (6). Thus, one important cellular process
that appears sensitive to alterations in plasma membrane cholesterol content is the influx of extracellular calcium.
The effect of an alteration in VSMC plasma membrane
cholesterol content on the influx and intracellular accumulation of calcium is not known. However, Strickberger et al. (7)
have provided evidence that both calcium uptake and intracellular calcium content are increased in the aorta of the cholesterol-fed rabbit, and have suggested that this change in calcium
transport might reflect an effect of cholesterol on the VSMC
plasma membrane. This suggestion is also consistent with the
observation that perfusion of rabbit carotid artery with cholesterol-rich liposomes is associated with an increase in vascular
calcium uptake (8).
To test the hypothesis that an increase in cellular free cholesterol results in increases in basal transplasmalemmal calcium
influx and intracellular calcium accumulation in VSMC, we
enriched the plasma membrane cholesterol content of cultured
VSMC by maintaining the cells in culture medium supplemented with cholesterol-rich liposomes for 24 h. Calcium influx, efflux, and intracellular accumulation were measured by
standard methods using "5Ca2" as a tracer. Since there is evidence that the vasoconstrictor and growth-stimulating effects
of some agonists and growth factors may be increased by cholesterol enrichment of VSMC (9-13), we also tested the hypothesis that cholesterol enrichment of VSMC increases agoniststimulated calcium influx by evaluating the effect of VSMC
cholesterol enrichment on calcium uptake stimulated by serotonin, thrombin, endothelin, vasopressin, and serum.

Methods
Cell culture. A clonal cell line derived from rat pulmonary artery
smooth muscle, as originally established and characterized by Rothman et al. (14, 15), was used for these studies. These cells express
smooth muscle a-actin (14) and mRNA for smooth muscle a-actin
(15). Cells were seeded in 35-mm plastic culture dishes (Falcon Labware, Becton, Dickinson & Co., Oxnard, CA) at a density of 10,00012,000 cells/cm2, and grown in M 199 medium (Sigma Chemical Co.,
St. Louis, MO) containing antibiotics and 5% fetal calf serum (Gibco
Laboratories, Grand Island, NY) in a humidified atmosphere under 5%
C0J95% room air (370C). Cells reached confluence in 3-4 d and
were used for experimentation between 3 and 5 d after passage. All
experiments were performed using confluent cell monolayers from
passages 28-40. All monolayers were incubated in serum-free medium
for 18-24 h before experimentation to remove the influence of growth
factors contained in fetal calf serum.

