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SUMMARY

Cells of the murine leukemia L1210 have been treated with
amethopterin (NSC 740) in a spin filter culture device which
provides for continuous perfusion of populations of cells in
suspension and removal of extracellular drug at a controlled
rate. Experiments with exponential washout have involved

daily doses of drug at initial concentrations of 1.0 jig/mi and
a half-time of approximately 1 .1 ha, providing an integrated

concentration X time value of approximately 1.6
@.@g-ha/ml/day.Under these conditions, the viable cell pop
ulation, as measured by cloning in soft agar, showed an
immediate decline followed by partial recovery between drug
doses. The degree of cell killing was greater after the second
exposure to drug than after the first exposure. Experiments
with tritiated amethopterin have shown a rapid initial uptake
of drug followed by a slow decline of intracellular concen

tration; the ratio of intracellular to extracellular levels ap

proaches 1000 after several hours of drug washout. Dthydro
folate reductase activity dropped sharply in the first few
hours after drug addition and recovered partially in the
period before the next treatment. A similar effect was seen
for deoxyuridine incorporation into DNA, but thymidylate

synthetase activity increased following the first drug dose.
Similar effects were seen after the second dose, with the
exception of thymidylate synthetase, which showed a transi
tory drop followed by recovery to a level higher than the
initial level. Continuous perfusion with amethopterin at
0.067 @zg/m1,to provide the same daily integrated con
centration X time value resulted in comparable cell killing

over a 2-day period, with a small population surviving for 6
days.

INTRODUCTION

Studies, in vivo and in vitro , of the pharmacodynamics of
cell death after exposure of rodent leukemia cells to drugs
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have been hindered by the difficulty of meeting 2 important
requirements. First, a valid sampling or quantitative recovery
of cells from the host has been difficult to attain in vivo,

particularly in the early stages of tumor growth. Second, in
vitro studies with a recoverable cell population lacked the
methodology for exposure of cells to the exponentially
declining drug concentrations which occur in vivo. The spin
filter culture system (5) provides the necessary methodology,
which, combined with the techniques of soft agar cloning
(4), permitsan in vitropharmacodynamicexaminationof
the following parameters with defined cell populations: the
rate of cell death during treatment with an exponentially (or

otherwise) declining drug concentration, the rate of recovery
of viable cells between treatments, the effects of successive

doses, the kinetics of drug uptake at constant or varying
concentration of drug, and the changes in metabolic capac
ities of the cells. The present study explores the effects of
ame tho pterin , N-@p-@[(2,4.diamino.6-pteridinyl)methyl]-
methylamino@ benzoyl@glutamic acid (NSC 740), on Ll2lO
leukemia cells in this culture system.

MATERIALS AND METhODS

The suspension culture of L1210 cells used in these studies
has been grown in our laboratory since it was derived from
an ascites tumor in 1963. Nearly equivalent growth (1 to 2

x 106 cells/ml) is achievedin both spinnerand stationary
cultures. Minimum doubling times of 10 to 15 hr have been
observed at cell densities below 106/ml. On i.p. inoculation
into a histocompatible mouse, a typical leukemic death

occurs, although the time to death is about 50% longer than
with the original line from which this culture was derived
(4).

Fischer's medium (2) for all these studies was purchased as
a dry mixed powder from Grand Island Biological Co.
(Grand Island, N. Y.), and was prepared for use by dissolving
it in water and adding bicarbonate, antibiotics, and 10%
horse serum. The complete medium was sterilized by
filtration. Cloning efficiency was determined by the soft agar
cloning assay previously described (4) and was used to
calculate the apparent viable cell population (cloning effi
ciency X total cell count). Cell survival was calculated from
the values for pretreatment and treated viable cell popula
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half-time for the drug concentration, e.g., for a half-time of
1 hr with a culture volume of 400 ml, the flow rate would
be 275 mI/hr. This high flow rate was maintained for 9 to
10 hi, during which time the throughput was measured and
the actual half-time determined. The C X t4 was calculated
from the equation relating elapsed time and half-time (5). Its
units are pg/ml X Kr, i.e., @.zg-ha/ml.The increase of C X t is
negligible after 6 half-times, approaching the limiting value
of CotÂ½/1n2, but the additional perfusion period of 3 to 4
half-times further reduces the drug level for the interim period
between drug doses.

Samples were removed just after drug addition and at
several times during the rapid perfusion period. These spec
imens were for determination of the total cell count (hemo
cytometer), for viability assay, and for the desired bio
chemical assays. At the end of the rapid perfusion period,
the flow rate was returned to a maintenance level of 50 to
70 mi/hr. As described in the previous paper (5), the actual
concentrations of amethopterin during rapid perfusion were
found to be very close to those predicted by calculation
from the flow rate. For continuous exposure, drug was
added simultaneously to the nutrient supply and to the
culture to produce the desire concentration.

