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SUMMARY

The effects of methotrexate on L5178Y cells from logarithmically growing cultures amid

from restimig cultures were studied. Methotrexate killed cells 6.7 times faster amid produced
20-fold greater inhibition of deoxyuridine incorporation into 1)XA in the cells from logarith-
mic as compared to resting cultures. The amitifolate also acutely suppressed the meorporat ion

of thymidinie into DXA by cells from logarithmic cultures but had no effect on that by cells
from resting cultures.

These differences in the effects of niethotrexate on the S-phase cells from cultures of difier-

emit growth rates are interpreted in the light of current hypotheses relating cell kinetics to
the cvt( )cidal effects of anitimetal)( )lites.

INTRODUCTION

The faster the growth rate of a cell
population, the greater is the susceptibility
of that population to the cytocidal effects

of antimetabolites (1, 2). The cells in the
growing fraction of a rapidly expanding

population traverse the mitotic cycle more
rapidly than do cells in the growing frac-

tion of a restimig population (3). Since

antimetabolites interfere with synthetic
functions which occur only during certain
phases of the mitotic cycle, it has been
suggested that in the faster-growing popu-
lation more cells per unit of time will enter
that phase in which the drug can interfere
with their metabolism. Hence, it has been

proposed that under conditions of rapid
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growth a greater proportion of the growth
fractiomi will be killed per unit time of

(lrug exposure (1, 2).
Implicit in this hypothesis is the as-

sumnption that ��‘Iien cells enter a particu-

lar drug-sensitive phase of the mnitotic
cycle, for example, the S-phase, they

undertake the same synthetic functions

regardless of the over-all proliferative rate
of their parent population (4). Therefore,
interference with these functions by anti-
metabolites should produce the same bio-
chemical disturbances.

We have tested this hypothesis by
examining the effects of the folic acid
antagonist methotrexate on deoxynucleo-
side incorporation into DNA l)y cells (pre-
sumablv S-phase cells) derived from nomi-
synchronized cultures of different growth
rates. Methotrexate inhibits the enzyme di-

hvd ro folate reductase and thus interferes
with the maintenance of intracellular pools

of reduced folates, in particular N5’1o-

methylenetetrahydrofolate. The latter com-

pound is required in substrate amounts for
conversion of deoxyuridylate to thymidy-
late, which is essential for DNA synthesis
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(5). Time effect of the anitifolate is there-

fore to block conversioni of dU�IP to
dTMP, resulting inn blockage of DNA

svmithesis (6). This is 1)elieve(l to be the
basis for time cvtotoxic effects of methotrex-
ate (5). Ordinarily, the bulk of dTMP is

derived from dl�MP svmmthesized (le novo.
However, thymnidine kinase can phos-

pimolYlate deoxyuridimme to dUMP and thy-
midine to dTMP, and thus these exogenous

deoxynueleosides can be utilized and join

the main pathway for DNA synthesis (7)
In this circumstamiee the immeorporat ion of

T�dR into DNA would still he blocked by
methotn’exate, but if, in time presence of anti-

folate, the DNA-synthesizing system were

otherwise intact, TdR incorporation into
DNA should not he affected (5). Thus, if the

S-phase cells of populations with a rapid
growth rate are identical in their metabolic

�atIi��’ays w’ith the S-phase cells from pop-
ulations with a slower gm’owth rate, any

eflect of inethotrexate on [dR and TdR
imicorporat ion into DNA by these cells

should l)e independent of the growth rates

of their resl)ective parent populations.

However, the results of our studies indicate

that there are differences in the effects of
methotrexate on cellular incorporation of

these dcOxymiucleOSi(ieS into DNA, depend-

ing upon the growth rate of the popula-
tions from which the cells were sampled.

Coincident with these differences in effect
omi incorporation patterns are striking dif-
ferences hi the effects of the drug on the

viability of cells as measured by cloning
teclmniiques. Thus, faster-growing popula-
tions of cells may he more susceptible to
the effects of methotrexate because the
individual S-phase cells from such popu-
latiomis may he more susceptible to anti-
metaholite effects than their counterparts

from resting 1)01)111 ation s.