Cholesterol enrichment of VSMC. Multilamellar liposomes were
prepared from cholesterol and egg phosphatidylcholine using the procedures previously described (8). Chromatographically pure unesterified cholesterol (96 mg) and egg phosphatidylcholine (48 mg) were
added to 12 ml of isotonic Ml99 medium and sonicated for 20 min
with a sonifier (Branson Instruments, Danbury, CT). The mixture was
then centrifuged (42,000 g, 30 min) to sediment the undispersed lipid.
This procedure yielded cholesterol-rich liposomes with a free cholesterol/phospholipid (FC/PL) molar ratio of 2:1 as determined by FC
fluorometry and phospholipid phosphorus colorimetry (see Analytical
Determinations). Pure phospholipid liposomes were also prepared using only egg phosphatidylcholine (48 mg) to produce cholesterol-free
liposomes with FC/PL molar ratios of 0:1. Liposomes were filter sterilized (0.45 gm; Millipore Corp., Bedford, MA) and added to sterile
Ml99 incubation medium at the final concentrations indicated. The
FC/PL mass ratios of liposomes were confirmed before experimentation. For cholesterol enrichment, confluent VSMC monolayers were
incubated for 24 h (37°C, 5% C0J95% room air, humidified atmosphere) in medium Ml99 containing: (a) liposomes in a final concentration of 0.3-2.0 mg of FC/ml of incubation medium; (b) 0.2% wt/vol
BSA (fraction V BSA, fatty acid free); (c) 1% vol/vol FCS; and (d) 1.0
ug/ml Sandoz Compound 58-035 to inhibit acyl CoA: cholesterol acyltransferase activity (16). Based on preliminary studies of FC and cholesterol ester contents, a cholesterol-rich liposome concentration of 1 mg
FC/ml was used for all studies, unless otherwise indicated. In several
experiments, cholesterol-enriched and control VSMC were maintained
for an additional 24 h in media containing cholesterol-free liposomes
(0:1 FC/PL; 0.5 mg PL/ml, final concentration).
Calcium uptake. Calcium uptake was measured as previously described (17). The physiological salt solution (PSS) used in these studies
consisted of 145 mM NaCl, 5 mM KCI, 1 mM MgCI2, 1 mM CaCl2, 1
mg/ml BSA, 10 mM glucose, and 5 mM Hepes at pH 7.40. Briefly, the
uptake period was initiated by the addition of 1 ml PSS containing 1
1ACi/ml of 45Ca2' and the agent(s) under study. Uptake was terminated
at various time intervals by rapidly washing each plate five times with 1
ml of ice-cold modified PSS that contained 10 mM LaC13 and no
CaCI2. Lanthanum displaces 45Ca2+ from extracellular binding sites
and reduces calcium movement across the plasma membrane, thus
allowing the assessment of intracellular calcium (18, 19). The monolayers were incubated for 10 min at 4°C in the final wash aliquot.
Subsequently, the wash solution was aspirated and the cells were dried
at room temperature for 10 min. The cell monolayers were then dissolved in 0.1 N HNO3 (20 min, 4C). The acid soluble cellular material
was transferred to scintillation vials and the radioactivity counted using
standard scintillation techniques. Calcium uptake (expressed in nmol
calcium/mg protein) was determined as the counts (cpm) derived from
the acid soluble material divided by the specific activity of the 45Ca2+
containing uptake media (cpm/mol calcium).
Calcium efflux. Calcium efflux was measured as previously reported (17). Briefly, cell monolayers were equilibrated with 45Ca2+ (I
MCi/ml) for 24 h in M199 medium. After equilibration, the cells were
washed rapidly three times with I ml of PSS at 37°C. Efflux of 45Ca2+
was initiated by the addition of I ml of PSS, and the assay was terminated after 6 min using the procedures described for the calcium uptake assay.
Intracellular calcium content by isotopic equilibrium. Intracellular
calcium content was measured as previously reported (17). Confluent
cell monolayers were brought to isotopic equilibrium with 45Ca2' by
incubation for 24 h (37°C, 5% C0J95% room air, humidified atmosphere) in I ml offresh M199 medium containing I sCi/ml of 43Ca2+ in
the presence or absence of liposomes. In some experiments, voltagesensitive calcium channel antagonists were included in the medium.
The assay was terminated after 24 h using the procedures described for
calcium uptake.
-

Intracellular calcium content by atomic absorption spectroscopy.
Cellular calcium content was also measured using atomic absorption
spectroscopy as previously described (17, 20) with minor modifications. Confluent monolayers grown in 1 50-mm dishes were incubated

