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Abstract 

Acetoxymethyl ester (AM) derivatives of various fluorescent indicators (fura-2, fluo-3, indo-1, BCECF, calcein) are actively 
extruded by the multidrug transporter (MDR1, P-glycoprotein - Homolya, L. et al. (1993) J. Biol. Chem. 268, 21493-21496). In 
the present paper we show that the measurement of the accumulation of a fluorescent cell viability marker, calcein, can be 
effectively used as a rapid and sensitive fluorometric and flow cytometric assay for studying P-glycoprotein function. The rate of 
calcein accumulation in human MDRl-expressing cells is significantly lower than in the control cells, while various drug-resis- 
tance reversing agents (verapamil, vinblastine, oligomycin, cyclosporin A and UIC2 monoclonal antibody) greatly increase calcein 
trapping only in the MDRl-expressing cells. Since calcein-AM is not fluorescent and free calcein is not a substrate of the 
multidrug transporter, the assay is readily applicable for rapid kinetic studies of the MDR1 function. Calcein has a high 
fluorescence intensity in the visible range, thus changes in calcein uptake can be easily visualised and MDRl-expressing and 
control cells separated by conventional flow cytometry. 
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Ineffectivity of tumor chemotherapy is often caused 
by the resistance of malignant cells to a wide range of 
hydrophobic cytostatic agents, including Vinca alka- 
loids, anthracyclines, epipodophyllotoxins, antibiotics 
like actinomycin D, and other chemically unrelated 
compounds of natural origin. The main characteristic 
of these multidrug-resistant cells is an energy depend- 
ent outward transport  of drugs produced by a mem- 
brane glycoprotein, identified as P-170 or P-glyco- 
protein (MDR1, multidrug transporter). Another  key 
feature is the potential reversibility of multidrug resis- 
tance by a great variety of agents, like verapamil, 
quinidine, calmodulin inhibitors, phenothiazines, reser- 
pine, or cyclosporin A [2,3] 

In order to assess the presence and functioning of 

* Corresponding author. Fax: + 36 1 1852234. 
Abbreviations: AM, acetoxymethyl ester; BCECF, 2',7'-bis(2- 
carboxyethyl)-5-(and-6)-carboxyfluorescein; BSA, bovine serum albu- 
min; DMEM, Dulbecco's modified Eagle's medium; FCS, fetal calf 
serum; Mab, monoclonal antibody; MDR1, human multidrug-resis- 
tance protein; PBS, phosphate-buffered saline. 

0005-2736/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0005-2736(94)00055-T 

