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Summary. Measurements of methotrexate transport in 11210
cells in the presence and absence of D-glucose reveal that both
influx and efflux are depressed in the absence of D-glucose,
whereas the steady-state accumulation of drug is enhanced. The
reason for the increase in steady state is that the relative decline
in efflux is greater than the decline in influx. Analysis of the
concentration dependence of steady-state methotrexate accu-
mulation in D-glucose-deprived cells indicates a linear relation-
ship consistent with a one-carrier active transport model. Simi-
lar data in nondeprived cells is highly nonlinear and strongly
supports the postulate that under physiological conditions in-
flux and efflux of methotrexate are mediated by separate carrier
systems. These results indicate that the efflux system, preferen-
tially transporting methotrexate under normal conditions, can-
not operate in the absence of D-glucose, whereas the influx
system is only partially inhibited under conditions of glucose
deprivation.
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Introduction

In an earlier report [3] from this laboratory, we
demonstrated that several kinetic features of meth-
otrexate transport in isolated L1210 cells could not
be explained by conventional single-carrier trans-
port models. As an alternative hypothesis we pro-
posed that there are two distinct carrier systems
involved in the mediation of methotrexate trans-
port. According to our hypothesis, one of these
carrier systems (the i-carrier) was solely responsible
for mediating the inward flux of methotrexate.
This is the high-affinity/low-capacity system
shared by reduced folate coenzymes and metho-
trexate [reviewed in Ref. 5, 12]. The other carrier
system (the e-carrier) was an actively driven efflux
“pump.” The natural substrate for this system re-
mains unidentified.

The initial evidence for the two-carrier model
of methotrexate transport was derived purely from
kinetic studies of mediated flux in intact metaboli-
cally active L1210 cells. More recently, consider-

able pharmacological and genetic evidence has
been obtained that also supports the two-carrier
model. We have found that it is possible to select
[14, 15] for methotrexate-resistant L1210 cells that
demonstrate a sevenfold reduction in ¥, for in-
flux of methotrexate without any detectable
change in the rate constant for efflux. Henderson
et al. [9] found that it was possible to inhibit irre-
versibly and completely block influx of methotrex-
ate by means of carbodiimide-activated substrates
without producing similar blockage of efflux. The
opposite kind of effect, in which efflux of metho-
trexate is greatly inhibited but influx is only slightly
inhibited, has been obtained [16] by treating cells
with low concentrations of probenecid.

Despite this supportive evidence, it may be pos-
sible to explain the accumulated data using models
other than the two-carrier model. Furthermore,
certain studies [6-8] have been interpreted as di-
rectly contradicting the two-carrier model. We will
now present data comparing methotrexate trans-
port in metabolically depleted and control cells.
We find that the two-carrier model is consistent
with our results although certain refinements re-
lated to the detailed coupling of energy to the e-
and i-carriers are necessary. Our data also suggest
that some of the evidence contradicting the two-
carrier model could arise from the use of experi-
mental conditions that inhibit the normal metabol-
ic activity of 1.1210 cells.

Materials and Methods

MATERIALS

[*H]methotrexate at a specific activity of 20 Ci/mmol was pur-
chased from Moravek Biochemicals, City of Industry, Califor-
nia. [Carboxy-'*C] inulin with a specific activity of 0.48 mCi/
mg was obtained from New England Nuclear, Boston, Mass.
[*H]methotrexate was purified prior to use by paper chroma-
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tography [13]. Radiochemical purity of the final preparation
was >97%. Aliquots of purified material were stored at
—70 °C. All other reagents had reagent grade.

METHODS

Source of Cells

L1210/V cells were obtained by transplantation [12] in BD2F,
mice. Ascites suspension was harvested in cold (0 °C) buffered
isotonic saline (0.14 M NaCl+0.01 M sodium phosphate,
pH 7.4) from the peritoneal cavity 5-6 days after transplanta-
tion. Contaminating red blood cells were removed by washing
of the tumor cell suspension with cold (0 °C) 0.17 v NH,CI
[11] and then with 0.14 M NaCl.

