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Efflux in LI210 Cells Addressed by an Analysis of Cis and Trans Effects of
Inhibitors'
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ABSTRACT

Studies arc described addressing the controversial issue of the multi
plicity of efflux routes for |'H|M TX in 1.1210 cells. \\e examined efflux

multiplicity under conditions that do and do not maintain cellular ATP
at the physiological level. In ATP-replete cells, the results delineate a
probenccid-, bromosulfophthalcin-, and vcrapamil-inhibitable route that
accounts for nearly 90% of |TI|MTX efflux. Efflux of |'H|MTX by this

route is inhibited by bromosulfophthalein in the trans orientation only,
inhibited by probenecid only Â«henpresent simultaneously in the els and
trans orientation and inhibited by verapamil only in the cis orientation.
The remaining efflux of this folate analogue in ATP-replete cells appears
to be mediated by the one-carbon, reduced folate system (MTX influx
route), in that it is not inhibited by bromosulfophtalein or verapamil but
is inhibited by the A'-hydroxysuccinimide ester of MTX, a specific
inhibitor of MTX influx, and a 10-fold higher concentration of probenecid
than that required to inhibit ATP-dependent efflux. I nder these condi
tions, MTX did not /rani-stimulate |'II|MTX efflux. Also, no evidence

was obtained for a putative bromosulfophthalein-insensitive, probcnecid-
inhibitable route for |'H|MTX efflux. In cells depleted to the extent of

90-95% of their ATP by 60-min incubation in medium in the absence of
D-glucose and with 10 mM sodium azide, overall efflux of |'H|MTX was

markedly reduced and appears to be mediated solely by the MTX influx
route. Influx of |'II|MTX was both cis and trans inhibited by probenecid,
and efflux under these conditions was markedly inhibited by the A'-

hydroxysuccinimide ester of MTX and fra/w-stimulated by MTX. Over
all, the results of these studies are consistent with a model for metho-
trexate transport in L1210 cells derived (Dembo et al., J. Membrane
Biol., 78: 9-17, 1984] in the authors' laboratory based solely upon a
kinetic analysis of |'H|MTX influx and efflux in ATP-replete and de

pleted L1210 cells. As such, these new results identify a single ATP-
dependent efflux route as the bromosulfophthalein-, probenecid-, and
verapamil-inhibitable route in I.I 210 cells under conditions that maintain

ATP levels at maximum.

INTRODUCTION

The aspect of the plasma membrane transport of classic folate
analogues has considerable importance (1-3) to our understand
ing of their cytotoxic action and therapeutic selectivity as anti-

neoplastic agents. Studies emanating from different laborato
ries (4-9) addressing the multiplicity of individual routes in
tumor cells mediating flux of these agents either inward or
outward has for the most part been controversial. This is
especially so with regard to the issue of multiplicity as it pertains
to efflux of folate analogues. Subsequent to earlier studies by
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Goldman ( 1) that documented the energy-dependence of MTX'

efflux, we provided evidence (4, 5) in LI210 cells for the notion
that under physiological conditions in the presence of an avail
able source of energy, influx and efflux of MTX are mediated
by separate routes. Under these conditions, which maintain
normal levels of cellular ATP, flux does not appear to be
bidirectional, i.e., the mechanism mediating influx of MTX
plays only a minor role in mediating efflux of this agent.
However, under those conditions that deplete ATP (5). this
separate efflux route appears to be nonoperative, and flux
reverts to a bidirectional mode with efflux of MTX predomi
nantly mediated by its influx route.

Among the additional evidence (reviewed in Ref. 5) provided
in support of this model was our finding (10) that efflux of
MTX in L1210 cells was markedly more sensitive to inhibition
by the organic aniÃ³n probenecid than was influx. This obser
vation was confirmed by Henderson et al. (6-8) in subsequent
studies with these and other tumor cells. These workers also
reported upon evidence for the existence of a third efflux route.
This was derived in experiments suggesting that only a portion
of the highly probenecid-sensitive efflux of MTX was inhibited
by another organic aniÃ³n, BSP. In addition, the data provided
delineated a quantitative relationship between the contribution
these routes make to efflux of MTX, particularly the MTX
influx route, that is markedly at variance with our own findings
based upon an analysis (4, 5) of the kinetics and energetics of
MTX transport in these cells.