In starting experiments with amethopterin, we hoped to
establish drug levels and half-time for drug washout com
parable to those observed in vivo, namely, initial levels in the
range of 0.1 to 10.0 j.zg/ml with half-times of 30 mm.
However, for convenience of operation, a half-time of 1 hr
was accepted. An initial level of 1 .0 @.ig/ml was used for most

experiments.

RESULTS

Effects on Viable Cell Populations. The results for 3
replicate experiments in which L1210 cells in spin filter
culture received daily doses of 1 j.zg/ml of amethopterin on 2
consecutive days are presented in Chart 1 . Experiments 1 (4)

and 3 (.) have been normalized to initial values equivalent
to those for Experiment 2. In all 3 experiments a gradual

decline in the total cell population was produced without
specific inflections or changes related to the time of drug
addition or elution. However, the colony-forming popula
tions dropped markedly following the administration of
drug. A recovery in the number of colony-forming units
occurred after fast perfusion. This increase might be at
tributed either to the reversal of a nonlethal effect in some
of the cells or to the production of daughter cells by the

remaining viable cells.
Inspection of Chart 1 suggests that the degree of cell killing

was greater for the 2nd dose of amethoptermn than for the

1st. This is clearly shown in Chart 2, in which the cell kill
produced by each dose for the period from the injection of
the drug to the end of the rapid perfusion is expressed as log
kill. Related to this is the observation (Chart 1) that the

4The abbreviations used are: C X t, concentration X time; PCV,
packed cell volume.

tions and was converted to â€œlogkillâ€•values:

treated population S 1
S = S@ log kill log

pretreatment population S

Drug experiments were with aliquots of a solution of
amethopterin (methotrexate) which had been prepared by
initially dissolving the compound in dimethylformamide and
diluting it with water to a final concentration of 195 pg/ml.
Aliquots of the drug solution were stored in ampuls at â€”20Â°.
At the time of use, the concentration and spectral purity of
drug in an ampul were checked spectrophotometrically.
Tritiated amethopterin with a specific activity of 3000
mCi/mmole was purchased from Nuclear-Chicago Corp., Des
Plaines, Ill. In preparation for an experiment, an aliquot of
this material was purified 24 hr before use by thin-layer
chromatography on cellulose in 0.05 M sodium phosphate
buffer, pH 7.0. The amethopterin spot was located by
reference to unlabeled material, eluted with 2% NaHCO3,
and added to the culture to give the desired level of
radioactivity.

For determination of cellular uptake of tritiated ametho
pterin, the cells were collected by centrifugation at 1000
rpm for 10 mm at 5 to 10Â°, and the cells were washed twice
in 10 ml of cold 0.9% NaC1 solution. The cell pellet was
dissolved in quaternary solubilizer (Nuclear-Chicago), and
aliquots of this solution and of the original supernatant
medium from the cells were counted by liquid scintillation.

For biochemical studies, the cells were immediately chilled
on ice, collected by centrifugation at 500 X g for 5 mm, and
washed with Hanks' balanced salt solution. The washed cells
were resuspended in the balanced salt solution and were
divided into 2 fractions. After another collection of the cells
by centrifugation, 1 pellet was washed with Eagle's minimum
essential medium-phosphate-horse serum medium (1 1) and
resuspended as a 5% cell suspension in this medium for the
study of deoxyuridine incorporation into DNA (12). The
other pellet of cells was resuspended in an equal volume of
0.01 M Tris-HC1 buffer, pH 7.0, and disrupted by sonic
oscillation. The homogenate was centrifuged at 30,000 X g
for 25 mm. The supernatant fluid was removed and stored at
â€”20Â°until all the specimens from a study had been col
lected. The supernatant fluid was assayed for its content of
thymidylate synthetase and dthydrofolate reductase (9, 10,
I 2). The activity was expressed on the basis of protein in
the whole homogenate, as determined by the method of
Lowry et aL (8).

A typical drug experiment was performed by the following
sequence of operations. After sterilization, the culture vessel
was inoculated with spinner-grown Ll210 cells to a final

level of approximately 106 cells/mI. Medium was circulated
into the culture and out through the rotating filter at a
maintenance rate of 30 to 70 ml/hr until the population
reached a level of 1 to 2 X l0@ cells/ml, at which
experiments were usually started. Samples were taken at 0
time for the establishment of control values, the drug was
added, and the contents of the vessel were mixed by rotating
the filter for 3 mm without flow of medium. The perfusion
was then started at a rate calculated to give the desired
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magnitude of the kill for the 2nd dose appears to be
inversely related to the extent of recovery from the 1st dose,
although the degree of killing by the 1st was nearly con
stant.