for 24 h in the presence or absence of liposomes. The incubation period
was terminated by rapidly washing each dish three times with 10 ml of
ice-cold modified PSS in which 10 mM LaCl3 and 145 mM choline
were substituted for CaCl2 and NaCI, respectively. The cells were then
washed two additional times with 15-ml aliquots of an ice-cold solution
consisting of 5 mM Hepes, 300 mM sucrose, and 10 mM LaCl3, pH
= 7.4. The washed monolayer was scraped and transferred to a vial
using four successive 4-ml aliquots of the modified PSS containing
lanthanum and choline. The cell suspension was centrifuged for 10
min (450 g, 40C) and the supernatant discarded. The cell pellet was
then dissolved in 1 ml of 0.1 N HNO3 at room temperature overnight.
Acid soluble cellular material was prepared for spectroscopic analysis
the next day by 20-min incubation in a boiling water bath, centrifugation to remove the insoluble material (4 min at 4,000 g) and collection
of the supernatant. Atomic absorption spectroscopy was performed
using a 0.8-ml sample aliquot in a (model 5000; Perkin Elmer Corp.,
Norwalk, CT) with absorbance at 422.7 nm. Experimental values were
compared to a calcium standard dilution curve freshly prepared in 0.1
N HNO3.
Analytical determinations. The cholesterol, phospholipid, and protein contents of VSMC were determined from sister plates in parallel
with the 45Ca2" flux studies. Monolayers were scraped from culture
dishes with a rubber spatula using 5 vol of 2-propanol at 4VC. The
aliquots were pooled and the suspension was sonicated to insure cell
disruption. FC and total cholesterol (esterified + free) contents were
measured using a fluorescent cholesterol assay according to Gamble et
al. (21). Briefly, to assess FC, cholesterol oxidase is added to generate
H202, and peroxidase is added to catalyze the reaction of H202 with
p-hydroxyphenylacetic acid to generate a stable fluorescent product
which is quantitated with a spectrofluorometer (excitation 325 nm,
emission 415 nm). Cholesterol hydrolase is included for determination
of total cholesterol. The phospholipid mass was determined by phospholipid phosphorus colorimetry according to Sokaloff and Rothblatt
(22). Briefly, after drying down under nitrogen gas, the liquid residue is
digested in H2SO4 - 60% HC104 (4:1, vol/vol) at 180°C for 2 h. After
cooling, color proportional to inorganic phosphorus is developed by
adding 0.4 ml 5% ammonium molybdate and 0.2 ml 0.15% hydrazine
sulfate in 2 ml H20, and heating at 100°C for 20 min. Samples are read
in a spectrophotometer at 600 nm. All lipid assays were performed in
triplicate. Protein content was determined by scraping cell monolayers
into 5 vol of 0.1 N NaOH. The protein mass was assayed according to
the method of Lowry et al. (23).
Analysis ofdata. Statistical significance was determined by the Student two-tailed t test for paired or unpaired comparisons, as appropriate. P values < 0.05 were considered significant. All experiments
were performed in triplicate. All data are presented as mean±SEM.
Reagents. 45Ca2+ (19.6 mCi/mg Ca2+) was obtained from ICN Biomedicals, Inc., Irvine, CA. Free cholesterol, egg phosphatidylcholine,
fraction V BSA, verapamil, diltiazem, nifedipine, serotonin, vasopressin, and thrombin were obtained from Sigma Chemical Co. Endothelin
was obtained from Calbiochem Corp., La Jolla, CA, and FCS was obtained from Gibco. Sandoz Compound 58-035 was a generous gift
from Dr. James Paternitti, Sandoz Pharmaceuticals, Inc. Drugs that
required dissolution in either ethanol (e.g., verapamil) or DMSO (e.g.,
58-035) were adjusted to a final vehicle concentration of 1:10,000 at
the drug concentrations indicated, and control cells were incubated
with the appropriate vehicle at a final concentration of 1:10,000.

Results

Effect of cholesterol-rich and cholesterol-free liposomes on
VSMC lipid content. The FC content of control VSMC averaged 12.6±1.8 gg FC/mg protein. VSMC incubated for 24 h
with cholesterol-rich (2:1 FC/PL) liposomes at final concentrations ranging from 0.0 to 2.0 mg FC/ml in the incubation medium demonstrated that the increase in cellular FC content is
linearly related (r = 0.98; P < 0.001) to the concentration of
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liposomes in the medium (Fig. 1). Incubation of VSMC with
cholesterol-rich liposomes in a concentration of 1 mg FC/ml
for 24 h resulted in an average 74±8% increase (P < 0.01; n = 8)
in FC content compared to control VSMC not incubated with
liposomes or incubated with cholesterol-free phospholipid (0: 1
FC/PL) liposomes (Table I).
Neither cholesterol ester content (total cholesterol minus
free cholesterol) nor phospholipid content was affected by 24-h
incubation with cholesterol-rich liposomes in a concentration
of 1 mg FC/ml medium (Table I). The molar ratio of FC to
phospholipid, an index of membrane FC content (2), was significantly increased by incubation with cholesterol-rich liposomes. VSMC exposed to cholesterol-free phospholipid liposomes for 24 h did not demonstrate changes in cellular FC,
cholesterol ester, or phospholipid contents compared with
nontreated controls (Table I).
Effect ofcholesterol enrichment on VSMC intracellular calcium content. The intracellular calcium content ofcontrol cells
as measured by isotopic equilibration averaged 7.7±0.8 nmol
calcium/mg protein (n = 9). There was a strong linear relationship (r = 0.99, P < 0.001) between VSMC FC content and
intracellular calcium content over a cellular FC range of 5 to 21
,ug/mg protein (Fig. 2). Incubation with cholesterol-rich liposomes in a concentration of 1 mg FC/ml for 24 h increased
VSMC FC content by 69±19% (P < 0.009; n = 10) and was
associated with a 73±11% (P < 0.005; n = 10) increase in intracellular calcium content as measured by the isotopic equilibration method. Atomic absorption measurements likewise demonstrated a 65±11% (P < 0.024; n = 3) increase in intracellular
calcium content after incubation with cholesterol-rich liposomes in a concentration of 1 mg FC/ml for 24 h, as compared
to control cells not exposed to liposomes (14.0±1.6 vs. 9.3±1.2
nmol calcium/mg protein, respectively).
Experiments were performed to determine if the increase in
intracellular calcium content of cholesterol-rich cells is reversible upon removal of the excess cholesterol (Fig. 3). For these
experiments, VSMC were incubated with medium containing

