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L I21I} cells mediate tile unidirectional and energy-dependent efflux of mcthotrexate. Efllux occurs primarily viii a system which 
has a high sensitivity to prostaghmdin A i, vincristine, reserpine, verapamil, and bromosulfophthalein, but evidence has also been 
obtained for a second cfflux component with a lower response to these inhibitors. Pretreatment of LI210 cells with low 
concentrations of vincristine reduces methotrexate efflux by three fi~ld and uncovers a second cfllux component wifll an inhibitor 
specificity which is distinctly different from the primary efflux route. Vincristine treatment increased by 8-20-fold the 
concentration required for half-maximal efflux inhibition by prostaglandin A I, reserpine, bromosulfophthalein, and ver~,pamil 
but had no effect on inhibition by probenecid, quinidine, or carbonylcyanide m-chlorophenylhydrazone. A selective block in the 
primary efflux system and retension of the second component was also achieved in cells exposed to low concentrations of 
prostaglandin A~ or bromosulfophthalein. These results support prior conclusions that LI210 cells contain both a primary and 
secondary unidirectional effiux rouie for methotrexate. The second system has been difficult to detect and quantitate since it 
comprises only 25% of total unidirectional efflux and shows a rciatively low response to various efflux inhibitors. 

Introduction 

LI210 mouse leukemia cells contain multiple routes 
for the efflux of methotrexate [1-6], an antifolate em- 
ployed in cancer chemotherapy. Efflux proceeds in part 
via the bidirectional reduced-folate influx system, which 
contributes up to 20% of total efflux in energy-replete 
cells [5]. Efflux via the reduced folate carrier system 
can be blocked specifically by brief treatment with an 
activated derivative of methotrexate (NHS-methotre- 
xate) [4-6,7] and hence can be readily separated from 
other efflux components [4-6]. The remaining portion 
of methotrexate efflux is energy-dependent and it is 
functionally unidirectional since analyses of influx ki- 
netics have not revealed a component with a corre- 
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sponding inhibitor sensitivity [4,8,9]. "File unidirectional 
efflux of methotrexate has been characterized primar- 
ily by its response to various inhibitors. The most 
effective compounds include PGAt,  VCR, reserpine, 
verapamil, BSP, and probenecid [5,6]. Since some of 
these latter compounds had been shown to produce 
biphasic inhibition kinetics [1,3-6], the possibility was 
raised that L1210 cells may contain a primary unidirec- 
tional efflux route for methotrexate with a high sensi- 
tivity to various inhibitors and a second system with a 
relatively low inhibitor sensitivity. Results from another 
laboratory, however, suggested that only a single route 
mediated the unidirectional efflux of methotrexate in 
L1210 cells [10]. 

The present study was initiated to pursue the ques- 
tion of multiple unidirectional efflux routes for 
methotrexate in LI210 cells. Our approach was to 
identify inhibitor conditions which could essentially 
block the primary efflux system for methotrexate with- 
out substantially affecting the activity of other possible 
efflux routes. LI210 cells exposed to low concentra- 
tions of VCR provided these desired inhibitor condi- 
tions, and a second efflux route for methotrexate with 
a distinct inhibitor specificity was identified. A compar- 
ison of assay procedures also suggested that in prior 
studies [10] the inability to observe this secondary route 
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could have resulted from differences in the experimen- 
tal conditions. 

Materials and Method 

Chemicals. [3',5',9-3H]Methotrexate (20 Ci/mmol) 
(Moravek Biochemicals) was diluted with unlabeled 
methotrexate to a specific activity of 100000 cpm/nmol 
and purified by thin-layer chromatography [4]. 
Methotrexate, BSP (sulfobromophthalein), PGAt, re- 
serpine, verapamil, VCR, and probenecid were ob- 
tained from Sigma Chemical Co. NHS-methotrexate 
was prepared as described previously [7]. 