Transport Measurements

A rapid sampling procedure modified [1] from Plagemann and
coworkers [18] was employed during these studies for process-
ing of samples for radioactive scintillation counting. In each
experiment, cell suspensions were made in [carboxy-"*C] inulin
and then centrifuged in order to determine the amount of aque-
ous medium carried down and trapped in the cell pellet. This

value was used to determine a correction of the total radioactiv-

ity in the pellet to yield the intracellular radioactivity. Total
water in the cell pellet (intracellular and extracellular) was de-
termined by centrifugation with [*H],0 [10] added to the cell
suspension. Subtraction of extracellular water (determined from
the labeled inulin value) from total water gave the intracellular
water volume. Values for intracellular water derived in this
manner were in agreement with values also determined from
net and dry weight determinations [12].

Data derived during transport experiments were expressed
as nmol/g dry wt in accordance with conventions established
in our earkier [12] studies. Data for intracellular drug concentra-
tion are expressed as values for exchangeable drug, that is,
unbound to dihydrofolate reductase.

Transport experiments were carried out at 37 °C with cell
suspensions (2 to 3 x 107 cells/ml) prepared in buffer-salts solu-
tion containing (mm): 107 NaCl, 10 Tris-HCI, 26.2 NaHCO,,
. 5.3 KCl, 1.9 CaCl,, 1 MgCl, with or without p-glucose at
pH 7.4. Influx was measured by incubating the cell suspension
with [*H]methotrexate under conditions [12] which assured uni-
directional flux inward. During measurements of influx and
net accumulation of [*H]methotrexate a large ratio between
the extracellular/intracellular volume was maintained [12] to
insure that there was no significant change in extracellular con-
centration during the incubation period. Similar precautions
were made during efflux to ensure measurement of unidirection-
al flux outward of [*H]methotrexate in cells washed after pre-
loading with this folate compound to intracellular concentra-
tions representing a substantial exchangeable fraction in intra-
cellular water. Experimental procedures used to derive values
for influx V., influx K, and the efflux rate constant have

max ?

been described in detail [12].

Other Procedures

Assay of cellular ATP was by firefly luciferase assay using meth-
ods published elsewhere [17]. The procedure for chloride deter-
mination was also described elsewhere [2]. All data are ex-
pressed as mean -+SE (standard error of the mean). In the case
of data in the Figures which show more than one mean the
legend indicates the maximum value for SE obtained; that is,
all of the measured values for SE are below this stated value.
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Fig. 1. Variation in cellular ATP content during incubation at
37 °C of L1210 cells in the absence or presence of different
concentrations of D-glucose. Aliquots of cell suspension (0.3 ml
of 3 to 7.5% 107 cells/ml were removed at various times for
processing. (4) Time-course for change in cellular ATP during
incubation with no D-glucose and with varying concentrations
of D-glucose. (B) Dependence of steady-state cellular ATP con-
tent on D-glucose concentration. Determinations were made
after 80-min incubation. Average of 3 to 4 separate experiments
(se= < +11%)

Results

Figure 14 shows measurements of the cellular
ATP content when freshly isolated L1210 cells are
incubated for various periods in the presence of
different levels of D-glucose. As can be seen from
this Figure, at D-glucose levels below the normal
concentration found in mouse serum (i.c., 7 mm),
the ATP levels in 11210 cells decrease and ap-
proach a new steady state with a half-time of 12
to 14 min. Data in Fig. 1B indicate how the final
steady-state level of cellular ATP depends on the
concentration of D-glucose in the external medium.
Variations of external D-glucose between 0 and
10 mM resulted in a 10-fold difference in the cellu-
lar ATP content.