Table I. Cholesterol and Phospholipid Contents of Control
VSMC, and VSMC Incubated with Cholesterol-rich Liposomes
(2:1 FC/PL) or Cholesterol-free Phospholipid Vesicles
(0:1 FC/PL)*
Control

2:1 FC/PL

0:1 FC/PL

12.6±1.8

21.8±2.6*

10.0±2.1

0.105±0.013

0.129±0.015

0.116±0.017

242±17
0.019±0.003
0.113±0.018

266±21
0.018±0.002

Free cholesterol

(,ug/mg protein)
Cholesterol ester

(Ag/mg protein)
Phospholipid

(,g/mg protein)
Protein (mg/cm2)
FC/PL molar ratio

0.186±0.0281

254±36
0.020±0.004
0.081±0.039

*Data are mean values from eight experiments, each performed in
triplicate.
P < 0.01, 2:1 vs. control and 0:1 FC/PL.
P < 0.05, 2:1 vs. control and 0: 1 FC/PL.

no liposomes (control medium), cholesterol-poor liposomes
(0: 1, FC/PL; 0.5 mg PL/ml medium), or cholesterol-rich liposomes (2: 1, FC/PL; 1 mg FC/ml medium) for 48 h. After the
first 24 h, half of the plates which had been incubated with
control or cholesterol-rich medium were changed to cholesterol-poor medium for the second 24 h. Compared to VSMC
incubated with control medium for the entire 48 h, cells exposed to cholesterol-poor liposomes for 24 or 48 h exhibited no
change in free cholesterol and calcium content. In VSMC incubated with cholesterol-rich medium for 48 h, free cholesterol
and calcium were substantially enriched by 48±16% and
74±17%, respectively, versus control cells, an effect comparable to that seen after 24-h incubation with cholesterol-rich medium in the prior experiments.
In VSMC incubated with cholesterol-rich medium for the
first 24 h, followed by cholesterol-poor medium for the second
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Figure 1. Relationship between cholesterol-rich liposome (2:1 FC/PL)
concentration and cellular free (unesterified) cholesterol (FC) content
after addition of liposomes to the cell culture medium for 24 h. The
concentration of 2:1 FC/PL liposomes is expressed as milligrams of
liposomal FC per milliliter ofincubation media. Control cells (open
circle) incubated without liposomes are shown for comparison. Data
represent the mean±SEM of triplicate determinations from a representative experiment.
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24 h, the increases in free cholesterol and calcium were completely reversed so that free cholesterol and calcium were not
different from that in cells incubated with control medium for
48 h, or control medium for 48 h followed by cholesterol-poor
medium for 24 h. Cellular phospholipid content was not affected by any of the conditions (data not shown).