Cells. Parental LI210 mouse leukemia cells were 
grown as described previously [7] in RPM! 1640 
medium containing 3% fetal bovine serum and antibi- 
otics. Transport measurements were performed with 
cells (500 ml) grown in I-liter capped flasks in a shak- 
ing incubator. Cells at a density of 0.9 to 1.3.10"/ml 
were chilled to 4°C. collected by centrifugation at 4°C 
(5!~ × g), washed with I1~) volumes of HBS (20 mM 
Hepes, 140 mM NaCI, 5 mM KCi, 2 mM MgCI,, pH 
7.35 with NaOH), and suspended (at 4°C) in the de- 
sired buffer: ['IBBS (Hopes/bicarbonate-buffered 
saline), 20 mM Hepes, 5 mM Na-bicarbonate, 135 mM 
NaCi, 5 mM KCI, 2 mM MgCI.,, pH 7.35 with NaOH; 
HBBS/glucose, HBBS containing 5 mM gl,.~,c,~e' TBBS 
(Tris/bicarbonate-buffered saline), l0 mM Tris, 107 
mM NaCI, 26.2 mM Na-bicarbonate, 5.3 mM KCi, l.t~ 
mM CaCI,, and 1.0 mM MgCI,, oH 7.35 with HCI; or 
TBBS/glucose, TBBS plus 7 mM glucose. 

Efflm" measurements. Methotrexate efllux was meas- 
ured in washed cells that had been suspended to (6- 
10). 107/ml in HBBS, incubated for 15 rain at 37°C 
with 10 ~M ['aH]methotrexate, diluted 5 fold with 
saline (5 mM phosphate, 160 mM Na-phosphate, pH 
7.35), centrifuged at 1000 × g (5 rain, 4°C), and treated 
(5 rain, 23°C) with 10 #M NHS-methotrexate to block 
efflux via the reduced-folate influx carrier [4,6]. After 
centrifugation, the cells were suspended to 3.10 7 per 
mi in the desired assay buffer. Assay mixtures Core- 
pared in duplicate) consisted of substrate-loaded cells 
and additions in a final volume of 1.0 ml. After incuba- 
tion for varying times at 37°C, the cells were diluted 
with 7 ml of ice-cold saline, collected by centrifugation 
at 1000 × g (5 rain, 4"C), suspended in 0.5 ml of saline, 
and analyzed for radioactivity in 10 ml of ScintiVerse 
(Fisher). Samples held at 0°C served as the control. 
Results were reported as retained substrate (in 
Drool/rag of cell protein) or relative rate determined 
from the first-order rate constant and were the mean 
of at least two separate determinations. Inhibitor speci- 
ficity analysis involved measurements of efflux at vary- 
ing concentrations of inhibitor at a time that approxi- 
mated 50% release of the substrate by the control 
(without inhibitor), conversion of individual data points 

to a first-order rate constant (from the tl/2 for efflux), 
and determination of percent inhibition relative to the 
control. ICs0 values for half-maximal efflux inhibition 
were determined from plots of percent inhibition ver- 
sus inhibitor concentration. Protein concentrations 
were measured by the Biuret reaction [11] using bovine 
serum albumin as the standard. Theoretical competi- 
tive inhibition plots were derived from the Dixon equa- 
tion. 

A TP analysis. ATP levels were determined as de- 
scribed previously [4] in LI210 cells that had been 
washed and suspended in HBBS or TBBS to a density 
of 2. 107/mi and combined with the desired additions 
in a final volume of 1.0 mi. After incubation of dupli- 
cate samples for the desired time at 37°C, cells were 
collected by centrifugation at 4°C (5 min, lOI)O X g), 
suspended with vigorous mixing in 0.5 mi of 0.3 M 
sulfuric acid, neutralized with 0.5 ml 0.6 M NaOH, 
diluted with 4.0 ml 20 mM K-phosphate (oH 7) and 
assayed twice for ATP by the lucifcrin/luciferase assay 
of Cheer et al. [12]. The standard deviation was usually 
less than 10% for the mean of the four data points 
assayed in each experiment, whereas absolute values 
for ATP levels varied up to 20% in experiments per- 
formed on different days. 