the MDR1 protein in various normal and tumor cells, 
several methods have been established. The mdr l  
m R N A  is detected by RNA slot blot, RNAse protec- 
tion assay, in situ hybridization, Northern blot, or re- 
verse transcription-PCR. The expressed P-glycoprotein 
can be visualised with Western blotting, immunocyto- 
chemistry, or immunofluorescence labelling, by using 
various monoclonal and polyclonal antibodies. The 
functional demonstration of the presence of MDR1 
requires in vitro cytotoxicity assays or, alternatively, the 
measuring of the extrusion of labelled or fluorescent 
drugs, or drug-mimicking molecules [4]. It has been 
shown that MDRl-express ing cells show a decreased 
uptake of certain fluorescent anthracyclines [5], as well 
as fluorescent dyes as Rhodamine 123 [6-8], or fluo-3 
[9,10], and these compounds have been used to dis- 
criminate between drug-resistant and sensitive cells. A 
functional flow cytometric analysis is often required 
because of the non-uniform distribution of MDRI-ex-  
pressing cells and different patterns of MDR1 expres- 
sion depending on the type of tumor and stages of 
t reatment  regimen. 
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Var ious  f luorescen t  dyes,  l ike fura-2,  fluo-3, indo-1,  
quin-2 and  B C E C F  are  widely  used  in b iochemica l  
s tudies  focusing on  changes  in in t race l lu la r  ionic com- 
pos i t ion  and  m e m b r a n e  charac te r i s t i cs  dur ing  cell  acti-  
vat ion.  Recen t ly  we have shown [1] tha t  the  hyd ropho-  
bic, c e l l - p e r m e a n t  A M  der ivat ives  of  these  p robes  a re  
actively ex t ruded  by the  mu l t i d rug  t r anspor t e r ,  in con- 
t ras t  to the  hydrophi l i c  f ree  acid  forms p r o d u c e d  by 
in t race l lu la r  es te rase  c leavage.  The  s ignif icant ly differ-  
en t  ra tes  of  dye up t ake  by cont ro l  and  M D R 1  ceils and  
the  excel len t  M D R 1 - A T P a s e  act ivat ing p rope r t i e s  of  
these  p robes  sugges ted  the  poss ib le  d e v e l o p m e n t  o f  a 
sensi t ive f luorescen t  a p p r o a c h  for  the  func t iona l  char -  
ac te r i sa t ion  and  de t ec t i on  of  P-g lycopro te in  in ce l lu lar  
systems. In  the  p r e sen t  r epo r t  we d e m o n s t r a t e  tha t  
ca l ce in -AM,  which  is widely  used  in cell  viabi l i ty  and  
p ro l i f e ra t ion  assays, is a highly; advan tageous  p r o b e  for  
a funct ional  de t ec t ion  of  the  mu l t i d rug  t r anspor t e r .  
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Fig. 1. Time-course of caicein accumulation in control and human 
MDRl-transfected NIH 3T3 fibroblasts. (Panel 1) Control NIH 3T3 
cells were incubated with 0.25 ~M calcein-AM in HPMI at 37°C. 
Curve a, no verapamil addition; Curve b, verapamil (40 v.M) preincu- 
bation for 5 min before the loading period. (Panel 2) Curves a and b: 
MDRl-expressing cells incubated under identical conditions to curves 
a and b of Panel 1. Curve c, verapamil (40 #M) added at the time 
indicated by the arrow. NIH 3T3 fibroblasts were cultured as in Ref. 
[1]; human MDRl-transfected cells (NIH 3T3 MDR1 G185) were 
prepared and characterised for their drug-resistance as described 
previously [19]. Before each experiment the cells were trypsinised, 
then washed and stored in Dulbecco's modified Eagle's Medium 
(DMEM) at 25°C. Dye uptake was measured by incubating 2.106 
cells/mi in HPMI medium [I] containing 0.25 /.~M calcein-AM 
(Molecular Probes, Eugene, OR, USA). Fluorescence was measured 
at 37°C with rapid stirring in a Hitachi F-4000 fluorescence spectro- 
photometer (excitation and emission wavelengths for calcein were 
493 and 515 nm, respectively, with a band width of 5 rim). Calibra- 
tion of dye concentration was based on the measurements of free 
calcein fluorescence in the same instrument under identical condi- 
tions. All experiments were repeated at least three times with 
different batches of cell preparations and representative data are 
shown. The mean volume of control and MDRl-expressing NIH 3T3 
cells was estimated to be 1000 fl/celi, as determined by a Coulter 
Channeliser. 

Control MDR 
NIH 3T3 

Fig. 2. Detection of P-glycoprotein by immunoblotting of the isolated 
NIH 3T3 cell membrane proteins with the 4077 polyclonal antibody 
specific to human MDR1. Lane 1, control cells; Lane 2, MDR1- 
transfected NIH 3T3 cells. Both lanes contained 10 p,g membrane 
protein. Electrophoresis and immunoblotting with the 4077 poly- 
clonal antibody [20] were carried out as described in [15]. 

Calce in  ace toxymethyl  es te r  ( A M )  is highly l ipid 
soluble,  rap id ly  p e n e t r a t e s  the  p l a sma  m e m b r a n e  of  
cells,  and  is p rac t ica l ly  non- f luorescen t .  By c leavage of  
the  es te r  bonds ,  i n t r ace l lu l a r  es te rases  t r ans fo rm the 
dye to a hydrophi l i c  and  intensively f luorescen t  f ree  
ac id  form. W e  have shown previous ly  [1] tha t  calcein-  
A M  (but  not  f ree  calcein)  is an excel lent  ac t iva tor  of  
the  M D R 1 - A T P a s e  in i so la ted  m e m b r a n e s  (Ka_< 1 
/~M) and  tha t  ca lce in  accumula t ion  is p r e v e n t e d  in 
M D R l - e x p r e s s i n g  cells. Calce in  is a f luoresce in  der iva-  
tive wi th  a high mola r  emiss ion coeff ic ient  ( abou t  7 .5 -  