The variance between results obtained in each laboratory may
be partially explained by methodological differences affecting
the energetic state maintained in these cells in each case at the
time efflux multiplicity was analyzed. Our own studies (4, 5)
have stressed the examination of this issue under conditions
that are physiological with respect to the concentration of D-
glucose and that maintain energetic competence at maximum,
in order to establish pharmacological relevance. For this same
reason and in light of more recent results reported by Hender
son and Tsuji (11) and our own ongoing work on the energetics
of MTX efflux, we have re-examined this issue in further
studies. Our results reported below provide evidence for the
notion of a single, predominant energy-dependent, efflux route
for MTX under conditions that maintain physiological levels
of cellular ATP and at the same time reveal interesting new
properties of these 2 organic anions and verapamil as inhibitors
of this apparent drug efflux "pump."

MATERIALS AND METHODS

Transport Experiments. LI 210 cells (I.I 210V) for the various exper
iments were obtained as ascites suspensions in BD2F1 hybrid (C57B1
x DBA/2 F,) mice. These were maintained by i.p. transplantation and

' The abbreviations used are: MTX. methotrexate; BSI". hromosulfophthalein:
PBCD. probenccid: VR1>.verapamil; TM. Transport Medium (107 HIMNad, 10
mM Tris-HCI, 26.2 m,M NaHCO.,. 5.3 m.\t HCI. 1.9 mM CaCI2, 1 mM MgCI2.
pH 7.4); NHS. A'-hydroxysuccinimide ester; ICM. 50'V inhibitory concentration.
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harvested by procedures already described (2). For transport experi
ments, 4-6 x IO1 cells/ml were resuspcnded in TM. a physiological
salts solution, with (TM*) or without (TM ) 7 m.MD-glucose (2). Influx
and efflux of ('H)MTX were measured in TM at 37Â°Cusing method

ology described in detail in our earlier reports (2). For influx measure
ments, sampling (0.5-ml aliquots) was at varying intervals with each
aliquot rapidly diluted with 20-fold isotonic saline (0.14 M NaCI Â±0.02
(SE) M sodium phosphate]. Following centrifugation. the cells were
resuspended in 0.5 ml of isotonic saline, layered over oil. and centri
fugea (12) with the aid of an Eppendorf centrifuge prior to removal to
scintillation fluid for radioactive counting. For efflux measurements,
cells were preloaded by incubation for 30-60 min at 37T in TM with
2 MM('H)MTX. Following centrifugation. the cell pellet was resus
pended in cold (0Â°C)MTX-free TM. Incubation was initiated by further
dilution in warm (37Â°C)TM. After varying intervals, aliquots of 0.25

ml were diluted in 0.25 ml of cold isotonic saline, layered over oil. and
spun in an Eppendorf centrifuge. In some experiments, various inhibi
tors of influx or efflux were added during incubation with |'H]MTX or

during its efflux from cells. In other experiments, preloading with
['H]MTX and its efflux was measured in the absence of n-glucose with

10 mM sodium azidc.
Preparation of NIIS-MTX. This reagent was prepared by incubating

for l h at room temperature the free-acid of MTX with l-ethyl-3-
(dimethylaminopropyl)carbodiimide and NMS in anhydrous dimethyl
sulfoxide in a manner described earlier by others (13). This material
was used within l h of preparation for transport experiments. Following
loading with ['HjMTX. the cells were centrifugea and resuspended in

a nonionic buffer of 20 m.M .V-2-hydroxyethylpiperazine-.V-2-ethane-
sulfonic acid buffer with 225 niM sucrose at pH 7.4 with MgO for 10
min at room temperature in the presence or absence of 100 ^M NHS-
MTX. Following cooling to 0Â°C.the cells were centrifuged and resus

pended in TM for efflux measurements.
Chemicals. [3.5',9-'H]MTX (25 mCi/mmol) was obtained from Mo-

ravek Biochemicals, City of Industry. CA. This was purified to >98rt
by high-performance liquid chromatography prior to use for transport
experiments. All other chemicals were analytical grade.