Effect of cholesterol enrichment on basal VSMC calcium
uptake and efflux. To determine whether the increase in intracellular calcium content is associated with an increase in calcium uptake rate, the early time course of calcium uptake was
examined under basal conditions in cholesterol-enriched and
control VSMC (Fig. 4 A). Calcium uptake was linear over the
first 15 s in both cholesterol-enriched and control VSMC, reflecting unidirectional uptake (Fig. 4 B). The unidirectional
calcium uptake rate determined over the first 15 s was significantly increased in cholesterol-enriched versus control VSMC
(0.16±0.02 vs. 0.03±0.003 nmol calcium/s per mg protein, respectively; P < 0.001; n = 3). Net calcium uptake at 8 min was
also markedly augmented in cholesterol-enriched VSMC as
compared to controls (2.9±0.1 versus 1.2±0.1 nmol calcium/8
min per mg protein, respectively; P 0.01; n = 3). The effect of
voltage-dependent calcium channel blockade on the cholesterol-mediated increase in calcium uptake was evaluated using
nifedipine. Nifedipine (1 ,uM; 30 min) reduced the effect of
cholesterol enrichment on 15-s calcium uptake by 78±16%
(P < 0.05; n = 6).
To evaluate the effect of increased cellular cholesterol content on basal calcium efflux, VSMC were equilibrated for 24 h
with 45Ca2" in the presence or absence of cholesterol-rich liposomes. Cholesterol enrichment had no effect on basal calcium
efflux over 6 min (control cells, 0.27±0.03 nmol/6 min; cholesterol-enriched cells, 0.29±0.04 nmol/6 min; n = 6; P = NS).
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Figure 4. (A) Basal calcium uptake time course measured in nontreated control (open circles) and cholesterol-enriched (2:1 FC/PL;
filled circles) VSMC. Calcium uptake was measured at time points
ranging from 5 s to 8 min after the addition of 3 1Ci/ml of 45Ca2".
(B) Expanded time scale for calcium uptake in control (open circles)
and cholesterol-enriched (filled circles) VSMC. All values represent
mean±SEM of three experiments, each performed in triplicate.

Effect ofcalcium channel antagonists on calcium accumulation in cholesterol-enriched VSMC. The possible role of voltage-sensitive calcium channels in the cholesterol-mediated increase in intracellular calcium content was evaluated using the
voltage-dependent calcium channel antagonists verapamil, diltiazem, and nifedipine (Table II). In these studies, cholesterol
enrichment increased intracellular calcium content by 84±9%
compared to control VSMC not incubated with liposomes.
Concurrent addition of verapamil (10 ,M), diltiazem (1 MM),
or nifedipine (1 AM) during liposome exposure significantly
attenuated the increase in intracellular calcium content in cholesterol-enriched VSMC compared to cholesterol-enriched
VSMC. The calcium channel antagonists alone did not significantly affect the intracellular calcium content of control
VSMC.
Addition of the calcium channel antagonists to the culture
medium for 24 h had no effect on the magnitude of cellular FC
enrichment induced by cholesterol-rich liposomes (liposomes
Cholesterol and Vascular Smooth Muscle Calcium
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Table II. Effects of Verapamil, Diltiazem,
and Nifedipine on Intracellular Calcium Content
of Control and Cholesterol-enriched VSMC
Condition

Verapamil (VP; 10,uM)
Diltiazem (DZ; 1 MM)
Nifedipine (NIF; 1 MM)

Cholesterol-enriched
Cholesterol-enriched + VP
Cholesterol-enriched + DZ
Cholesterol-enriched + NIF

Percent change from control*

-13±3
-6±7
- 10±7

84±9*
42±190
48±10*1
64±9*

n

4
4
3
12
4
4
5

*Control intracellular calcium content was 7.2±0.6 nmol calcium per
milligram of cell protein (n = 12).
t P < 0.02 vs. control cells.
§ P < 0.05 vs. cholesterol-enriched cells.

alone, 20.6±6.9 gg FC/mg protein; liposomes plus calcium
channel antagonists, 26.2±4.3 ug FC/mg protein; n = 6;
P = NS).
Effect of cholesterol enrichment on agonist-stimulated calcium uptake. Basal calcium uptake, assessed over a 1 -min time
period, averaged 0.510±0.020 nmol/min (n = 4) in control
VSMC. The addition of serotonin, vasopressin, endothelin,
thrombin, or fetal calf serum each stimulated a marked increase in calcium uptake, ranging from a 28 to 94% increase
over basal values in cholesterol-enriched VSMC (Table III).
Basal calcium uptake was increased by 21±4% (P < 0.001; n
= 4) in cholesterol-enriched VSMC as compared to control
cells. In cholesterol-enriched VSMC, calcium uptake stimulated by endothelin, vasopressin, or thrombin was unchanged
from that in control cells, but calcium uptake stimulated by
serotonin and serum was significantly increased by 1.7- and
3.7-fold, respectively (Table III).

Discussion
These data show that enrichment of VSMC free cholesterol
content causes an increase in the accumulation of intracellular
calcium. This effect of cholesterol enrichment is associated
with a marked increase in the rate of calcium uptake under
basal conditions and in response to some, but not all, agonists.
The increases in basal calcium accumulation and unidirectional calcium uptake are significantly inhibited by calcium
channel antagonists.