The effect of external D-glucose on the time
course of accumulation of [*H]methotrexate is
shown in Fig. 2. In this experiment cells were sus-
pended in D-glucose-free medium or in medium
with 5 or 7 mM D-glucose and [*H]methotrexate
added at time zero. Thus, although the external
concentration of [*H]methotrexate (2 um) was con-
stant during the experiment, it can be seen from
Fig. 1 A that the metabolic state of the cells was
changing at least for the first 30 or 40 min of incu-
bation. As a consequence, the dynamic changes
in intracellular [*H]methotrexate shown in Fig. 2
could involve contributions from changes in the
cells themselves. Despite this difficulty, the cell me-
tabolism has stabilized by the time intracellular
[*H]methotrexate reaches its final steady-state lev-
¢l (see Fig. 14). Thus, the steady-state levels of
methotrexate (MTX) recorded in this kind of ex-
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Fig. 2. Time-course for uptake of [*H]methotrexate incubated
at 37 °C in varying concentrations of p-glucose. L1210 cells
(0.3 ml of 3 to 7.5x 107/ml) were removed at various times
following incubation with 2 um [*H]methotrexate and with or
without D-glucose and processed as described in text. Total
drug levels were corrected for drug bound to dihydrofolate
reductase (SE= < +10%)
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Fig. 3. Effect of p-glucose and sodium azide on steady-state
levels of [*H]methotrexate in p-glucose-deprived L1210 cells.
The cell suspension (3 to 7.5 x 107/ml) was incubated with 2 pm
[*H]methotrexate and with or without 10 mm D-glucose or
10 mM sodium azide after 60-min incubation at 37 °C in the
absence of D-glucose. 0.3 ml aliquots were removed for process-
ing at various times. Data is expressed as exchangeable intracel-
lular drug by subtracting a value for drug bound to dihydrofo-
late reductase from total drug levels. Average of 5 experiments
(SE= < +11%)

periment are fairly stable properties of the trans-
port mechanism for a given level of extracellular
D-glucose.

In accord with the effect of sodium azide ob-
tained by Goldman [4], Fig. 2 shows that decreas-
ing extracellular p-glucose and thus decreasing
metabolic activity actually increases the accumula-
tion of [*H]methotrexate. In order to demonstrate
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Fig. 4. Effect of D-glucose on cellular ATP levels in p-glucose-
deprived cells. See legend of Fig. 3 for experimental details.
Average of 5 experiments (SE= < 4-8%)

that this effect of D-glucose deprivation does not
involve irreversible changes in cell metabolism, D-
glucose was restored to cells that had been de-
prived of this sugar for a prolonged period. As
shown in Fig. 3, after addition of D-glucose, the
elevated steady-state level of methotrexate charac-
teristic of deprived cells rapidly drops to the lower
level characteristic of nondeprived cells. Figure 3
also shows the rapid and contrasting effect pro-
duced when addition of sodium azide is substituted
for addition of D-glucose, a result also consistent
with an earlier observation by Goldman [4].

In order to see whether the effects of glucose
restoration were related to underlying metabolic
changes of a general nature, the effect of p-glucose
restoration on cellular ATP content was studied
in experiments parallel to those of Fig. 3. As indi-
cated in Fig. 4, the rapid effect of D-glucose resto-
ration is related to a similarly rapid restoration
of cellular ATP level. Thus it would appear that
the effects of D-glucose deprivation on cell metabo-
lism and on transport of methotrexate are readily
reversible under the conditions of these experi-
ments. Furthermore, since metabolic poisons such
as sodium azide produce effects similar to D-glu-
cose deprivation [see Fig. 3 and Ref. 4], it would
appear that the alterations of transport are in fact
the result of a general metabolic change and not
a specific consequence of D-glucose.

It should also be noted that the further increase
in steady state for [*H]methotrexate obtained with
sodium azide beyond that obtained with p-glucose
alone implies that ATP in D-glucose-deprived cells
is not completely climinated. Cellular ATP levels
in cells incubated with sodium azide were actually
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Fig. 5. Effect of different D-glucose concentrations on steady-
state levels of [*H]methotrexate accumulation. L1210 cells (3
to 7.5x107 cells/ml) were incubated at 37° C for 60 min in
the presence of 2 uM [*H]methotrexate and no b-glucose or
various concentrations of D-glucose. Data expressed as exchan-
geable drug (unbound to dihydrofolate reductase). 0.3 ml ali-
quots removed for processing. Average of 4 experiments (SE= <
+10%)
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Fig. 6. Effects of different concentrations of D-glucose on unidi-
rectional flux of [*’H]methotrexate. Determinations of ¥, ., and
K, for initial influx were made after preincubation at 37 °C
for 50 min with no D-glucose or various concentrations of D-
glucose and incubation at various [*H] methotrexate concentra-
tions. For efflux determinations cells were preloaded at 2 um
[3H]methotrexate during the 50-min preincubation period and
efflux measured at the same concentration of p-glucose in drug-
free medium. Initial time-courses for influx and efflux were
obtained by removing 0.3 ml samples at intervals for process-
ing. Average of 5 separate experiments (SE= < £9%)

twofold lower than in cells only deprived of D-
glucose (data not shown).