Results 

General features o f  methotrexate effh~r in 1.1210 cells 
Previous studies have shown that methotrexate el- 

flux in Ll210 cells occurs rapidly and is comprised of 
multiple components [1-6]. Efflux follows approxi- 
mately first-order kinetics for the release up to 70% of 
the accumulated [~H]methotrexate under our standard 
conditions ill which the substrate load (110+ 20 
pmol/mg protein) greatly exceeds the level of dihydro- 
folate reductase (9 5:2 pmol/mg protein). This load is 
achieved in HBBS using 10 gM [aH]methotrexate and 
an incubation interval of 15 rain at 37°C. The short 
loading time (15 min) is desirable since it limits the 
possibility of adverse buffer effects or interference 
from the formation of intraceilular [3H]methotrexate 
polyglutamates. The t i / ,  " for efflux is 3.0+_0.4 min 
(n = 12) in HBBS, and an increase to 2.5 + 0.3 min 
(n = 12) occurs when 5 mM glucose is added during 
the efflux measurement. Glucose present during both 
loading and efflux does not produce any further in- 
crease in the t t~ 2 for efflux, although a significant 
decrease (30-40%) occurs in the substrate load. In 
HBBS, efflux via the influx carrier comprises approxi- 
mately 20% of total efflux [5], but this percentage 
decreases to 14 + 5 (n = 5) when efflux is performed in 
the presence of 5 mM glucose. The remaining 86% of 
efflux is energy-dependent and functionally unidirec- 
tional. When the concentration of [3H]methotrexate is 
reduced to 2 #M and glucose is present, separation of 
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Fig,. I. Effect of time and buffer composition on ATP levels in LI211) 
cells in ! IIlBS (A) or TBBS (B). LI2111 cells in 1.11 ml IIBBS or TBBS 
were incubated h .  the indicated times at 37°C in the absence and 
presence of glucose, collecled by centrifugation and analyzed fl~r 
ATP as described in Materials and Methods. Data points represent 
the mean of at least two determinations of duplicate samples (as- 
sayed twice) with standard deviations usu:dly less tban il)%. Concen- 
tnttio.s of glucose (Glu): llBBS. 5 raM: TBBS. 7 raM. Initial buffer 

ptl. 7.35. 

efflux routes would be difficult since the substrate load 
is only 1.5-fold [2] to 2.5-fold [10] above the levels of 
dihydrofolatc reductase. 

ATP levels in LI210 cells vasty with the time of 
incubation at 37°C (Fig. IA). The level of ATP in 
freshly-harvested cells suspended in HBBS is lower 
initially and then gradually rises (about 35%) to a 
maximum after 15-20 min at 37°C. Upon addition of 5 
mM glucose, ATP levels rise immediately and arc 
maintained at a maximum for 30 min, but this maxi- 
mum is only slightly higher than the ATP level of cells 
incubated for 15 min in HBBS without glucose (Fig. 
1A). The same rapid rise and plateau level of ATP was 
also observed with 2 mM glucose (not shown). Since 
efflux is initiated after a 15-min load period, the mod- 
est stimulation of methotrexate efflux by glucose, in 
spite of energy-dependent efflux components, can be 
explained by the small effect of glucose on ATP levels 
under the buffer conditions and timing intervals em- 
ployed. 

The amount of cellular ATP is also consistent with 
physiologically competent cells. The value of 15 nmol 
ATP/mg protein (Fig. 1) corresponds to 24 nmoi/107 
cells and hence approximates prior estimates (28-30 
nmol/mg protein) for fully-energized L1210 cells [10]. 
From the intracellular volume of L1210 cells [6] and 15 
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nmol/mg protein, the cytoplasmic concentration of 
ATP is about 4 mM. 

The initial rise in ATP with cells suspended in 
HBBS without glucose indicates that LI210 cells under 
these conditions are highly active metabolically and can 
restore ATP levels to nearly optimal levels without an 
external energy source. However, it is unclear why 
these cells exhibit an initially low level of ATP, but 
temperature stress during the harvesting of cells is one 
factor. It has been noted repeatedly that cells which 
are harvested at room temperature by centrifugation 
and then washed and suspended in cold buffer have a 
20--30% lower initial level of ATP (and methotrexate 
efflux) than cells chilled first in growth medium, col- 
lected by centrifugation at 4°C, and then suspended in 
cold buffer (the standard procedure). ATP and efl]ux, 
however, are each restored to optimal levels in cells 
handled by either procedure upon addition of 5 mM 
glucose. 