The magnitude of the increase in calcium accumulation by
cholesterol-enriched VSMC is linearly related to the extent of
cellular free cholesterol enrichment. Incubation of VSMC with
cholesterol-rich liposomes in the presence of an inhibitor of
cholesterol esterification (16) resulted in the selective enrichment of cellular free cholesterol without changes in cellular
esterified cholesterol or phospholipid, and was therefore associated with an increase in the molar ratio of free cholesterol to
phospholipid, an index of membrane free cholesterol content
(2). Since greater than 90% ofcellular free cholesterol resides in
the plasma membrane (24), it is very likely that the liposomemediated increase in cellular free cholesterol achieved in this
study was associated with enrichment of the plasma membrane. Consistent with this thesis, Gleason and Tulenko (25)
found in cultured smooth muscle cells from rabbit aorta that
enrichment offree cholesterol with a combination of liposomes
and LDL particles caused a selective enrichment ofthe plasma
membrane. Other intracellular membranes (e.g., sarcoplasmic
reticulum) may have also been enriched in free cholesterol, and
potentially may have contributed to the alteration in cellular
calcium handling.
A number of observations led us to consider the possibility
that cholesterol enrichment would result in increased VSMC
calcium accumulation. Locher et al. showed that cholesterol
enrichment of erythrocyte membranes by incubation with cholesterol-rich liposomes resulted in an increase in calcium uptake, and that this effect was inhibited by verapamil (6). We
previously found that perfusion of intact rabbit carotid artery
with cholesterol-rich liposomes is associated with an increase
in blood vessel calcium uptake, and that this effect is substantially inhibited by verapamil (8). Most recently, Gleason and
Tulenko have presented evidence that cholesterol enrichment
of cultured rabbit aortic smooth muscle cells using a combination of cholesterol-rich liposomes and LDL particles is associated with an increase in basal calcium influx (25).
The effect of cholesterol enrichment to increase unidirectional calcium uptake and intracellular calcium accumulation
in this study is significantly inhibited by calcium channel antagonists. Calcium channel antagonists are known to affect the
hydrolysis of esterified cholesterol (26) and the cellular handling of LDL (27). However, these effects cannot account for
our findings, since in these experiments cholesterol esterification was blocked, and membrane cholesterol enrichment was
accomplished without the use of LDL. The calcium channel
antagonists also did not inhibit the ability of liposomes to
enrich cellular free cholesterol. Therefore, we conclude that

Table III. Agonist-stimulated Calcium Uptake in Control VSMC and VSMC Incubated with Cholesterol-rich Liposomes (2:1 FC/PL)*
Agonist

Controlt

2:1

2:1/Control

Pf

n

Serum (10%)
Endothelin (10 nM)

28±4
85±14
69±3
25±5
94±14

74±9
82±7
50±4
38±2
94±22

3.68±0.58
1.01±0.12
0.73±0.03
1.70±0.23
0.98±0.13

0.001
NS
NS
0.023
NS

6
3
2
4
3

Vasopressin (0.1 AM)
Serotonin (10 MM)
Thrombin (5 U/ml)

*Data are mean values of two to six experiments, as indicated, each performed in triplicate. * Calcium uptake is presented as percent increase
over basal calcium uptake, which averaged 0.510±0.020 nmol/min in control VSMC and 0.617±0.025 nmol/min in cholesterol-enriched
VSMC (n = 4 each). § Control vs. 2:1.