Table 1 
Effects of various inhibitors 
tion in NIH 3T3 fibroblasts 

of P-glycoprotein on calcein accumula- 

Treatment Calcein accumulation 
(/.~mol/min per liter of cells) 

control cells MDR1 cells 

None 3.56 -I- 0.51 0.63 -+ 0.26 
Verapamil (40/~M) 3.53_+0.70 3.8 _+0.79 
Vinblastine (50 v.M) 3.6 + 0.63 4.03 _+ 1.10 
Oligomycin (30 ~t M) 2.46 _+ 0.46 2.83 + 0.11 
UIC2 (20/~g/ml) 3.55 ± 0155 1.99 -+ 0.35 
Cyclosporin A (5/~M) 3.54_+ 0.42 3.84_+ 0.61 

For experimental conditions see the legend to Fig. 1. Calcein accu- 
mulation rate was expressed as /zmol free calcein/min per liter of 
cells, mean + S.E. (n = 3). 
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fold higher than that of fura-2), with no apparent 
cytotoxicity. It is well retained by the ceils (T½ of 
calcein leakage is about 3 h at 37°C), with a fluores- 
cence essentially insensitive to changes in pH, as well 
as Ca 2÷ or Mg 2+ [11]. The fluorescence excitation and 
emission maxima of calcein are 496 and 517 nm, re- 
spectively, making this dye suitable for both conven- 
tional f luorescence/f low cytometric and laser-scanning 
microscopic applications. 

In the experiments in Fig. 1 we measured calcein 
accumulation in a spectrofluorometer, by using control 
NIH 3T3 flbroblasts and the same cell line stably 

expressing the human MDR1. When the cells were 
incubated in the presence of calcein-AM, MDRI-ex- 
pressing fibroblasts showed an about 6-8-times lower 
rate of calcein accumulation than the control cells. 
Preincubation of the cells with verapamil, an effective 
MDRl-reversing agent [12], restored the rate of dye 
accumulation in the MDRl-cel ls  almost to the control 
level (Panel 2, Curve B), and the addition of verapamil 
during dye loading (Panel 2, Curve C), produced a 
similar increase in dye accumulation. In contrast, vera- 
pamil had no effect on calcein accumulation in the 
control NIH 3T3 cells (Panel 1, Curve B). After wash- 
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Fig. 3. Flow cytometric detection of P-glycoprotein function by calcein accumulation. (Panel A) Representative data of calcein loading 
experiments in control (A1, 3, 5) and MDRl-transfected (A2, 4, 6) cells. After a preincubation period (at 25°C) with the inhibitors (A1, A2: no 
addition; A3, A4: verapamil 40 ~M for 6 min; A5, A6:UIC2 Mab, 10 ~ g / m l  for 30 min) 105 cells/ml were further incubated in the calcein-AM 
(0.25 /~M) containing medium at 37°C for 15 min. Green fluorescence intensity was measured and data are shown as number of cells plotted 
against log fluorescence intensity. (Panel B) Accumulation of calcein in a mixed population of control and MDRl-transfected cells in the absence 
(B1) and presence (B2) of verapamil. Loading conditions were identical as indicated at Panel A. Cellular fluorescence was measured with a 
Cytoronabsolute (Ortho, Ortho Diagnostics Systems, NJ, USA) flow cytometer. Non-living cells were detected and gated out by propidium iodide 
staining. Data were analysed by the Winlist software (Verity Software House). 

ing and resuspending the cells in dye-free medium, no 
dye was observed to leak into the medium over a 
period of 180 rain from either control or MDR1 cells. 
Addition of verapamil had no effect on dye retention 
of either cell type (data not shown). Calcein trapping 
properties are not influenced by changes in extracellu- 
lar pH between 7.0 and 7.8 (data not shown). Taken 
together with our earlier data, indicating no interaction 
of free acid dyes with the multidrug transporter [1], 
these experiments suggest that free calcein is well 
retained by the cells and is not exported by the mul- 
tidrug transporter. 

Fig. 2 shows an immunoblot of the cell membrane 
proteins with the 4077 polyclonal antibody raised 
against human MDR1. These experiments clearly indi- 
cate the presence of large amounts of the 170 kDa 
P-glycoprotein in MDRl-transfected fibroblasts (lane 
2), while no labelling can be observed in the control 
cells (lane 1). 