Figure 5 shows data indicating the detailed
changes in steady-state [**]methotrexate levels as
the D-glucose concentration is varied between 0
and 10 mM. Surprisingly, these data demonstrate
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Table 1. Parameters of methotrexate influx and efflux in control
and glucose-deprived cells®

Cells Efflux Influx

k Km Vmﬂx

(min~%) (um) (nmol/min/g dry wt)
Control® 021 £0.02 34+04 8.7+0.1
Deprived®  0.037+0.005 3.34+0.3 2.240.3

a

Number of experiments=35; errors indicate standard error
of mean.

% Cells preincubated 40 min in 7 mM glucose.

Cells preincubated 40 min in the absence of glucose.

[

that in the range of 0 to 2 mM glucose, there is
a small increase in the [*H]methotrexate level. Fur-
ther increases in D-glucose above the 2 mM level
result in progressively lower levels of [*H]metho-
trexate accumulation.

As has been shown in a number of previous
studies [3, 5, 12] the initial influx velocity of metho-
trexate is a saturable (Michaelis-Menten) function
of the external concentration. In the present study
we find that this description continued to be valid
for cells that had undergone prolonged incubation
at various levels of external glucose. In a similar
way, the unidirectional efflux of methotrexate has
been shown to be a well-behaved first-order decay
process [3, 12]. Once again, we find that this de-
scription continued to give an extremely accurate
representation of the efflux process at all levels
of external glucose.

In order to understand the kinetic factors un-
derlying the D-glucose dependence of [*H]metho-
trexate accumulation, measurements of unidirec-
tional influx velocity (V,,,, and K,,) and of the de-
cay constant for efflux (k) were carried out in cells
that had been equilibrated with various levels of
D-glucose for 40 min. We found that the K, for
influx of methotrexate was independent of the D-
glucose concentration (data not shown); the relative
changes undergone by V,,, and k are indicated
in Fig. 6. Figure 6 also indicates the way that the
ratio of influx to efflux rates (V,,,/k) varies with
glucose concentration. Absolute values of k, K,
and V,_,_ in control and depleted cells are given
in Table 1.

We have previously shown [3] that the steady-
state levels of methotrexate in the presence of nor-
mal glucose are consistent with the independently
measured values of the kinetic constants for influx
and efflux. Using the data in Table 1 and Fig. 5
it can be readily verified that the steady-state level
is also consistent with the kinetic parameters in
glucose-deprived cells.
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The data in Fig. 6 demonstrate a marked quali-
tative difference in the dependence of influx and
efflux on D-glucose. The V., for influx undergoes
a steep rise between 1 and 2 mM glucose, goes
through a broad maximum at approximately phys-
iological D-glucose levels, and ultimately declines
at very high D-glucose levels. In contrast, the efflux
rate constant rises monotonically throughout the
range of 0 to 10 mm D-glucose. We also note that
the ratio of influx to efflux reproduces almost ex-
actly the complex dependence of the steady-state
MTX level on D-glucose. The rapid initial rise in
influx is slightly more than is needed to counteract
the rise in efflux, thus producing the small initial
increase in steady-state levels of [*H]methotrexate.
Above 2 mM, where the influx rate no longer in-
creases rapidly with p-glucose, the steadily increas-
ing efflux rate is sufficient to cause the overlap
drop in steady-state [*H]methotrexate accumula-
tion.

Henderson and Zevely [6-8] have suggested
that the effect of D-glucose deprivation might be
explained on the basis of an anion exchange trans-
port mechanism. According to this idea the influx
of a molecule of methotrexate is coupled in a more
or less obligatory fashion with the efflux of one
or more types of intracellular counter-ions. If D-
glucose deprivation were somehow to clevate the
intracellular level of these specific counter-ions,
then influx of methotrexate would be stimulated
and an increase in the steady-state level of metho-
trexate would result. In contradiction of this hy-
pothesis, the results in Fig. 6 are difficult to recon-
cile with the idea that counter-ions are elevated
in metabolically depleted cells. The data clearly in-
dicate that inward transport is severely depressed
in the absence of D-glucose, and that the elevation
in intracellular [*H]methotrexate is brought about
only because of an even larger depression in efflux.