ATP levels in LI210 cells vary in different patterns 
depending on the buff'or employed. In a Tris/bi- 
carbonate-buffered saline (TBBS) containing 7 mM 
glucose, a buffer system employed in other efflux stud- 
ies with methotrexate [2,10,13], results comparable to 
HBBS/glucose were obtained (Fig. I B): an initial 
time-dependent rise in AIF  was obse.,a.,ed; an approxi- 
mately constant level of ATP was maintained for "~0 
min; and the absolute level of ATP was comparable to 
that for LI210 cells in HBBS/glucose. A different 
pattern, however, was apparent in TBBS without glu- 
cose (Fig. I B). ATP levels were lower initially but a 
recovery pha,;e was not observed during short time 
intervals, and a decline began after 10 rain which 
continued until ATP levels wcrc less than 50% of 
optimal levels by 30 rain. These results show that the 
activity of energy-dependent efflux routes for 
methotrexate would be suppressed when measured in 
TBBS without glucose, even after relatively short time 
intervals of exposure to this buffer, and that more 
adverse effects would be likely at the longer exposure 
times. 

Significant differences were also observed between 
HBBS and TBBS in their ability to maintain the extra- 
cellular pH at 37°C. TBBS contains a lower level of 
buffer (10 mM Tris) and a much higher level of bicar- 
bonate (26.2 mM) than HBBS (20 mM Hepes and 5 
mM bicarbonate, respectively) and hence would be 
expected to have a lesser capacity for preventing a pH 
rise due to the release of CO 2. To quantitate the 
buffering capacities of these solutions, samples con- 
raining 3.10 7 cells in 1.0 ml of buffer (pH 7.35) were 
incubated for varying times at 37°C (in 16. 100 mm 
tubes open to the atmosphere) and monitored for 
changes in pH. The TBBS sample increased in pH by 
nearly one-half of a unit (to pH 7.83) when incubated 
for 30 min at 37°C, ~hereas the pH of the HBBS 
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Fitt. 2, Concentration dependence I'or the inhibition of methotrexate 
eftlux by PGA I, VCR and BSP in LI210 cells. Cells were loaded by 
incubation (in HBBS) with 10 ~M ['~tt]methotrexate (15 rain, 37°C), 
treated with 10 /zM NHS-methotrexate (5 rain, 23°C) and then 
analyzed for ['all]methotrexate efflux in HBBS/glucose for 2 and 5 
rain at 370C in the presence of the indicated concentrations of PGA t 
or BSP. Data for VCR were obtained similarly except that the 
indicated concentrations of VCR were added only during the sub- 
strafe-loading step, which was extended to 2(1 rain at 37"C. Plotted 
values (percent of control) were calculated from the first-order rate 
constant for efflux at each inhibitor concentration divided by efflux 
in the control without inhibitor times 100. The dotted lines are 
theoretical plots for competitive inhibition of a single efflux com- 

ponent. 

sample increased to a much lesser extent (to pH 7.42) 
under the same conditions. Glucose added to TBBS 
slowed but could not prevent the rise in pH with this 
buffer (pH 7.48 after 30 rain), whereas a slight acidifi- 
cation was observed in HBBS containing glucose (pH 
7.27 after 30 rain). 

Biphasic inlubaion of  methotrexate efflux 
Prior studies in HBBS have provided evidence that 

the inhibition of unidirectional methotrexate effiux in 
LI210 cells by VCR [5], PGA, [6], and BSP [6] is 
biphasic. When these same experiments were repeated 
in HBBS/glucose, similar biphasic plots were obtained 
(Fig. 2). Each of these compounds inhibited total unidi- 
rectional efflux by 70-80% at relatively low concentra- 
tions, whereas a further reduction in efflux required 
concentrations of inhibitor beyond that expected of a 
single efflux component. The divergence form 
monophasicity can be seen by a comparison of the data 
(solid lines) and the calculated competitive inhibition 
curves (dotted lines) in Fig, 2. Concentrations for 50% 
inhibition of total effiux by PGA t, VCR, and BSP were 
0.11, 4.0, and 24 tLM, respectively, whereas calculations 
of half-maximal inhibition of the highly-sensitive por- 
tion of efflux (75% of the total) gave slightly lower 