1898

R. A. Bialecki, T. N. Tulenko, and W. S. Colucci

calcium channel antagonists inhibit the effect of cholesterolrich liposomes to increase VSMC calcium accumulation at a
step subsequent to membrane free cholesterol enrichment.
The observation that calcium channel antagonists from
three distinct pharmacologic classes shared the ability to inhibit
calcium accumulation in cholesterol enriched cells strongly
suggests that calcium channels are involved, either primarily or
secondarily, in mediating this effect of cholesterol enrichment
on calcium accumulation. Although the calcium channel antagonists used in these experiments are relatively selective for Ltype channels, they may also inhibit receptor-operated calcium
channels, and may have actions other than to inhibit transplasmalemmal calcium influx (28). Finally, it should be noted that
the calcium channel antagonists did not fully block the effect of
cholesterol enrichment, suggesting that a second mechanism of
calcium accumulation, not sensitive to calcium channel antagonists, may also be involved. Clarification of the specific site(s)
at which cholesterol acts to increase calcium influx and accumulation will require further study. Although it is known that
the cholesterol content of a lipid bilayer may influence the
physical state of the bilayer (2), the permeability to ions (5), and
the function of integral membrane proteins (3, 4), the role of
these or other actions of membrane cholesterol in the regulation of VSMC calcium influx remains to be determined.
Since VSMC enrichment caused an increase in basal calcium uptake, it was ofinterest to know whether agonist-stimulated calcium uptake would also be potentiated by cholesterol
enrichment. The calcium uptake stimulated by serotonin and
serum was increased by cholesterol enrichment, whereas that
stimulated by endothelin, vasopressin, and thrombin was not
affected. Thus, the effect of cholesterol enrichment on agoniststimulated calcium uptake is agonist selective. This selectivity
is consistent with the possibility that cholesterol enrichment
affects agonist-stimulated calcium influx at a site before the
calcium influx channel (e.g., the agonist receptor or a G-protein). Of note, Cohen et al. reached an analogous conclusion
with regard to the agonist-selective loss ofendothelium-dependent vasodilation caused by hypercholesterolemia (29). It is
possible that the effects of cholesterol enrichment on basal and
agonist-stimulated calcium influx are due to the actions of cholesterol enrichment on two or more effector sites (e.g., the calcium influx channel and the agonist receptor). Alternatively,
cholesterol enrichment may increase basal and agonist-stimulated calcium influx by acting at a single site such as a G-protein, which both regulates basal calcium channel function and
couples selectively to certain agonist receptors (i.e., serotonin).
The effect of cholesterol enrichment on serum-stimulated calcium uptake is particularly striking, and may be pertinent to
the observation that cholesterol enrichment of rabbit aortic
VSMC potentiates serum-stimulated DNA synthesis (30).
The findings of this study may be relevant to conditions
characterized by excess cholesterol accumulation in the vasculature. A characteristic feature of atherosclerosis is the deposition of both cholesterol and calcium within the arterial wall.
Some of this excess cholesterol accumulates in the extracellular
space or as esterified cholesterol in both vascular smooth muscle cells (31) and nonvascular cells (e.g., macrophages). However, Haley et al. have shown in VSMC from cholesterol-fed
rabbit aorta that free cholesterol is enriched approximately
twofold, even in cells not exhibiting intracellular accumulation
of esterified cholesterol (31). Likewise, although much of the

calcium in atherosclerotic lesions is extracellular, possibly re-

flecting debris from necrotic VSMC, Strickberger et al. have
provided indirect evidence to support the hypothesis that the
uptake and intracellular accumulation of calcium by atherosclerotic rabbit aortic smooth muscle is markedly increased (7,
32). Our data provide direct mechanistic support for this hypothesis by showing that calcium uptake and intracellular calcium content of the VSMC are increased by the enrichment of
membrane free cholesterol. These data further suggest that an
increased responsiveness of the VSMC to certain vasoactive
substances and growth factors could contribute to the abnormal calcium homeostasis observed in hypercholesterolemia.
The role of VSMC calcium accumulation in the pathophysiology of atherosclerosis, if any, is not known (32). However,
there is evidence that calcium channel antagonists, including
verapamil, nifedipine, and diltiazem, inhibit atherosclerotic
plaque formation in animals (32-36), and inhibit serum-stimulated proliferation and DNA synthesis in cultured VSMC
(37). A recent clinical trial concluded that nifedipine significantly suppressed the formation of new atherosclerotic lesions
in patients (38). Our findings provide one mechanism by which
calcium channel antagonists might affect calcium accumulation in the VSMC. Of note, the cholesterol-induced accumulation of intracellular calcium was reversed concomitant with
removal of the excess VSMC free cholesterol with cholesterolpoor liposomes. We conclude that a cholesterol-induced alteration in the handling of calcium by VSMC may represent an
early, potentially reversible, form of injury, the functional consequence(s) of which might play a role in such processes as
VSMC proliferation, migration, cell death, and enhanced sensitivity to vasoconstrictor substances (10, 11, 32, 35, 39, 40).
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