Since methotrexate is a divalent anion, the
changes in the steady-state level of [*H]methotrex-
ate brought about by D-glucose deprivation and
metabolic poisons might be directly related to a
change in the membrane electric potential. Mem-
brane potential could also influence methotrexate
accumulation indirectly (e.g., through an effect on
a potential-dependent channel or carrier protein).
In order to test these hypotheses, measurements
of the chloride distribution ratios were carried out
in freshly isolated cells, cells that had been incu-
bated 40 min in the presence of D-glucose, and cells
incubated for 40 min in the absence of D-glucose.
Parallel measurements of cellular water content
were also made on each group of cells.

Assuming that all the intracellular chloride is
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Table 2. Measurement of the chloride Nernst potential®

Incubation Cell H,0  Cellchloride  V°
(ml/g dry wt) (umol/g dry wt} (mV)
None 33403 295+£27 —11.6
40 min without glucose 3.5+0.3 303+51 —~12.8
40 min with glucose 29+0.3 268422 —10.8

a

Number of experiments=35; errors indicate standard error
of mean.

® Calculated using Eq.(1); [CI,, =138 mM, RT/ZqF=
~26.7mV.

in a freely exchangeable form, cell chloride and
cell water measurements can be used to calculate
the so-called chloride Nernst potential of the
L1210 cell membrane according to the equation,

—RT, [CI],
_ Sl 1
A7 F In [CI].. )

In this equation R is the gas constant, F the Fara-
day constant, T the absolute temperature, and Z,
1s the charge of the chloride ion (i.e., —1). If some
of the intracellular chloride is bound to various
fixed charges in the cell, then the “true” membrane
potential will be smaller (i.e., more negative) than
the potential calculated using Eq. (1). In any event,
it can be seen from the data summarized in Table 2
that the changes in V., brought about by D-glucose
deprivation are very close to the limit of experi-
mental error. In addition, the small changes that
are seen are in the wrong direction to bring about
an increase in the intracelllular concentration of
methotrexate.

From the Nernst equation, it can be seen that,
if transport of methotrexate were an equilibrating
process, the internal steady-state methotrexate
concentration would be proportional to the exter-
nal concentration.

[MTX];, =[MTX],,exp[ — Zyrx VF/RT]. @)

In this equation, Zy;y is the charge of the
methotrexate ion (i.e., Zy;x= —2), and the mem-
brane potential, V, is approximately equal to the
chloride Nernst potential (see Table 2).

Equation (2) suggests a simple approach to dis-
tinguishing between the two-carrier and the one-
carrier models of methotrexate transport. This ap-
proach is based on the common sense notion that
a single type of carrier can pump methotrexate into
cells or out of cells, but that a single carrier cannot
actively pump methotrexate in both directions at
once. If a hypothetical single carrier pumped meth-
otrexate in the inward direction, then the steady-
state intracellular MTX should exceed the predic-
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Fig. 7. Steady-state levels of [*H]methotrexate at different con-
centrations of [*H]methotrexate in the presence and absence
of D-glucose. 11210 cells (3 to 7.5x 107/ml) were incubated
at 37 °C for 80 min in the presence of various [*H]methotrexate
concentrations and aliquots of cell suspension removed for pro-
cessing. Average of 4 separate experiments (SE= < +12%)

tion of Eq. (2) for all possible values of [MTX],,.
Similarly, if the hypothetical carrier were an out-
ward-directed pump, then the observed steady
state should be less than the prediction of Eq. (2)
for all values of [MTX],,. In the case of a two-
carrier model, it is possible for the drug to be
pumped inward under some conditions and out-
ward under other conditions, depending on which
of the two carriers has the greater capacity.
Figure 7 shows the actual dependence of the
steadystate on [MTX],, and [MTX],, in control
cells [7 mM D-glucose], in cells incubated in 5 mM
D-glucose, and in cells deprived of D-glucose. The
dashed line in Fig. 8 shows the linear relationship
expected on the assumption of an equilibrating
transport mechanism. This line was calculated us-
ing the value of the chloride Nernst potential from
Table 2 as an approximation for the true mem-
brane potential. Even if this estimate of the poten-
tial is in error by two- or threefold, we could still

conclude from Fig. 7 that control cells pump meth--

otrexate inward when the external concentration
is sufficiently low, whereas they pump methotrex-
ate outward when the external concentration is suf-
ficiently high. In distinction to this behavior, D-
glucose-deprived cells actively pump methotrexate
inward at all external concentrations of drug.