respective values of 0.09, 3.0, and 18/zM. Half-maxi- 
mal inhibition of the less-sensitive second phase oc- 
curred at about 1.5 ~M PGA t, 70/~M VCR, and 300 
~M BSP. Values reported previously [5,6] for half-max- 
imal inhibition of unidirectional methotrexate efflux by 
PGA~, VCR, BSP, and several other compounds in 
HBBS without glucose are essentially the same as 
reported here with HBBS/glucose (see Table I), indi- 
cating that glucose does not alter the sensitivity of 
methotrexate efflux to these inhibitors. Similar bipha- 
sicity for inhibitors in the presence (Fig. 2) and absence 
[5,6] of glucose indicates further that glucose has no 
appreciable effect on the proportion of efflux via the 
two efflux components. Measurements [5,6] of efflux 
inhibition with time (2, 5, and 10 min) had established 
previously that each of the inhibitors in Table ! (except 
VCR) exerts its inhibitory effect on efflux immediately 
after or within the first minute of incubation at 37"C 
(without glucose). Efflux analyses at different times (2 
and 5 rain) with PGA~ and BSP in the presence of 
glucose (see Fig. 2) also failed to reveal any apprecia- 
ble change in inhibitor effectiveness during efflux mea- 
surements with these ~.-~mpounds. 

Separation of  efflltx" components by pretreatment with 
VCR 

The possibility was explored that a second unidirec- 
tional effiux component for methotrexate could be 
isolated by blocking the primary efflux route with lew 
concentrations of VCR. An assay procedure was devel- 
oped in which parental cells were loaded with 
['~H]methotrexate in the presence of a concentration of 
VCR (15/~M) which produced a substantial inhibition 
of the BSP-sensitive route (IC5, = 3 /~M) but mostly 
spared the secondary route. Since the inhibitory effects 
of VCR accumulate with time and are not immediately 
reversible [5], VCR was added during the loading pro- 
cedure and then (for convenience) was omitted during 
treatment with NHS-methotrexate and the assay for 
effiux (in HBBS/glucose). Effiux in cells treated with 
NHS-methotrexate and VCR (tl/2 = 7.2 min) was re- 
duced nearly 3-fold relative to parental cells treated 
with NHS-methotrexate alone (t j~ 2 = 2.8 rain), but fur- 
ther inhibition could be achieved. The remaining com- 
ponent was inhibited by PGA~, reserpine, verapamil, 
and BSP, but concentrations required for haif-maximai 
inhibition were 8-20-fold higher than in the untreated 
control (Table l). The extent of inhibition exceeded 
80% by each compound except BSP, whose concentra- 
tion was not raised above 300 /~M to avoid possible 
damage to the cell membrane. In contrast, half-maxi- 
mal inhibition by CCCP, quinidine, and probenecid 
remained relatively unchanged after VCR treatment 
(Table I), and high concentrations of CCCP (20/~M) 
and probenecid (2 mM) each produced nearly com- 
plete inhibition (90-95%) of the second component. 



TABLE ! 

Effect of VCR pretreatment on the inhibitor sensitit,ity of the unidirec- 
tional effiux of  methotrexate in Li210 cells 

LI210 cells were loaded with [3H]methotrexate in the absence or 
presence of 15 ~tM VCR, treated with NHS-methotrexate and evalu- 
t ied for effiux in HBBS/glucose after 3 rain (control cells) or 7 rain 
VCR-treated cells) in the presence of varying concentrations of 
inhibitor. Concentrations for 50% inhibition of methotrexate effiux 
(IC5o) were determined from plots of percent efflux activity remain- 
ing versus log inhibitor concentration. Values represent the mean of 
three or more determinations with standard deviations that were 
usually le~s than 20%. 

Inhibitor Concentration (/zM) for 50% inhibition of 
methotrexate efflux (ICs0) 

control - glucose ~' + VCR 

PGA I 0,I I {1.I{} 1.2 
Reserpine 1,0 1.0 8.0 
BSP 24 21 3{}0 
Verapamil 12 15 200 

CCCP {1,3 0.3 0.3 
Probenecid 75 64 I I0 
Quinidine I{15 95 10{} 

'~ From Ref. 6. 

When glucose was removed from the efflux assay. 
initial effiux declined by 10-20%, but no significant 
change was noted in IC.~0 values for the efflux in- 
hibitors either in control cells (cf. Table I and Ref. 6) 
or in cells treated with VCR (data not shown). When 
the effectiveness of each inhibitor (in VCR-treated 
cells) was measured at a storter time interval (3.5 min) 
relative to standard conditions (7 min), no change was 
noted in any of the ICs0 values. 