MATERIALS AND METHODS

Fischer’s medunmn and horse serum were

obtained from Gram I Island Biological

Company; methotrexate (sodium salt)
from T�ederle; Noble agar. from Difco;

and thVlllidimie tritiat ed in the methyl
grolm�) (�H-TdR) (specific activity. 1.9 Ci/

i’nniolc) arn(l deoxvuriclinc tritiated in posi-

tion C-6 (H-UdR) (specific activity, 3.2
Ci /mmole) , fromii Schwarz B ioResearch.
The scintillation fluid niixture was pre-

pared by standard methods (8) . Radio-
activity w.as nneasum’ed in a Packard Tn-
Garb liquid scintillatiomi spectrometer,

model 3380, with correction for efficiency

and quenching wit ii automatic external

stamidam’dization. Calculations of rates and

standard deviations were performed in a

t a ble-t op Olivetti- underwood Progranima

computer, using standar(l statistical formu-
lae (9).

L5178Y motmse leukemia cells maintained

in cultun’e as previously described (10)
were grown until the cell numher no longer

increased with time, then diluted imito fresh
medium. Just before dilution amid at vari-

ous times thereafter, the cultures w’ere cx-

poseI to 10’ M methotrexate for periods
up to 6.5 hr. At intervals during drug cx-

posure, the cells were washed free of drug
and were studied. Cloning efficiency was
measured by the soft agar method (11).

Reduction of cloning efficiency caused by

methmotrexate can be taken as an index of
cell death, since the cells cannot he rescued

by addition of a mixture of thymidine,
serine, and hvpoxanthine (12) . Hereafter,

cell kill i�’ill be defined as reduction in

cloning efficiemicy. The rate of incoi’poration

of deoxvnucleosides into DNA was deter-

mined as follows. After exposure to metho-
trexate in culture, the lvmphoblasts were
resuspended in Fischer’s medium - 10%
horse serum to the number of cells
per iiii Ililit er requim’ed for accurate deoxy-
nuc lco�i(Ie in corponat ion rate deternmina-
tion. The same concentration of metho-

trexate (10-a; M) was maintained. A portion
of the suspemmsion was counted in a Coulter
counter, model B. Then aliquots were dis-

tribute(I into 10-nil flasks and placed in a
Duhnoff incubator with sufficient atmo-

spheric GIL to maimitain a pH of 7.1-7.3.
After 10 mimi of incubation at 37#{176}with
shaking, either 3H-TdR at a final concen-

tration of 6 X 10� M or 3H-uTdR at a
final concentration of 9 X 10� M was

added. The suspensiomis were again iflCu-

hated at 370, and 5, 10, 15, and 20 mm
after the addition of deoxynucleoside the
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cells and horse serum protein were pre-
cipitated with ice-cold 5% perchloric acid.
The precipitates were washed free of acid-
soluble radioactivity. The radioactivity
extractable into 5% perchloric acid by
heating at 85#{176}for 15 mm was measured

by liquid scintillation techniques. The

radioactivity was presumed to origimiate in
the thymine of DNA (6).

The rate of incorporation of the deoxy-
nucleoside into DNA was calculated from
these samples by plotting counts per min-

ute per million cells against the time of

incubation with the deoxynucleoside and

obtaining the slope of the regression line.

By adjusting the cell concentration in the
various suspensions, it was possible to ob-

tain sufficient incorporation of deoxynu-
cleoside iiito DNA to keep the standard
deviation of this slope to less thami 10% of
the absolute value of the slope. This al-
lowed comparisons of the rates to he made
omi a logarithmic scale (13). In the UdR

experiments, the cell concentration ranged
between 3 aiid 10 X 10#{176}/ml. Incorporation
rates per million cells did not vary over
these ranges.

Control cultures were similarly sampled
and studied, but without exposure to

methotrexate. The rate of 3H-T.JdR incor-

pomation by cells exposed to methotrexate
was divided by the rate of ‘H-UdR incor-

poration by cells not exposed to the drug,
and the quotient was expressed as a deci-
mal fraction, called the fractional 3H-UdR
incorporation rate.

RESULTS

Effect of met hotrexate on cloning effi-
ciency of cells. After dilution of cells from

a resting culture into fresh culture me-
dium, the cloning efficiency increased ap-

proxnnately 3-fold as the growth rate
reached a maximum (luring logarithmic
growth, and then declined once more to pre-

dilution values as the culture returned to

a resting state (growth rate of zero). Coin-

cident with the period of maximum growth
rate and maximum cloning efficiency there
was a period of maximum susceptibility of
the cells to the lethal effects of methotrex-
ate. The results of six separate experiments

are summarized in Fig. 1. Thus, a 4.5-hr

exposure to 106 �i methotrexate produced
a 15-fold greater kill of log culture cells
than of resting culture cells.