Other Procedures. Assay of cellular ATP was by firefly luciferase
assay using methodology published elsewhere (14).

RESULTS

Preliminary Considerations. The cellular ATP level is an
important variable (5) with regard to mediated influx and efflux
of [-H]MT\ in LI210 cells. Kinetic data also suggest (5) a far
greater dependence of efflux on ATP levels. Efflux of ['H]MT\

in LI210 cells is a rapid, first-order process. Under physiolog
ical conditions and in the presence of 7 m.M D-glucose that
maintain cellular ATP at a normal level (28-30 nmol/107 cells),
efflux /,.. at 37Â°Cis 3.1 Â±0.45 min (A.= 0.23 Â±0.03/min). In
cells depleted to the extent of 90-95rr of their cellular ATP by
incubation in the absence of D-glucose. efflux i... at 37Â°Cis

decreased nearly 7-fold to 21 Â±3 min (k = 0.034 Â±0.005/
min). By comparison, influx maximum velocity is reduced 3-
fold in ATP-depleted cells. For these reasons, analyses pertain
ing to transport multiplicity, particularly efflux multiplicity,
would be expected to be pharmacologically more meaningful
when carried out under conditions that maintain cellular ATP
at a normal level. It is also important to realize the depletion
of ATP by omitting an exogenous energy source, with or
without the addition of metabolic inhibitors, is appreciably
time-dependent (5). Depletion in these cells to the extent of
90cr requires approximately 60 min of incubation at 37Â°Cunder

these conditions (Fig. 1). Incubation of cells for the same time
in transport medium with 7 m.xi D-glucose has no effect on the
initial level of ATP found (5). Likewise, full repletion of ATP
following the addition of D-glucose requires 10-15 min incu
bation at 37Â°C.Thus, am measurement of flux either inward
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Fig. 1. Time-course for ['H]MTX efflux al 37T from LI210 cells at different
levels of energetic competence. Cells were preloaded in TM with 2 J/M|'H|MTX
at 37Â°Cfor 60 min in the presence (ATP-replele) or absence of 7 m\i D-glucose
with 10 niM sodium a/ide (ATP-depleted). Follow ing washing, efflux was initiated
by resuspension of cells in TM with or without 7 m\t n-glucose. Sampling was
carried out as indicated. See text for additional details. FAH,. dihydrofolatc
reducÃase.Average of 4 experiments Â±SEM <13%.

or outward within an interval less than that required to fully
deplete or replete ATP will be complex. This results from the
fact that such a measurement actually reflects a simultaneous
change in 2 parameters, the intracellular level of ['HJMTX as

well as of ATP.
Cis versus Trans Effects of Inhibitors on MTX Influx and

Efflux. Prior to an analysis of ['H]MTX efflux multiplicity

using specific inhibitors, we sought to distinguish their effects
on this flux during contact with both or either the internal (cis)
or external (trans) surface of the plasma membrane. One such
experiment is shown in Fig. 2.4. In this experiment, LI 210 cells
were loaded with ['H]MTX in TM+ for a period of 30 min at
37Â°C.After washing to remove ['H]MTX from the external

compartment, the cells were resuspended in a small amount of
cold (0Â°C)TM+. Further dilution in warm (37Â°C)TM+ was
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Fig. 2. An analysis of cis versus trans effects of PBCD. BSP. and VRP on

|'H]MT\ efflux from ATP-replele 1.1210 cells. A. inhibitors were added at a
concentration of 0.2 niM at the time efflux was initiated in TM at 37"C. B.

inhibitors were added at a concentration of 0.2 niM either at the time efflux was
initiated (O. A) or during the last IO min of the loading period and at the time
efflux was initiated (A. D). Cells were loaded at a concentration of 2 n\t
|'II|MTX by 30-min incubation at 37'C in TM*. Sampling was carried out as
indicated. A\erage of 3 experiments Â±SEM <14r;.
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Fig. 3. An analysis ofâ„¢ effects of PBCD. BSP. and VRP on |'H]MTX efflux
from A 1P-replcte LI210 cells. Cells were loaded with a concentration of 2 /JM
|'H]MTX by 30-min incubation at 37Â°Cin TM*. Inhibitors were added at a

concentration of 0.5 m.\i during the final IO min of the loading period only.
Sampling was carried out as indicated. Average of 3 experiments Â±SD of the
mean <14%.