Separation of a primary and secondary unidirec- 
tional efflux route for methotrcxate could also be ac- 
complished by adding low concentrations of PGA~ (0.4 
/zM) or BSP (100 ~M) directly to the efflux assay. 
Methotrexate efflux was reduced by 3-4-fold under 
these conditions, and the remaining effiux exhibited a 
20-fold lower sensitivity to the further addition of PGA 
or BSP (Table II). Probenecid, conversely, showed 
approximately the same capacity for inhibiting 
methotrexate efflux regardless of the presence of low 
levels of PGA I or BSP (Table II). 

Effect of efflux inhibitors on ATP levels in L1210 cells 
The structural diversity of methotrexate efflux in- 

hibitors and their differential effects on separate effiux 
routes suggests that inhibition may occur by several 
mechanisms. Since an established means for efflux 
inhibition is energy deprivation [4,6,13,14]; the various 
efflux inhibitors employed in this study were screened 
for an effect on ATP levels. Measurements were per- 
formed in parental L1210 cells at inhibitor concentra- 
tions which were comparable to or greatly exceeded 
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TABLE I! 

Effect of lot; concentrations of PGA I and BSP on the inhibitor 
sensiticity of methotrexate efflux bz L I 210 cells 

L1210 cells were loaded with [3H]methotrexate, treated with NHS- 
methotrexate and evalualed for efflux after 3 min (control cells) or 7 
rain (PGA V or BSP-treated cells) at varying concentrations of tl.,: 
indicated inhibitors in HBBS/glucose: with no addition (control); 
plus 0.4 /zM PGA i (+PGAI) ;  or plus 100 p.M BSP (+BSP). 
Concentrations for 50% inhibition of methotrexate cffiux (IC.s,) 
were determined from plots of percent efflux activity remaining 
versus log inhibitor concentration. Values represent the mean of two 
or more determinations with standard deviations that were less than 
20%. 

inhibitor Concentration (~M) for 50% inhibition of 
methotrexate effiux (ICso) 

control + PGA i + BSP 

PGA I 0.11 1.5 I.I 
BSP 24 26{) 30{) 
Probenccid 75 I{)5 95 

the concentration needed to achieve half-maximal inhi- 
bition of methotrexate effiux. The results (Table Ill) 
show that only the inhibition of methotrexate efflux by 
CCCP could be attributed to an effect on energy 
metabolism. ATP levels were reduced by 80-90% at a 
concentration of CCCP (0.5 /zM) which exceeded by 
about 2-fold the concentration of CCCF (0.3 pM) 
required to inhibit efflux by 50%. ATP levels were also 
reduced by probenecid, but this occurred only at a 
concentration (2 mM) which was substantially higher 
than required for half-maximal inhibition of efflux (100 

TABLE !!! 

Effect of efflux inhibitors on ATP lerels in LI210 cells 

ATP levels were measured as described in Materials and Methods in 
Li210 cells that had been preincubated in HBBS for 15 min at 37°C 
and then exposed for 5 rain (at 37°C) to the indicated compounds. 
Values represent the mean of two separate experiments with dupli- 
cate samples assayed twice. Standard deviations were usually less 
than 10%. 

Addition Concentration ATP 
(~M) (pmol/mg protein) 

None - 14.4 
CCCP 0.5 1.5 

5.0 0.4 
PGA j 20 13.9 
Reserpine 20 15.7 
l:'robenecid 500 10.8 

2000 4.3 
BSP 50 12.9 

200 i 2.9 
Verapamil 100 13.7 

400 I !.4 
Quinidine 100 14.7 

500 I 1.8 
VCR 50 13.9 
Glucose 5000 17.2 
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/~M). The remaining compounds were relatively inef- 
fective in reducing intracellular ATP even at levels 
20-fold higher than the concentration required for 
half-maximal inhibition of efflux. In control experi- 
ments, ATP levels were not affected by incubating cells 
(in HBBS) with 10 #M methotrexate for 15 min at 
37°C either with or without treatment with 10 ~M 
NHS-methotrexate (for 5 min at 23°C). 