In accord with the results of our previous study
[3] we conclude from Fig. 7 that standard models
for single-carrier systems cannot explain the trans-
port of methotrexate by L1210 cells under normal
physiological conditions. In contrast, the behavior
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Fig. 8. A model for the mechanism of energy coupling to sepa-
rate influx and efflux carrier systems postulated for methotrex-
ate transport. The upper part of the Figure represents the pro-
posed mechanism for operation of the influx or i-carrier. Cou-
pling of energy to this carrier is indirect, and if uncoupled,
the carrier continues to operate in a “facilitated” diffusion
mode. Under normal conditions transport by the i-carrier is
biased in the inward direction, but reversal of the carrier is
possible at least to some degree. The lower part of the Figure
represents the proposed mechanism for the efftux or e-carrier.
Direct coupling to metabolic energy is obligatory for function-
ing of this carrier. Furthermore, this carrier is unable to mediate
transport of methotrexate in the inward direction, i.¢., reversal
of the carrier is negligible

of D-glucose-deprived cells can be reconciled with
a single-carrier model. Furthermore, the data indi-
cate that the single active carrier remaining in D-
glucose-deprived cells is an inward-directed pump.

Discussion

Figure 8 illustrates a hypothetical model involving
two distinct carrier systems that can account for
the differential effects of p-glucose deprivation on
influx and efflux of methotrexate. As illustrated
in the upper part of Fig. 8, one of the carriers (the
i-carrier) is the only route by which influx of meth-
otrexate can occur. Active transport in the inward
direction is made possible by an asymmetry or bias
in the cyclic movement of the loaded and unloaded
forms of the i-carrier between the outer and the
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inner surfaces of the plasma membrane. Thermo-
dynamically, this transmembrane asymmetry in the
cyclic operation of the i-carrier requires expendi-
ture of some form of metabolic energy in order
to be maintained.

An essential feature of the i-carrier, according
to Fig. 8, is the “indirect” mechanism of metabolic
coupling. In essence, an indirect coupling mecha-
nism implies that the transmembrane asymmetry
of the i-carrier is powered by an underlying asym-
metry of a completely different sort. For example,
return of the unloaded i-carrier from the inner to
the outer side of the membrane could be acceler-
ated by an elevated intracellular concentration of
a specific competitive counter-ion (perhaps one of
the naturally occurring folates or even a simple
organic anion of some sort). Accelerated cycling
of free carrier from the interior to the exterior
could also be mediated by a mechanism based on
nonspecific differences in the pH or ionic strength
of the interior and exterior compartments. What-
ever the detailed mechanism the hypothesis of indi-
rect coupling implies that the inward-directed bias
of the i-carrier will remain only as long as the un-
derlying asymmetry between the interior and exte-
rior compartments is maintained. This feature of
the model is needed to explain methotrexate trans-
port in systems where the underlying transmem-
brane asymmetry has been experimentally elimi-
nated, such as in membrane vesicles [19, 21]. Such
‘systems still display some carrier activity because
the i-carrier continues to operate in a simple “facil-
itated diffusion” mode. Naturally, membrane vesi-
cles do not demonstrate any ability for active
transport unless appropriate conditions of trans-
membrane asymmetry are recreated (work in pro-
gress in this laboratory).

Since the i-carrier is indirectly coupled to meta-
bolic activity, Fig. 8 can account for the decrease
of the unidirectional influx velocity when the D-
glucose concentration is increased or decreased
from its physiological level (see Fig. 6). The postu-
lated properties of the i-carrier can also explain
the more or less linear concentration dependence
of steady-state methotrexate accumulation under
conditions of complete D-glucose deprivation (see
Fig. 7). However, as pointed out previously (see
discussion of Fig. 7), a theory based on a single
carrier has great difficulty explaining the highly
nonlinear concentration dependence of steady-
state methotrexate accumulation, under physiolog-
ical conditions.