carried out in the presence or absence of inhibitor (0.2 HIM)to
initiate efflux. These inhibitors included PBCD, BSP, and the
calcium channel blocker, VRP, a known inhibitor of ['HjMTX

efflux (15) and of drug-efflux (reviewed in Ref. 16) from mul-
tidrug-resistant tumor cells. From the results given (Fig. 2/1),
it can be seen that of the 3 agents only BSP was inhibitory
under these conditions. At a concentration of 0.2 niM BSP, f./,
was increased nearly 3-fold. In a second experiment. PBCD
and VRP were added in the same way, but incubation at 37Â°C

was continued for a longer period of time. Again, no effect of
these 2 agents was observed (see Fig. 2B) during the initial
period of incubation. After 5 min of incubation, however,
inhibition by both agents was apparent and efflux of ['HjMTX

in their presence assumed a constant but slower velocity (3-fold
increase in /,/,) compared with control. In the same experiment,
PBCD and VRP were also added during the last 10 min of the
loading period, as well as during efflux. In this case, the effect
on ['HjMTX efflux was immediate and to the same extent as
that seen during "trans" exposure alone to the same amount of

inhibitor after prolonged incubation. When BSP (0.5 ITIM)was
added to the cell suspension only during the last 10 min of the
loading period and efflux of ['HjMTX was carried out in

inhibitor-free T1VT. no effect on initial efflux was observed (see
Fig. 3). The same experiment was also carried out with PBCD
or VRP (0.3-0.5 HIM)added only during the last 10 min of the
['HjMTX loading period. Again, no effect on ['HjMTX efflux

was observed with PBCD. However, marked inhibition by VRP
was clearly apparent during the initial period of ['HjMTX

efflux.
We and others have documented (6-8, 10) inhibition of ['Hj-

MTX influx by PBCD in the cis orientation. During the present
studies, we were also able to demonstrate a similar effect of
PBCD on ['HjMTX influx in the trans orientation. These data

are given in Fig. 4. In this experiment. LI210 cells were
preloaded by incubating in TM + with or without different

concentrations of PBCD for a period of 30 min. The cells were
washed at 0Â°Cand influx initiated by incubation at 37Â°Cin the
presence of 2 ^M ['HjMTX. The data show that inhibition of

influx in cells preloaded with PBCD occurred at 0.5 mM and
approached maximum inhibition of 45% at 1 m.M. This latter
concentration is similar to the concentration at the cis orienta
tion shown to give 50% inhibition of ['H]MTX influx.

t(min)

Fig. 4. Tram-inhibition of |'H]MTX influx by the one-carbon, reduced trans

port system in L12IO cells by PBCD. Cells were preloaded with PBCD by
incubating for 30 min in TM*. 2 MM|'H|MT\ was added, and incubation was
initiated at 37"C. Sampling was carried out as indicated.

Delineation of Efflux Routes for |'H|MTX in Energized Cells.

A concentration response curve for the inhibition by PBCD of
['HjMTX efflux is shown in Fig. 5. In this experiment, PBCD

was added during the last 10 min of the loading period with
['HjMTX at 2 /IM and also during efflux in TM+. A kinetic

analysis of this inhibition by PBCD is shown (Fig. 5, inset).
This analysis revealed 2 components for ['HjMTX efflux, a

more inhibitable component mediating approximately 88% of
efflux and a less inhibitable component mediating the remain
der. The IC5()value derived for the more inhibitable component
of ['HjMTX efflux was 0.1-0.15 mM PBCD. The value derived

by this analysis for the less inhibitable component was approx
imately 10-fold higher. The results of a similar concentration
response experiment with BSP and VRP using the same con
ditions of exposure are given in Fig. 6. The IC?,)value obtained
for inhibition of ['HjMTX efflux by BSP was 0.028 Â±0.003

0.25

0.15

Kef
0.10

A
0.00

234
probenedd (mM)