In order to examine the effects of various inhibitors 
and substrates of the multidrug transporter, we com- 
pared the effects of verapamil, vinblastine, oligomycin, 
cyclosporin A, and an inhibitory monoclonal antibody, 
UIC2, on calcein accumulation in control and MDR1- 
expressing NIH 3T3 cells (Table I). As shown earlier 
(Fig. 1), verapamil increased calcein accumulation in 
the MDR1 fibroblasts without any effect on the control 
cells. Vinblastine, a well-known drug substrate of P- 
glycoprotein [13], increased dye trapping in the MDR1 
fibroblasts, probably by competing on the MDR1 trans- 

porter, while no significant effect could be observed in 
the control cells. Cyclosporin A, an effective drug-re- 
sistance reversing agent [14] and oligomycin, a potent 
inhibitor of P-glycoprotein mediated drug transport 
[13] and MDR1-ATPase activity [15,16], also restored 
dye accumulation almost to the control level, although 
the latter slightly inhibited calcein accumulation in the 
control fibroblasts as well. The UIC2 monoclonal anti- 
body, which recognises extracellular epitopes of P- 
glycoprotein and inhibits drug transport [17] increased 
calcein accumulation by almost 50% in the MDR1 
fibroblasts, without any effect on the control cells. 

All these data clearly indicate that measurement of 
calcein accumulation may be used to test for the func- 
tional presence of the multidrug transporter. The low 
environmental sensitivity, the intensive fluorescence of 
the intracellularly formed and trapped calcein and the 
continuous accumulation of this relatively inert dye 
make these investigations relatively simple and effi- 
cient. In addition, dye accumulation is suitable for 
studies of the kinetics of the multidrug transporter. 

Previous fluorescence dye assays applied for study- 
ing MDR1 function had serious drawbacks. The mito- 
chondrial dye, Rhodamine 123, which is exported by 
the multidrug transporter and which thereby has re- 
duced uptake in MDRl-expressing cells [6-8], easily 
leaks out of the cells, accumulates in hydrophobic 
compartments and/or  intracellular organelles [18], and 
shows a spectral shift and fluorescence intensity change 
inside cells due to its interaction with various cellular 
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components. The detection of a lower steady-state 
level of the fluorescent anthracycline, daunorubicin in 
drug-resistant cells [5] has similar problems of quanti- 
tation, because daunorubicin fluorescence is quenched 
upon binding to DNA [4]. The accumulation of fluo-3, 
a cytoplasmic calcium indicator, was found to be faster 
and an almost 7-times more sensitive measure of MDR1 
function than the doxorubicin assay [9,10]. Although 
fluo-3 AM is indeed a good activator of MDR1-ATPase 
activity, and actively extruded by the multidrug trans- 
porter [1], the intracellularly formed free fluo-3 has a 
low fluorescence unless bound to calcium (K d = 0.37- 
2.3 /~M) and emission intensity increases more than 
80-fold upon calcium binding [11]. Thus any change in 
cytosolic calcium levels (caused, e.g., by various cal- 
cium channel and calmodulin inhibitors, interacting 
also with MDR1) and free acid dye leakage, which may 
be significant in washed cells, greatly affect fluo-3 
fluorescence in such in vitro studies. 

In the following experiments flow cytometric mea- 
surements were carried out to determine whether the 
kinetic differences in calcein accumulation seen in the 
spectrofluorometric experiments allow a discrimination 
between MDR1 and control cell populations under 
quasi-steady-state loading conditions. Fig. 3, Panel A 
demonstrates that after a 15 min incubation of the cells 
with calcein-AM, P-glycoprotein expressing NIH 3T3 
cells accumulated much smaller amounts of calcein 
than the control cells. Pretreatment with verapamil or 
the UIC2 inhibitory antibody resulted in an increased 
calcein accumulation in the MDR fibroblast popula- 
tion, without having any significant effect on the dye 
accumulation in the control cells (Fig. 3, Panel A). 
MDR1 expressing and drug-sensitive cell-mixing exper- 
iments showed a clear distinction between the two cell 
populations on the basis of their calcein fluorescence, 
while the addition of verapamil caused a significant 
fluorescence shift to high intensity levels, affecting only 
the MDR1 cell population (Fig. 3, Panel B). 

These data dearly show that calcein accumulation is 
a fast and effective tool for measuring P-glycoprotein 
function both at single cell and cell population levels. 
In flow cytometry, immunofluorescence studies may be 
combined with kinetic data for calcein accumulation, 
which offers a unique possibility of simultaneous deter- 
mination of P-glycoprotein expression and function. 
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