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ABSTRACT

Anticalmodulin and calcium channel blockers have been shown
to reverse Adriamycin resistance by reducing the drug efflux
from resistant cells. Since cellular calcium and calmodulin levels
are probably related to these effects, we have measured the
total, membrane-bound, and intracellular calcium levels in Adri
amycin-resistant (P388/R) and -sensitive (P388/S) leukemia cells.
In P388/R cells, total calcium was ~1.4-fold higher than that of
P388/S cells. Membrane-bound and intracellular calcium levels

were also higher in P388/R cells. No major difference was
observed in the calmodulin content of these cells. The P388/R
cells had a higher (~1.4-fold) protein content. When calculated
on the basis of per unit protein, P388/S and P388/R cells had
similar total calcium but a higher intracellular free calcium and
calmodulin content in P388/S cells. Thus our studies suggested
that the lower drug efflux and increased drug retention in P388/
R cells may not be related to calcium and calmodulin levels but
may be due to some other membrane-related factors.

INTRODUCTION

An anthracycline antibiotic, ADR,3 is widely used in cancer

chemotherapy (1-5). Several in vitro and in vivo studies suggest

that cellular resistance to ADR is primarily due to enhanced
energy-dependent drug efflux (6, 7). Recent studies show that

calmodulin inhibitors and calcium channel blockers, by inhibiting
drug efflux, can enhance drug retention and thereby compromise
cellular resistance to Vinca alkaloids and ADR (8-10).

Several in vitro systems, e.g., Chinese hamster (CHO and
CHL) and Ehrlich ascites cell lines (7,11-13), have been used to

study cellular resistance to ADR. The murine P388 lymphoid
leukemic cell line and its drug-resistant sublines have been
studied extensively for their drug transport characteristics (14-
18). We have used a >84-fold ADR-resistant P388 cell line in
our studies and reported its drug-resistant characteristics and
anthracycline transport modulation by phenothiazines (19-22).

To further characterize this ADR-resistant cell line, we have in

the present report determined the calcium (free and bound),
calmodulin, and protein contents in resistant P388 cells and
compared it to that of the parental drug-sensitive cell line.
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MATERIALS AND METHODS

Chemicals. The radioimmunoassay kit for calmodulin was purchased
from New England Nuclear, Boston, MA. Adriamycin hydrochloride was
obtained from Adria Laboratories, Columbus, OH. Calcein and Quin 2
AM were purchased from Sigma Chemical Company, St. Louis, MO.

Cell Culture. Murine leukemic P388/S and P388/R cells were main
tained as suspension cultures in RPMI 1640, supplemented with 10%
heat-inactivated fetal bovine serum, 2-mercaptoethanol (10 I/M), penicillin

(100 units/ml), and streptomycin (100 //g/ml). In soft agar assays, the
50% inhibitory concentrations of ADR for P388/R and p388/S cells were
8 and 0.1 /*M, respectively.

Calcium Assay. Total, exchangeable (surface-bound), and nonex-
changeable (intracellular) calcium contents were determined by complex-

ometric titration with calcein, at pH 13, according to the procedure of
Wallach and Steck (23). Cells from log-phase cultures (5-7 x 106) were

centrifugea and washed either with 0.25 M sucrose in 10 mw HEPES
buffer, pH 7, to determine the total cellular Ca2+ or with 1 mM EGTA in
10 IHMHEPES-buffered Hanks' balanced salt solution, pH 7, to determine

intracellular calcium. The supernatant solution of the wash was aspirated
and the cell pellet was resuspended in respective buffers. Cell counts
were adjusted to 107 cells/ml and triplicates of 0.1-ml aliquots of cell

suspension were used for each assay. After sonication of cells with a
Virsonic cell disrupter (VirTis Company; model 16-850 with microprobe)
for 3 min, 3 ml of KOH-calcein solution (5 x 10~5 M calcein dissolved in

0.1 N KOH, pH 13) were added and incubated at 37Â°Cfor 30 min. After

cooling at room temperature, the fluorescence of the calcein-calcium
complex was measured at 538 nm (excitation, 490 nm) in an Aminco-