The properties of the i-carrier as postulated by
Fig. 8 are also unable to explain the single most
striking feature of the data we have presented,
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namely, the inverse correlation between methotrex-
ate accumulation and the level of metabolic activi-
ty. Clearly, if the i-carrier is an inward-directed
pump that operates best at physiological D-glucose
concentrations, then accumulation should be maxi-
mum at physiological D-glucose and minimal at
suboptimal D-glucose, and not the other way
around. As we have shown previously [3], the diffi-
culties of explaining methotrexate transport with
a one-carrier model can be overcome by invoking
the existence of a completely separate carrier sys-
tem, the efflux or e-carrier (lower portion of
Fig. 8).

In contrast to the characteristics of the i-carrier,
we propose that the e-carrier is an obligate unidi-
rectional pump that carries methotrexate out of
the cell at the direct expense of metabolic energy
of some form. This means that the e-carrier will
not operate unless a high-energy source (probably
ATP) is available in sufficient quantity. The model
also implies that the e-carrier can transport metho-
trexate in only one direction, from the inside to-
wards the outside of the cell membrane.

If sufficient energy is available, the e-carrier
is a much faster route for efflux of methotrexate
than is the i-carrier. This competitive preference
for the e-carrier on the inner surface of the mem-
brane implies that, to a good approximation, meth-
otrexate enters cells solely by means of the i-carrier
and leaves solely by means of the e-carrier; the
small amount of drug that leaves by “reversal”
of the i-carrier is negligible. Thus, under physiolog-
ical conditions, Fig. 8 reduces to the previously
proposed “simple’ two-carrier model, with dis-
tinct carriers exclusively devoted to influx and ef-
flux, respectively [3]. We have shown that the sim-
ple two-carrier model can easily explain the highly
nonlinear concentration dependence of methotrex-
ate accumulation by metabolically active cells. By
extension, Fig. 8 can also explain these results since
itis equivalent to the previous model under physio-
logical conditions. Similarly, both models can
readily explain previous kinetic data [3] on the de-
tailed time dependence of uptake and loss of meth-
otrexate under physiological conditions [3].

Figure 8 begins to depart from the previous
model under conditions of metabolic deprivation.
Under mildly depleting conditions, the efflux route
utilizing the e-carrier, though not completely gone,
will be greatly reduced. Because of reduced compe-
tition from the e-carrier, the efflux route utilizing
the i-carrier is no longer negligible; thus, signifi-
cant efflux occurs by both of the two-carrier sys-
tems. Under conditions of complete metabolic de-
pletion, the activity of the e-carrier will eventually
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be completely eliminated, whereas the i-carrier will
retain some level of function. Under such condi-
tions, the i-carrier must mediate both the influx
and efflux routes; in essence, Fig. 8 becomes equiv-
alent to a one-carrier active transport model.

The major refinement of the previous two-car-
rier model, necessitated by the present data, is the
elimination of the “absolute” distinction between
influx and efflux carrier systems. Both models pro-
pose only one route for influx; however, in the
generalized version of the two-carrier model, meth-
otrexate has two alternative routes for efflux: re-
turn by the “reversal” of the i-carrier or utilization
of the e-carrier. Under normal conditions, the lat-
ter of the two routes is greatly preferred; in de-
pleted cells, the former is predominant.

It should also be mentioned that the notion
of an active efflux pump was proposed earlier by
Goldman [35] on the basis of the differential effects
of sodium azide on influx and efflux. However,
as these workers had indicated [5], the data pre-
sented at that time did not distinguish between dif-
ferent energy processes coupled to the same system
or to entirely separate systems. In addition to mak-
ing this distinction, our own studies document con-
ditions under which this efflux pump can operate.

Our present model of methotrexate transport
implicitly assumes that metabolism has a direct ef-
fect on the activities of the e- and/or i-carrier sys-
tems. An alternative point of view is that metabolic
changes do not influence the e- or i-carrier systems
but rather acts by affecting the intracellular sub-
strate of these systems (i.e., intracellular metho-
trexate ions). A simple example of this kind of
alternative model is the proposal that metabolic
deprivation somehow lowers the intracellular pH
causing changes in the ionization of intracellular
methotrexate. It must then be further assumed
that, for some reason, the new ionic species have
a very much reduced affinity for the efflux carrier;
whereas the affinity for the i-carrier is not greatly
affected.