Fig. 5. Concentration-response for PBCD inhibition of ['HjMTX efflux in
ATP-replete L12IO cells. Cells were preloaded with |'H|MTX in TM* as indicated

in Fig. 1. PBCD was added during the last 10 min of the preloading period.
Ffflux was initiated in the presence and absence of PBCD in a manner described
in the text, inset, plot of 1/efflux decay-time constant versus concentration for
the data obtained with and without PBCD. Average of 3 experiments Â±SEM
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MULTIPLICITY OF MTX EFFLUX IN LI210 CELLS

0.25

0.20

0.15

0.10 -

0.05 â€¢

0.00
0.0 0.1 0.2 0.3 0.4

inhibitor (mM)

Fig. 6. Concentration-response for BSP and VRP inhibition of |'H|MTX
efflux in ATP-replete LI210 cells. Cells were preloaded with |'H]MT\ in TM*

as indicated in Fig. 1. BSP and VRP were added during the last 10 min of the
preloading period. Efflux (A,/) was initiated at 37Â°Cin the presence and absence

of BSP and VRP in a manner described in the text. Average of 3 experiments Â±
SEM<15%.

mM and maximum inhibition was 87% of control level of efflux.
VRP was slightly less inhibitory, giving a value for ICâ„¢of 0.038
Â±0.006 mM. Although a determination of maximum inhibition
of efflux with this agent was not possible because of its untoward
effects on the cells, from an extrapolation of the concentration-
response curve, it would appear to be similar to that obtained
with BSP. By a kinetic analysis similar to that shown for PBCD
(Fig. 5), we found (data not shown) a single inhibitable com
ponent for ['H]MTX efflux in the case of both BSP and VRP.
In another concentration-response experiment, data were ob
tained for inhibition by BSP in the trans orientation only. The
IC5(>value derived from the experiment (data not shown) was
0.041 Â±8 mM and maximum inhibition of ['H]MTX efflux was

the same (data not shown) as that obtained during simultaneous
ds and trans exposure to BSP (Fig. 6).

In conjunction with the above studies with BSP, inhibition
of ['H]MTX efflux by NHS-MTX was also examined in a
manner first used by Henderson et al. (6-8). This agent is a
specific inhibitor of ['H]MTX influx (6-8, 13, 15) as well as
['H]MTX efflux (6-8) that is mediated by the one-carbon,

reduced folate transport system. In these experiments, done in
TM*, we utilized concentrations of BSP and NHS-MTX (6-8)
that will give maximum inhibition of ['H]MTX efflux under
the appropriate conditions. The data in Fig. 7 give the time-
course for efflux in the presence and absence of these inhibitors.
NHS-MTX alone had essentially no effect on ['H]MTX efflux,
whereas BSP reduced efflux 87%. The addition of NHS-MTX
with BSP results in a further reduction of efflux to approxi
mately 3% of efflux in the control cells. The addition of 0.5
mM PBCD with BSP had the same effect (data not shown) on
['H]MTX efflux as BSP alone.

The Effect of ATP Depletion on the Quantitative Relationship
among |'H|MTX Efflux Routes. The results presented above
appear to delineate 2 mediated routes for ['H]MTX efflux in

energized LI210 cells, a major route inhibitable by PBCD,
BSP, and VRP and a minor route inhibitable by both NHS-
MTX and a high concentration of PBCD. As an approach to
further elucidating the energetic-dependence of these routes in
these cells, we have conducted the following experiments. In
the first, we sought to measure the effect of Â»'Â«Â«.v-orientedMTX
on ['H]MTX efflux in cells that were or were not depleted of

20 30
t(min)

Fig. 7. Effect of BSP and NHS-MTX on [3H]MTX efflux from ATP-replete
LI2IO cells. Cells were preloaded with [3H]MTX in TM* as indicated in Fig. I.