Bowman spectrophotofluorometer.
Intracellular Free Calcium with Quin 2 AM. Cytoplasmic free calcium

was determined by loading the P388/S and P388/R cells with Quin 2
AM according to the procedure of Tsien ef al. (24). P388/S and P388/R
cells (10 x 108/ml) were suspended in pH 7.4 buffer, containing 145 mM

NaCI, 5 mM KCI, 1 mM NauHPO4, 1 rtiM CaCI2, 0.5 mM MgSO4, 5 mM
glucose, and 10 mM HEPES. Quin 2 AM, 50 MM(2.4 UM stock solution
in dimethyl sulfoxide), was added to the cell suspension followed by
incubation at 37Â°C.After 20 min, the cell suspension was diluted 10-fold

with buffer to promote efflux of hydrolysis by-products followed by further

incubation for 40 min. Cells were centrifuged at 1000 x g for 5 min,
washed, resuspended in 1 ml of buffer, and transferred to a cuvette for
fluorescence measurement. The maximum signal, F^, was obtained by
sequential addition of 0.1 % Triton X-100 to the cell suspension containing

Quin 2 AM. The minimum signal, Fn*,, was determined after chelating the
calcium with 10 mM EGTA and addition of Tris base to change the pH
to 8.3. In a recent study, Arslan ef al. (25) reported that heavy metal ions
and the leakage of Quin 2 from cells will interfere with the estimation of
[Ca2+]. In order to avoid this, they suggest the use of 20 ^M N,N,N',N'-

tetrakis(2-pyridylmethyl)ethylenediamine and a change in sequence of

reagent addition for determination of F,â„¢Â«and Fâ€ž*,values. We have
followed their procedures in some of our later experiments. Intracellular
calcium was calculated by using the equation of Tsien et al. (24).

[Ca2+], =
F-

where Ka = 115 nM. Controls were used to correct autofluorescence.
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Radioimmunoassay for Calmodulin. The cellular calmodulin content
was determined by the procedure of Chafouleas ef al. (26) and Wallace
and Cheung (27). Cells from log phase cultures were washed twice with
10 mw imidazole buffer, pH 7.5, containing 1 mw EGTA, 1 mw 2-
mercaptoethanol, 10 mw MgCI2, and 0.15 M NaCI. Cells (1.5 x 106) were

sonicated in a Virsonic cell disrupter for 3 min, immersed in boiling water
for 3 min, and immediately cooled in methanol-dry ice. Sonicates were

centrifugea at 10,000 x g for 30 min and triplicates of 0.1 ml from the
supernatant solution were measured for calmodulin content by the
radioimmunoassay procedure. Competitive binding assays were devel
oped for both unheated and heat-denatured calmodulin preparations

provided by New England Nuclear. Binding of unlabeled calmodulin to
antibodies was ~25 times more with the unheated than the heated

calmodulin preparation. Calmodulin content data presented in this study
are based on a radioimmunoassay displacement curve obtained with the
unheated calmodulin.

Total Protein Determination. Total cellular protein content was de
termined by the method of Lowry et al. (28). Cells (3-5 x 106) were

washed three times and resuspended in phosphate-buffered saline. After
precipitation with 10% trichloroacetic acid, the precipitate was centri-

fuged at 200 x g for 10 min and dissolved in 0.2 ml of 1 N NaOH. The
color developed by addition of Polin reagent was measured at 750 nm.
Human albumin was used as a standard.

RESULTS

Calcium Content. Table 1 gives the calcium content of P388/
S and P388/R cells as determined by the complexometric titra-
tion with calcela By using different washing procedures, it was
possible to estimate the total, surface-bound, and intracellular

calcium contents. The total calcium contents of P388/S and
P388/R cells were 34 and 46.4 nmol/106 cells, respectively. Thus

the P388/R cells had approximately 1.4-fold more total calcium
than did the P388/S cells. The EGTA-nonexchangeable calcium,

which remains in cells after washing with 1 mw EGTA, was 34
nmol (32% higher) in P388/R cells compared to 25.8 nmol in
P388/S cells. These values indicate that on per cell basis P388/
R cells contain more calcium than do sensitive cells.