For exploration of the effects on cell viability of con
tinuous exposure to amethopterin, a level of 0.067 @.zg/mi
was chosen to provide the same C X t/day as was produced

by the exponential washout in the experiments just reported,
i.e., 1.6 @tg-hr/m1/day. The results of this experiment are
presented in Chart 3, in which it will be seen that a
relatively constant loss of colony-forming cells was observed
for the first 2 days, being approximately 1 log/day, and that

after 5 days the surviving population seemed to remain
constant at a low level. Surviving clones were cultured and
tested for sensitivity to amethopterin. They were no more
resistant than the original culture.

Chart 3. Effects of continuous perfusion with amethopterin. L1210
cells in spin filter culture; amethopterin at 0.067 @ig/ml.

Uptake of Tritiated Amethopterin. Two drug distribution
experiments were performed with the same protocol as
described for Chart 1, i.e., an initial concentration of
amethopterin, 1.0 @ig/ml, exponentially washed out of the
culture. Tritiated amethopterin was added to give a mean
initial radioactivity level of 10,000 cpm/ml. One of these
experiments is summarized in Chart 4, in which the curve
for â€œsupernatant mediumâ€• shows the decrease in extra
cellular drug concentration in the cell-free supernatants of
samples taken during the rapid perfusion . The lower dotted
curves indicate the amount of radioactivity which was found

E
â€˜I,

Chart 1. Perfusion of L1210 cells in spin filter culture: counts of
total and colony-forming cells. Amethopterin (1.0 @g/ml)was added
to the culture at 0 and 24 hr and was removed from the culture by
rapid perfusion with thug-free medium for the time indicated by the
horizontal bar.

2.0

1.5

LOG KILL 1.0

0.5

Day 1 2 1 2

ExpI. 1 2 3

Chart 2. Summary of spin filter perfusion experiments. Log
decrease of colony-forming cells 10 hr after addition of amethopterin
(1 @.@g/ml),at 0 and 24 hr.

12

HOURSOF OPERATION

HOURSOF DRUGEXPOSURE
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discussed and are presented in Chart 5 . These data are of
necessity expressed on the basis of weight of cells or of cell
protein, without regard to viability. Dihydrofolate reductase
activity was closely related to intracellular concentrations of
amethopterin. The activity of this enzyme dropped sharply
and at 2 hr after the addition of amethopterin was very
close to being completely inhibited. Recovery of dihydro
folate reductase activity was linear, starting, by extrapo
lation, 4 hr after initiation of perfusion with drug-free
medium. By 4 Kr, over 95% of the drug had been removed
from the cell-free medium. Approximately 50% of the initial
activity was recovered by the cells in 24 hr. Very little
enzyme activity, approximately 5%, was recovered 10 hr
after addition of the 2nd dose of amethopterin. Twenty-four

hr after the 2nd dose of amethopterin, only 25% of the
initial activity was observed. These results are in contrast to
those for the time course of changes in thymidylate syn
thetase activity and in the ability of cells to incorporate
deoxyuridine into DNA.

Thymidylate synthetase activity began to rise between the
4th and 6th hr after administration of amethopterin. Twice
the initial level was observed 10 hr and 24 hr after drug
administration. After the 2nd dose, enzyme activity dropped
to the pretreatment range, but was again elevated 10 hr after
the 2nd dose . Twenty-four hr after the 2nd dose of ametho
pterin, thymidylate synthetase activity was in the range
observed prior to drug exposure. Deoxyuridine incorporation
was depressed, but the cells began to regain this activity

during each of the fast flow periods. Recovery of the
capacity to incorporate deoxyuridine into DNA appeared to
precede slightly recovery of dihydrofolate reductase activity.