Effect of methotrexate on 3H-UdR in-
corporation by cells. When cells from a
restiiig culture were diluted into fresh me-

dium, the 1H-UdR incorporation rate of
the cells in tue control (untreated) cul-

0 4 8 2

TIME (DAYS)

FnG. 1. Effect of mithotrexiitc (MTX) on cloning

efficiency of L51 78Y cells

Cells from a resting culture were diluted into fresh

medium at zero time. Timen, at intervals, cells were

sampled from the new culture, expsed to nmo drug or

to 106 ii methotrexate for 4.5 hr, and washed, and

cloning efficiency was measured. Vertical liars repre-
sent standard errors of the geometric means.

tures rose approximately 6-fold as the
growth rate reached a maximum, and then
returned to predilution values as the rest-

ing condition was resumed. At the period

of maximum rate of 3H-UdR incorpora-
tion, methot iexate produced the greatest

degree of inhibition of this rate in relative
as well as absolute terms. Figure 2 shows
the results of two separate experiments,
each with duplicate determinations of con-
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1 no. 2. Effect u_I inelhotre.rate (.117’.V ) on i ncolpola-

tl()fl (1/ �11-i di? in/i) i)\. I /0/ Li 7X I eelI.6

Experiments were performed as described f it Fig.

1, except that Istea(f of cli a I ing efficiency, the rate

of iitcorporat ion of �lI-t dli ilIt() DNA was measured.

#{149}:u d #{149}rei resen I replicate expeninmel Its. In each

expermnwni I, (1 in In ol mates (10 met h( itrexat e ) were

measiireil iii duplicate (0 011(1 [�, (lolil)le symbols�.

The fract inial 111�1(111 rate is I he rate obtained in
time presence of met hot rexat e (and aft el a 4.5-hi

exposure to the (fling iii iinh ore (livide(lby the rate
ohitaineil in the absence of niethot rexate, 111(1 is cx-

presse(l as a decimal fract 0)11. The solid line connects

the uncorrected, 011(1 the daslmed line the correct ed,

fractional 311-tdli rates (see DISCUSSION

tmol rates. The rates after exposure to 10��
M methotrexate foi 4.5 hr are shown as

fractions of time respective control mates.
In cells fromim resting cultures, exposure

to miiet hot mexate reduced 3H-[dR incorpo-
ration to 3.5 X 10� times the control rate,

whereas the same treatment of cells from

logan’ithmic cultures reduced :IH_UdR incor-

poration to 1.8 X 10� tinies the control
rate. Thus, methiotrcxate produced a 20-

fold greaten blockade of the incorporation
of 3H-VdR into DNA in the cells of log-

arithiiiiic cultures. This is showmi as a solid
line in the lower half of Fig. 2. (The den-

(I) vation of the dashed hue will be explained
-J
_J under DISCUSSION.)
� Effects of methotrexate on 1H-TdR in-

to ooo � corporation. The effects of iO� �‘si metho-

trexate on 3HTdR incorporatiomi imito DNA

amid omm clomiing efficiency ��‘ere studied over
a period of 6.5 him on samples of cells taken

� from logarithmic and resting cultures.

� Thierc was a striking difference in

1,000 � the effect of thie antiliietai)Ohite omi the

‘�‘� immcorponation of this (leoxymmcleoside by
tue cells frommi the two eunltinres.

00

After 30 mm of exposure to mnethotrex-

ate thm’e was a 50% redinetion in 11-TdR
incorl)om’ation i)y cells ol)tainled from log

l)hmase cultunes, and by 2 him this rate de-
encased to onme-sixth the contm’ol value.
Themm hhme mate seemed to sttil)iliZe, amid by
6.5 him it a�)pcared to rise (inppem half of
Fig. 3M - In manked conmtnast, cells horn

resting eultumes showed no significant

cha�ige in :;HT(IR incorporation during
exposure to mnethotrexate ) uppem half of
Fig. 3B).

Coincident with these (hfferenmces in ef-

fects on :H’i’(IR incon-poration there was

exponential kill of cells in 1)0th types of
cultures; a highicr mate of kill of cells fiom

the logarithmic culture was observed in com-

parison to cells fromii the resting cultures.
Thus, the clomiing efficiemmcy of cells from

log cultures decreased at 6.7 times the rate
of decline seemi when resting culture cells

w( re treated with niethotrexate (compare

slopes of himics in lowem halves of Fig. 3A
and B).