For BSP-treated cells. 0.2 HIM BSP was added during the last 10 min of the
preloading period and during efflux at 37Â°C.For NHS-MTX treated cells, cells

were washed and resuspended in 20 m\i .V-2-hydroxycthylpipera7ÃŒne-.V-2-ethane-
sulfonic acid buffer with 225 mM sucrose at pH 7.4 with MgO. with 2 mM NHS-
MTX, and incubated at 23Â°Cfor 10 min. After washing, cells were resuspended
in TM* for efflux at 37'C. Sampling was as indicated. Average of 3 experiments
Â±SEM <16rÂ¿.

ATP. The data given in Fig. 8 show that 100 MMMTX added
to the external compartment during efflux of ['H]MTX will

stimulate efflux by ATP-depleted cells, but not by ATP-replete
cells. This is in agreement with the notion that ['H]MTX efflux

by LI210 cells is mediated primarily by the system mediating
its influx only under conditions of extensive ATP depletion. In
the second experiment, we compared the effects of BSP and
NHS-MTX on |3H]MTX efflux in these ATP-depleted cells in
the same way that their effects were examined in ATP-replete
cells (Fig. 7). The data in Fig. 9 show that [3H]MTX efflux in
these depleted cells was 7-fold lower than in replete cells. In
addition, the data show that BSP was essentially without effect,
whereas NHS-MTX markedly inhibited ['H]MTX efflux. This
result was the opposite of that obtained in ATP-replete cells
(Fig. 7). In light of the above results, we also sought to deter
mine the effect of PBCD in the trans position on
['H]MTX efflux in ATP-depleted cells. Surprisingly, we found

(data not shown) that the addition of 2.0 mM PBCD to the
external compartment had no effect on ['H]MTX efflux even

though a lower concentration of PBCD inside the cell will /rani-
inhibit |'H]MTX influx by the same mechanism (see Fig. 4).

1.0
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3 0.8
T 0.7

t l0'6

Ã± Â»0.5

5 0.4
[e
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(â€¢)Control

(O) + 100AIU UTX
(A) ATP depicted

.(a) ATP depleted
â€¢HOO/iMMTX

10 15
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20 25

Fig. 8. Tranj-stimulation of |'H]MTX efflux in ATP-depleted LI210 cells.
Cells were preloaded with |'H]MTX in TM* and TM" as indicated in Fig. 1.
Following washing, cells were resuspended in TM* or TM~ with or without 100

MM MTX. Efflux was initiated in a manner described in the text. Sampling was
as indicated. Average of 3 experiments Â±SEM <I4%.
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Fig. 9. Effect of BSP and NHS-MTX on |'H]MT\ efflux from ATP-depleted
cells. Cells were preloaded with [5H]MTX in TM~ + 10 mM sodium azidc as

described in Fig. 1. For BSP-treated cells. 0.2 mM BSP was added during the last
IO min of the preloading period and during efflux in TM" at 37'C. NHS-MTX-
treated cells were washed and resuspendcd in 20 ITEM.V-2-hydroxyethylpiperazine-
/V-2-ethane sulfonic acid buffer with 225 m,\i sucrose at pH 7.4 with MgO, with
2 mM NHS-MTX. and incubated at 2.VC for 10 min. Cells were washed and
rcsuspended in TM~ for efflux at 37'C. Sampling was as indicated. Average of 3

experiments Â±SEM <I5%.

DISCUSSION

From our results it seems clear that variation in energetic
competence profoundly affects the expression of efflux multi
plicity for pH]MTX in L1210 cells. In ATP-replete cells, a
PBCD-. BSP-, and VRP-sensitive route accounts for nearly
90% of [3H]MTX efflux, whereas efflux by the one-carbon,
reduced folate system (NHS-MTX-inhibitable influx route) ac
counts for the remainder of total efflux of [3H]MTX. This was

concluded from data showing that: (a) efflux under conditions
that maintain cellular ATP at maximum was inhibited by BSP
to the extent of 87-88%, but minimally inhibited by NHS-