DISCUSSION

The measurement of viability of spinner cultures by colony
formation in soft agar (4) permits the evaluation of drug
effects at isolated points in time and provides for studies

E

z

.01

12

TIME (Hours)

Chart 4. Amethopterin levels in perfusion experiment. (Initial:
tritiated amethopterin, 10,000 cpm/ml; total amethopterin, 1.0 pg/mi)

cpm/ml PCV= cpm/mlin cells x io9.
cells/mi

Initial sample taken 3 min after addition of tritiated amethopterin.

in the washed cells, expressed per ml of culture. Two curves

for each type of determination are superimposed, 1 for each

day of perfusion. Similar effects were observed on both
days. Uptake was rapid in the fIrst 3 mm after addition of
drug and was maximal at 2 hi, even though the external
concentration was declining, after which time the intra
cellular levels began to decline gradually. The upper curves,
drug/PCV, were calculated from the amount of tritiated drug
per ml found in cells and from total cell counts on the
assumption (in accord with our experience) of 1 X i0@
cells/ml PCV. The ratios between these values and those for
drug level in the supernatant medium would represent the
concentration factor, ranging between approximately 100 at
2 hr to 1000 at 10 hr. Another expression of the firmness of
cellular binding was the observation that, 24 hr after
addition of the drug, the intracellular concentration,
expressed in terms of PCV, was greater than 10% of the
initial external concentration, although the external con
centration had decreased to below 0.1% of the initial value.

Biochemical Effects. Biochemical determinations were made
on cells from the tritiated amethopterin experiment just
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5. Effects of perfusion with amethopterin onbiochemicalactivity
of L1210 cells. For details see text.
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with mammalian cells the sensitivity that is standard for
microbial studies. Colony-forming units in control cultures
have routinely ranged between 40 and 60% of the total cell

count. For maximum cloning efficiency and resolution in
counting, aliquots of the culture were diluted a minimum of
1000 times. This dilution of the initial concentration of
amethopterin, when added to control cultures in soft agar
cloning medium, does not change the cloning efficiency. In
the present study, the tacit assumption has been made that
drug-treated cells recovered equally as well under cloning
conditions as in spin ifiter culture.

The measurement of drug effects by changes in cloning
efficiency was apparently much more sensitive than assay by
cell count. The unavoidable delay required for colony forma
tion permits a more complete evaluation of the irreversible

interaction between the drug and cell. If only total cell
count is relied on, any delay in expression of irreversible
drug effects on a portion of the cell culture can overlap with
recovery from drug effects by another fraction of the cells in
the culture . The soft agar cloning technique resolves these 2
populations of cells and provides the sensitivity required for
in vitro C X t studies

The C X t value has been defined and calculated on the
basis of the extracellular concentration of drug (13). The
pharmacological action of many drugs originates from an
intracellular imbalance in metabolism. The wide variation in
the ratio of intracellular drug concentration suggests that this
calculation has meaning only when the intracellular pool of
drug is directly related to changes in the extracellular pool.
Drugs that are activated intracellularly, or are irreversibly
bound to a limited number of binding sites, may form pools
that are no longer related to extracellular concentrations.
The inhibition of dthydrofolate reductase by amethopterin
apparently requires very low levels of free drug for main
tenance. Retention of amethopterin for extremely long
periods suggests that the drug very slowly escapes from the
cells (1 , 3, 15). This intracellular drug is apparently in
equilibrium with free drug, as evidenced by the observation
that labeled drug can be flushed from the body by large
doses of nonlabeled drug (6). In studying the relationship
between the extracellular pool, which may contain both free
and bound (e.g., to serum components) drug, and the free
and bound pools of intracellular drug, at least 2 other
factors may enter into the expression of drug action. These
are: (a) the period of time, which varies with the phase of
the cell cycle, that the cell can sustain metabolism in the
presence of a metabolic inhibition; and (b) the rate at which
the cell can compensate for the metabolic block, either by
synthesis of new enzyme to replace the inhibited enzyme or
by adjustment of the metabolic rates of other pathways to
compensate for the inhibition.

The C X t values in the present studies ranged from 1.5 to
1.7 zg-hr/ml. The increase in colony-forming units observed
to occur between 10 and 24 hr after drug administration
indicates some type of recovery by the culture from the 1st
exposure to amethopterin. The greater loss in colony-forming
units after the 2nd exposure to amethoptenn, when
compared with the loss after the 1st exposure, indic@.tes that
recovery was incomplete. Confirmation that the metabolic

pattern of the culture had been altered by the 1st exposure
to amethopterinwas observedin the elevatedthymidylate
synthetase activity and the lowered dihydrofolate reductase
activity at 24 hr. Caution should be exercised in attempting
to establishthis type of correlation,becausethe biochemical
data were obtained for the total population of the culture.
At 24 hr the culture had recovered its capacity to incor
porate deoxyuridine into DNA. Although the inhibition of
deoxyuridine incorporation and dihydrofolate reductase
activity was more pronounced 24 hr after the 2nd exposure
to amethopterin,the fmal levelsof activity were more
closely related to the decrease in the cell count than to the
more pronounced inhibition of colony formation.