P388/S cells had a 2.2-fold higher cytoplasmic free calcium
(Table 2) as determined by the Quin-2 AM method (24). Even

Table 1

Calcium content of P388/S and P388/R cells
nmol/106cells

Calcium P388/S P388/R
Total"
Intracellular0
Surface-bound0

34.0 Â±4.1Â°

25.8 Â±2.8
8.2 Â±3.97

46.4 Â±5.3
34.0 Â±4.5
12.4 Â±4.5

" Represents intracellularand surface-boundcalcium (see "Materials and Meth
ods.)"

Mean Â±SD (a3 determinations).
0 Value obtained after washing the cells with 1 mmEGTA.
" Difference between a and c.

Table 2
Cytoplasmic free calcium in P388/S and P388/R cells"

Calcium(pmol)

107cells Without TPEN" With TPENC

P388/S
P388/R

592 Â±49.9"

295 Â±20.5
195 Â±16
127 + 4.5

8 Determinedwith Quin 2 AM.
6 TPEN, W,N,W',N'-tetrakis(2-pyridylmethyl)ethylenediamine.
0 Includesa change in sequence of addition of reagents (25).

Mean Â±SD (5 determinations).

after modification as suggested by Arslan ef a/. (25), the P388/
S showed a 1.5-fold higher cytoplasm free calcium than did

P388/R cells.
Calmodulin Content. We did not find any difference in the

calmodulin contents of P388/S and P388/R cells (Table 3) by the
radioimmunoassay method.

Total Protein Content. Data in Table 3 shows the total cellular
protein content of P388/S and P388/R cells as determined by
the method of Lowry. In six different experiments performed
over a period of 6 weeks, we observed approximately 38% more
protein in P388/R cells as compared to that of P388/S cells. In
two other experiments (data not shown), P388/R cells had 20%
more protein content than P388/S cells.

DISCUSSION

Rapid emergence of pleiotropic drug resistance as well as the
presence of intrinsic drug resistance in tumor cells poses a major
problem in cancer chemotherapy. Several experimental models
have been developed to study drug resistance and its modulation
in vitro (6-13,21,22). Markers of resistance such as cell surface

glycoproteins as well as cytogenetic, biochemical, and other
changes accompanying the evolution of a drug-resistant pheno-
type has been reported (11, 19, 20).

Earlier studies (6, 7,16) have shown that ADR-resistant cells
have an active drug efflux mechanism (6, 7, 16) which can be
compromised by exposure of cells to phenothiazines or calcium
channel blockers (8-10). In a recent study (21, 22), we have

shown that phenothiazine effects on drug efflux are cell cycle
and proliferation related, and cells in early part of the cell cycle
and nonproliferating cells are least affected by these agents.
Similarly Tsuruo ef a/. (9) and Ganapathi ef al. (10) have shown
that in drug-resistant P388 cells, coincubation with antical-

modulin drugs (such as chlorpromazine or trifluoperazine) or
calcium channel blockers (verapamil) will enhance drug retention
by blocking drug efflux. Ganapathi ef al. (29), while studying the
effect of different anticalmodulin agents on ADR efflux mecha
nism in P388 cells, observed a relationship between the potency
of anticalmodulin drugs and the drug efflux and suggested that
the anticalmodulin effect can be a major factor in determining
ADR efflux. We have used laser flow cytometry for monitoring
of cell size as well as for rapid quantitation of intracellular ADR
fluorescence. Our studies (22) show that phenothiazines cause
significant changes in resistant cell surface resulting in decreased
light scatter signal while increasing cellular drug fluorescence
presumably by inhibiting drug efflux. In contrast, the calcium
channel blocker verapamil has a minimal effect on light scatter
while maximizing cellular drug fluorescence retention. These
studies strongly suggest that the effects of phenothiazine on cell
surface may be involved in the observed increase of ADR fluo
rescence, whereas the effects of verapamil may be more genu
inely related to blocking of drug efflux.

Table 3

Calmodulin and protein content of P388/S and P388/R cells

Calmodulin
(ng/106cells)

Protein (^g/
10" cells)

Calmodulin/ftg
protein (ng/Mg)

P388/S
P388/R

207 Â±22.8a

217 Â±21.1
110Â±11.3
151 Â±12.6

1.88
1.43

Mean Â±SD (>3 determinations).
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Because calcium and calmodulin are presumably involved in
drug efflux, Tsuruo ef al. (30) measured and reported high
calcium content in ADR-resistant P388 leukemia cells whereas

the calmodulin content was almost similar in P388/S or P388/R
cell lines. Based on these data, he concluded that higher cellular
calcium level was related to drug efflux in resistant cells.