MTX, and that the remainder of efflux in the presence of BSP
was almost entirely inhibited by NHS-MTX; (b) the same
proportion of total ['H]MTX efflux was accounted for by strong
and weak PBCD-inhibitable efflux routes; and (c) ['H]MTX

efflux could not be frans-stimulated by MTX in the external
compartment. In ATP-depleted cells, overall efflux of ['H]MTX
was markedly reduced and the contribution of the PBCD-,
BSP-, and VRP-sensitive route to efflux was virtually nil. In
these cells, ['H]MTX efflux was mediated by the MTX-influx

system. This was concluded from results showing that: (a)
['H]MTX efflux in these cells was markedly frans-stimulatcd

by MTX; and (b) BSP had essentially no effect on efflux,
whereas NHS-MTX markedly inhibited this flux. As such, these
results confirm our earlier notion (4, 5) of a separate ATP-
dependent efflux route for ['HjMTX in LI210 cells under

conditions providing an exogenous energy source that main
tains the cellular level of ATP and associates inhibition of efflux
by PBCD, BSP. and VRP with effects primarily on this route.
Moreover, our results using methodological approaches similar
to those of Henderson et al. (6-8. 15) do not support the notion
of a third efflux route for |'H]MTX in these cells. Using
rigorous kinetic criteria, we find no evidence for a PBCD-
sensitive, BSP- and NHS-MTX-insensitive route mediating
efflux of ['H]MTX in these cells as suggested by these workers

(6-8). Our results pertaining to the relative contribution of
individual routes mediating efflux of ['H]MTX are also differ

ent from that of Henderson et al. (6-8, 15). The reason for
these different results is not readily apparent. However, we
point out that these workers carried out their measurements

under conditions that would be expected to compromise efflux
in a variable manner by the PBCD-, BSP-, and VRP-sensitive
route we document as the predominant efflux route in ATP-
repleted cells.

Of interest as well were our results suggesting that BSP was
solely /cans-acting, and VRP was solely m-acting, whereas
PBCD achieved an effect on ['HJMTX efflux only when present

simultaneously at both cis and trans orientations. However, in
the case of BSP it should be pointed out that this result could
also be explained by the inability of this agent to enter the
intracellular space. On the other hand, entry of PBCD into the
intracellular space is assumed to occur since it was both cis and
trans acting as an inhibitor of ['HJMTX influx (above and Ref.

10) by the one-carbon, reduced folate system. However, whereas
PBCD was able to rra/is-inhibit ['H]influx, it did not trans-
inhibit ['HJMTX efflux by the same system in ATP-depleted

cells. The lack of directional symmetry in effects on each flux
mediated by this system in the case of PBCD is in sharp contrast
with our earlier studies (16) showing both cis and trans effects
of folates and inorganic anions on influx and efflux of ['H[-

MTX by this system. In this earlier case, however, these agents
//â€¢Â«Â«.Â«-stimulatedrather than /rani-inhibited flux in either

direction.
Stimulation or inhibition of flux of a specific permeant by

permeant or pharmacological agents at the opposite orientation
(trans) of the plasma membrane are both manifestations (17,
18) of exchange diffusion involving a mobile carrier system as
appears to be the case for the one-carbon, reduced folate trans
port system. Since PBCD like MTX is an organic aniÃ³n, it is
not surprising that the presence of PBCD at the same (cis) or
opposite (trans) orientation as ['HJMTX would have effects on

its influx in view of effects (16) of other organic and inorganic
anions. Of some note, however, was the observation that PBCD
will "rra/ii-inhibit" rather than "/raws-stimulate" as in the case

of these other anions. We attribute this to the marked dissimi
larity in the structure of PBCD compared with the other anions
resulting in a different manifestation of its interaction with this
mobile carrier.

The observations pertaining to VRP have interest in their
own right. Intracellular accumulation of this agent has been
documented in earlier (19) studies by others, and the effect of
VRP on ['H]MTX efflux from L12Ã•Ocells has been reported

by Henderson et al. (15). That this relatively potent inhibitor
of drug efflux by multidrug-resistant-related P-glycoprotein
(14) also has an effect on MTX efflux by another ATP-depend-
ent system raises questions as to the relationship among these
2 systems. However, the notion that these systems are one and
the same can most likely be excluded since overexpression of
P-glycoprotein has not been found to be associated (20) with
either cross-resistance to or increased efflux of MTX. It seems
possible that VRP has a broad potential for interacting with a
variety of ATP-dependent transport systems. Further work will
be required to understand the basis for this interaction.
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