We cannot claim to have definitely eliminated
all alternative ““substrate effect”” models; however,
we believe that they are very unlikely in view of
the fact that significant changes in intracellular pH
would significantly affect membrane potential and
thus the chloride distribution ratio. Furthermore,
we note that this uncertainty concerning the site
of action of metabolic changes has no bearing on
our more general conclusion that methotrexate
uses separate carriers for influx and efflux under
normal cicumstances, and only a single carrier
under conditions of metabolic deprivation; the un-
certainty surrounds only the reason for this switch.

Caution must be exercised in extending the
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present model of methotrexate transport to trans-
port of other folate compounds, particularly the
naturally occurring folates. Competition studies
[reviewed in Ref. 5, 12] make it quite clear that
many folate compounds utilize the same influx
route as methotrexate (i.e., the i-carrier). An im-
portant exception to this generalization is folic acid
itself. Not only does folic acid not utilize the i-
carrier, but this substrate appears to have a sepa-
rate influx carrier of its own [20]. Although the
i-carrier is utilized by many different folate com-
pounds, there is great variability in the affinity (as
measured by the K, for influx) of different com-
pounds. Similar variations in the affinity of the
i-carrier for different folates must also occur on
the inner surface of the plasma membrane. Like-
wise, different folates doubtless have different af-
finities for the e-carrier, and, by analogy with the
situation for folic acid, some compounds may not
utilize the e-carrier at all.

If we consider the extension of the two-carrier
model to transport of methotrexate or some other
given folate in a variety of cell types or mutant
lines, then the various cell types should generally
fall into one of three categories according to their
mechanism of transport. Group I cells will behave
like 11210 cells; i.e., under normal metabolic con-
ditions methotrexate will enter by the i-carrier and
be pumped out almost exclusively by the e-carrier.
Steady-state accumulation of methotrexate will be
inversely related to the level of metabolic activity.
Group II cells will lack the e-carrier or at least
have very greatly reduced e-carrier activity. In such
cells, both influx and efflux of methotrexate will
occur by means of the i-carrier. Experimentally,
such cells should actively accumulate methotrexate
under all experimental conditions, and there
should be a direct correlation between level of met-
abolic activity and steady-state accumulation. Fi-
nally, Group III cells will consist of cell types that
completely lack the i-carrier system or at least have
very greatly reduced i-carrier activity. Experimen-
tally, such cells should actively exclude methotrex-
ate except under conditions of very strong meta-
bolic deprivation. Cells of Group III should be
very resistant to methotrexate toxicity, and we
have recently used this approach to select and
clone a type III cell [14, 15]. As we would expect,
this cell line exhibited a greatly reduced V,,, for
influx of methotrexate without any significant
change in the rate constant for efflux.

Recently, Henderson and Zevely [6-8] reported
evidence that appeared to contradict the notion
of a two-carrier model for methotrexate transport.
These workers observed from experiments with
L1210 cells carried out in a Hepes-Mg-sucrose
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buffer, that efflux of methotrexate could be stimu-
lated by the presence of reduced folates in the ex-
ternal compartment. They also reported that a di-
verse group of anions, including phosphate, sulfate
and chloride, which are weak competitive inhibi-
tors of methotrexate influx, could also stimulate
efflux of methotrexate when present in the external
compartment. Since these experiments were carried
out in nonphysiological buffers and in the absence
of an exogenous energy source, the results should
reflect the properties of nonenergized cells. The
present study indicates that such cells catalyze both
influx and efflux of methotrexate by means of the
i-carrier; thus, the ability to transstimulate efflux
of methotrexate in nonenergized cells is under-
standable. The present model predicts that such
results would not be obtained under physiological
conditions.

The idea that methotrexate influx occurs by
an anion exchange mechanism originated with
Goldman [5] and has been recently expressed by
Henderson and Zevely [6-8]. Whether or not this
idea is really correct, its essential feature from the
viewpoint of the present data is that the influx
carrier can act either as an inward-directed MTX
pump or as an equilibrating carrier depending on
whether or not an energy source (i.e., anion gra-
dient) is available. Thus our present data are con-
sistent with the hypothesis that the i-carrier system
operates by an anion exchange mechanism, al-
though other models of the i-carrier could be
equally acceptable.
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