Discussion 

The present study has addressed the hypothesis that 
the unidirectional efflux of methotrexate in LI210 cells 
consists of multiple components. Previous reports had 
shown that a majority of methotrexate efflux proceeds 
via an efflux component which exhibits energy-depen- 
dence and a high sensitivity to inhibition by BSP, VCR, 
PGA I, reserpine, and verapamil, but biphasicity in the 
inhibition profiles for several compounds had also sug- 
gested that a second unidirectional route might also be 
present [3,5,6]. These prior results have now been 
extended by the development of an assay for the sec- 
ond route in which LI21{} cells are exposed to concen- 
trations of biphasic inhibitors which would substan- 
tially reduce the high-affinity system but show minimal 
effects on the low-affinity route. The biphasic in- 
hibitors employed in this study were VCR, PGA ~, and 
BSP. A compilation of inhibitor responses by control 
cells and cells exposed to low levels of VCR, PGA t, or 
BSP (Tables I and Ill provides evidence for a primary 
and secondary effiux route for MTX with distinctly 
different inhibitor sensitivities. The major component 
is characterized by a relatively high sensitivity to PGA~, 
VCR, reserpine, verapamil, and BSP, whereas compa- 
rable inhibition of the secondary route requires 8-20- 
fold higher concentrations of these compounds to 
achieve the same level of inhibition. Probenecid, CCCP, 
and quinidine comprise a second set of compounds 
which inhibit both efflux systems approximally equally. 
Since CCCP is a metabolic inhibitor, energy appears to 
be required in approximately equal amounts to drive 
each system. However, interdiction of an energy source 
can not explain the similarity in inhibition of both 
systems by probenecid or quinidine since these latter 
compounds affect effiux (Table i) at concentrations 
which have relatively little effect on ATP levels (Table 
Ill}. 

An additional feature of unidirectional MTX efflux 
is that inhibitors of the prominent route invariably 
inhibit to some extent the secondary route, suggesting 
that the two systems have common structural features. 
These similarities could reflect the presence of two 
separate systems with overlapping substrate specifici- 
ties. A broad substrate specificity has already been 
implicated for the primary BSP-sensitive route for 
methotrexate since this same system also appears to 

mediate the efflux of chelate [6]. Alternatwely, the two 
etdux routes may arise from a single transport protein 
which can exist in two different forms that do not 
readily interconvert. The notion of shared efflux sub- 
strates as diverse in structure as methotrexate and 
chelate has led to the proposal that the physiological 
function of these efflux systems is to export a diverse 
range of large and potentially toxic metabolic anions 
[6,15,16]. 

The proportion of total unidirectional efflux which 
proceeds via each route has been difficult to deter- 
mine. Estimates from biphasic inhibition profiles sug- 
gest that the major component comprises about 75% of 
total unidirectional efflux and probably constitutes a 
single efflux system. The remaining 25% of unidirec- 
tional efflux may also represent a single route as judged 
by its apparent monophasic response to several eftlux 
inhibitors, but its lower activity and relatively poor 
inhibitor responsiveness could have obscured addi- 
tional routes with different inhibitor patterns. Studies 
performed elsewhere [2,10,13] support thc notion of a 
unidirectional efflux of methotrexate, but only a single 
unidirectional route was observed [I{}]. The latter study 
[10] also reported that probenecid (added directly to 
loaded cells) was much less effective as an effiux in- 
hibitor than had been reported in a previous study by 
the same group [2] or by us [3,6], and a different 
pattern of inhibition was also noted for verapamil [10]. 
The possibility was raised that differences between 
these prior studies and our results reported here and 
elsewhere [5,6] may have arisen from our use of HBBS 
without glucose, but the present results show that 
glucose has no effect on IC.~ values for various efflux 
inhibitors (Table !) and does not change the contribu- 
tion to total efflux by the two unidirectional efflux 
components. In addition, cellular ATP levels (see Fig. 
1) remain high in HBBS, compared with HBBS plus 
glucose, and are not significantly different from ATP 
levels in the TBBS/glucose buffer used in the prior 
study [10]. Our results suggest that the assay buffer in 
combination with longer incubation periods and other 
experimental differences masked the secondary efflux 
route for methotrexate in the pr ior  study [10] and 
altered the response of efflux to probenecid and vera- 
pamil. HBBS has advantages over TBBS in maintaining 
cellular ATP levels in the absence of glucose (Fig. 1) 
and in maintaining the external pH during the incuba- 
tion of cells at 37°C with or without added glucose. 
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