Tsuruo ef al. (30) have used 45Ca as a probe in the determi

nation of total and cellular calcium levels in P388/S and P388/R
cells. Our data agree with Tsuruo's observation on total and

cellular calcium levels determined by complexometric titration
with calcein. The cellular calcium determined by these two meth
ods, however, does not represent the cytoplasmic free calcium,
which is readily available for many biochemical reactions. When
cytoplasmic free calcium in intact cells was measured by using
the fluorescent indicator Quin 2 and necessary corrections were
made for the interference of heavy metal ions and leakage of
trapped Quin 2 from the cell (24, 25), we observed a higher
cytoplasmic free calcium level in P388/S cells. We have also
observed lower Fminin P388/R cells indicating that P388/R cells
have lower intracellular Quin 2 than do P388/S cells. This differ
ence possibly may be due to the lower levels of endogenous
esterase in P388/R cells.

Since the regulation of calcium ions and their many biological
reactions are controlled by the calcium-binding protein calmod

ulin, it became necessary to determine and compare calmodulin
levels in sensitive and resistant cells. We did not observe any
difference in the calmodulin contents of P388/S or P388/R cells.
When the calcium and calmodulin contents were calculated on
the basis of total cellular protein content (as P388/R cells had
higher protein content), no difference in total calcium content of
the two cell lines was seen, but there was a decrease in cyto
plasmic free calcium as well as the calmodulin content in P388/
R cells (Tables 3 and 4).

One of the suggested mechanisms for ADR resistance has
been an enhanced drug efflux and it appears logical to involve
the membrane-bound CaATPase system in the drug efflux as an

energy source (31). If drug efflux requires an active CaATPase
pump, then P388/R cells should have an active calcium efflux
and this would result in lower cytoplasmic calcium level as
observed in our studies (Table 2 and 4). The factors essential
for maximal activation of CaATPase are requirement of calmod
ulin or acidic phospholipids or limited proteolysis (32). Since we
observed a decreased level of cytoplasmic free calcium and
calmodulin in P388/R cells, this implies that calmodulin and
calcium may not be the factors which activate the energy-

dependent efflux process in P388/R cells. Carafoli (32) has
suggested that CaATPase can also be activated by membrane-

bound acidic phopholipids or limited proteolysis besides calmod
ulin, and phenothiazines can inhibit the activation of CaATPase
induced either by calmodulin or acidic phospholipids. It is there
fore probable that the drug efflux mechanism, which is modulated
by calcium and calmodulin inhibitors, may be dictated by certain

Table 4

Cellular calcium content per jig protein

Calcium(pmol)Total
calcium8

Intracellular calcium8
Cytoplasmic free calcium"P388/S300

234
0.18P388/R300

224
0.084

changes in membrane-associated phospholipids and not by lev

els of calcium and calmodulin. Ramu ef al. (33) also contend that
increased retention of drugs in cells may be due to the effects
on the cell membrane lipid domain rather than on the calcium
transport.

Over the past several years, we have been studying several
characteristic properties of ADR-sensitive and -resistant P388

cells in our laboratory. Based on the data obtained thus far, the
following major differences are seen in these two cell lines: (a)
accumulation of ADR in P388/R cells is 2-4-fold lower than that
of P388/S cells (20); (b) there is no dose-dependent effect of

ADR on cell cycle traverse and chromosomal aberration of P388/
R cells when compared to P388/S cells (20); (e) P388/S cells
have all acrocentric chromosomes, whereas in P388/R cells 1-

3 metacentri chromosomes are usually seen (34); (d) in P388/
R cells several new cell surface glycoproteins and cytoplasmic
proteins are present4; (e) the effects of phenothiazine are more

prominent in P388/R cells and thereby retention of ADR is more
pronounced (22); (f) the present study shows that there is less
cytoplasmic free calcium and calmodulin content in P388/R cells.
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