The exponential drop of extracellular drug concentration
permitted a closer approximation of the effect of in vivo
changes in this parameter. The contribution of low concen
trations of drug in the extracellular milieu to the main
tenance of intracellular levels requires further evaluation. In

the present study, the intracellular concentration of ametho
pterin was over 50% of the extracellular concentration
within 3 mm after drug addition. At 2 hr the intracellular
drug concentration was equivalent to the initial extracellular
concentration, although approximately 75% of the extra
cellular drug had been washed from the culture. The intra
cellular content of drug was a small percentage of the total
drug initially added to the culture.

Amethopterin is extremely tightly bound to dihydrofolate
reductase (14) and in the present study no attempt has been
made to measure the intracellular pool sizes of free and
bound drug. Kessel and Hall (7) reported that the parent
ascites tumor cell line of our L1210 culture lost intracellular
amethopterin with a half-time of 12 to 15 mm and that
â€œdeadâ€•cells (killed by freezing) lost drug more rapidly, i.e.,
tÂ½ 2 to 5 mm. Loss of intracellular drug in our studies
was much slower than in the studies by Kessel and Hall, who
were measuring intracellular loss to a drug-free medium. At
24 hr, approximately 10% of the maximum intracellular drug
content was still present, which would suggest that approx
imately 3 or 4 half-times had elapsed between 4 and 24 hr.
Although this is much longer than Kessel and Hall observed,
the half-time is much shorter than Werkheiser (15) has
estimated for the biphasic loss of drug from mouse liver, i.e.,
4'2 2.5 and 90 days. The present observed half-time for

intracellular drug loss must represent an algebraic summation
of a minimum of 5 factors â€”continued uptake of amethop
tern, loss of free drug, dissociation of bound drug, release of
drug by cell death, and dilution of intracellular drug by cell
division.

Wilkoff et a!. ( 16), studying the kinetics of killing of
Li 210 cells, exposed cells in vitro to essentially constant
levels of amethopterin for up to 24 hr and assayed viability
(survival) by in vivo titration in mice. After 6 hr of exposure
to 0.6 j.zg/ml(C X t = 3.6 @.zg-hr/ml)they report a
reduction in cell population of 2.0 log10 units (i.e., 1%
survival). In our experiments, in which the initial ametho
pterin level was 1.0 @.ig/ml,this C X t value is reached only
by adding the values for 2 treatments. Yet, even with some
recovery occuring between treatments, our data calculated in

0 units show overall reductions of 1 .7 to 2.5 (0.3 to
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1.9% survival) for the 3 experiments described. Whether this
agreement with Wilkoff et a!. is more than fortuitous must
be determined by further experimentation , particularly in
view of the major differences in the survival curves in our
work and theirs. Their data are described by a Gompertz
equation showing on a plot of survival (log) versus time of
exposure (linear) a curve which is concave upward ; whereas,
if our results were similarly plotted (our integrated C X t
having the same meaning as time in their constant dose
experiments), a curve concave downward would result. Me
tabolites released to the culture milieu either normally or as a
result of lysis or cell damage are removed in the spin filter
system. The contribution which these metabolites make to
the decreased effectiveness of amethopterin on the small
surviving population of cells remaining after prolonged expo.
sure in spinner culture has not been evaluated, but was
considered by Wilkoff et al. as one possible explanation for
their observed increase in the C X t value.

Finally, our results show that fractional cell kill for iden
tical, successive doses is not constant. Several possibilities
related to recovery processes, cell cycle specificity, and
delayed effects of intracellular drug remain to be considered
in attempting to explain this observation, which is at
variance with the supposition that equal doses of an agent
will produce constant fractional cell kill, regardless of cell
level and without regard to previous condition of the cells
(1 3). Amethopterin is considered to be cell-cycle stage
specific in its action, primarily killing cells in the S phase
(1 6). In repetitive dose experiments, the mean physiological
state of a cell population and distribution of cells among
phases of the cycle are probably quite different at the time
of different doses, particularly for the 1st versus the 2nd. In
our experiments, the cells receiving the 1st dose had been
growing at a moderate rate (doubling times from 20 to 40
hr), whereas at the time of the 2nd dose the surviving viable
population was recovering from the 1st dose and, in 2
experiments, growing at apparent doubling times (for viable
cells) of 10 and 15 hr. A smaller proportion of cells was
killed in the first 2 experiments than in the 3rd, in which
cells were recovering with an apparent doubling time of 37
hr. The relationship of this observation to S phase specificity
is not apparent, unless some degree of cell synchrony was in
effect, so that the slower growing population had a higher
percentage of S phase cells.
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