DISCUSSION

Time effect of mnethmotrexate omi the don-
big efficiemicy of cells was clearly related to

the growth rate of the culture from which

the cells were taken for testing. The rate of
kill of time log culture cells by 10_6 M metho-

trexate was 6.7 times that. of the cells from

time resting culture. This was not unex-

pected, as differences of this order have
i)eell Oi)em\’e(l for seven’al antimiietabolites

in mo(lel systems (14-18). This relation-

ship has hitherto been explained by differ-
ences in duration of the generation time
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Fic. 3. Effect of met hotrexate (MTX) on ‘H-TdR incorporation into DNA and on cloning efficiency of L5178Y

cells

Cells were sampled from log phase cultnmres (A) aimd resting cumlturcs (B) amid exposed to no drug (controls)
or to 106 isi methotrexate for 6.5 hr. At the indicated intervals, cells were removed and the rate of incorpora-

tion of ‘H-TdR into DNA and cloning efficiency were measured as described in the text. Cells exposed to

methotrexate in culture were also exposed to the drug during measurement of the rate of ‘H-TdB incorpora-

tion. The controls are shown as the zero time values. The results of two experiments are shown (� and �
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in each, controls were done in triplicate.

and of the S-phase between different cell
populations. However, for this difference in

the nate of kill to be explained strictly in
kinetic terms, one would have to postulate
that the mean gemieration time of the

viable fraction of the resting culture was
6.7 times longer than that of the logarithmic
culture. That is, the rate of entry of cells
imito the S-plrise during drug exposure would
have to be 6.7 times slower for the resting
culture cells, so that the proportion of the

1,000

100

:�‘

viable cells in the S-phase would be 6.7
times smaller. Thus, per unit time of drug
exposure, 6.7 times fewer viable cells

would commit themselves to S-phase in the
resting culture compared to the log cul-
ture. This seems unlikely. First, the deoxy-
nucleoside incorporation rate of log culture

cells was only 3.75-5 times greater than

that of nesting culture cells. Because the
incorporation nate takes into account both
the percentage of cells in the S-phase and
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tine rate per cell, aimd since the rate per cell
mm logarithnmiic cultures would be, if any-
thimmg, higher, time actual pen’cemitage of S-

phase cells mm tIme log culture would prob-
ably i)e miot 3.75-5 timiies greater but

something less than this factor. We have
not yet deterniimmed nadioautographically

the ratio of the cells in the S-phiase under

time two culture commditiomms. Others (19, 20)
have shown that when Ehrlichi ascites cells
are tramisfem’red fnonn a slowly prohiferatimmg
mature tumor into a fresh imost, thie per-
cemmtage of cells in the S-phase increases by
a factor of 1.2-1 .5 and the generation time

shortens by a factor of 2-2.7. Madoc-Jones
and Bruce (14) stated that 45% of thie

cells were in the S-phase imi logarithmically

growimig cultumres amid virtually none in a
nesting L cell culture, but di(I iiot report

omi the efficiency of detection of H�TtlR
laud in obtaimiing t.imeir rachioautographs.
One miiust be caumtioums of ext rapolatinig

timese results to the hresent study, however,
in view of the (hiftemcmlCes in model systems

and techniques used.
It appears likely that. the greater rate of

kill of cells in the logarithmic cultui’e in our
txperimiiemmts was related to factors mm addi-
tiomi to kinetic influences. The (hifferelice in
the effect of methotrexate on deoxynucleo-

side incomporat.ion by cells from cultures

of different growth rates suml)pOn’ts this

hypothesis.

If we assume that. the cells capable of
imicorporating deoxvnucleosides into DNA
are the cells iii the S-phase, it follows that
the effects of methotrcxatc on this imicorpo-

ration represemit. the effects of the drug on
the cells in this state. If this is so, then it

is clear from the i�resemit investigation that

time effects of rnethot.rexate on S-phase
cells vary according to the growth rate of

(lie culture from which the cells have been
taken. Tine greater the grow’th rate, the

greater is the inhibition of 3H_TTdR incor-

poration into DNA produced by metho-
trexate. In addition, 3H-TdR incorporation

imito DNA is inhibited by methotrexate at
the most rapid growth rates, hut is little
affected in cells from resting cultures.

Froni what. is known of the mode of
action of methotrexate in biochemical

termns, it 5dCIHS reasonable to conclude thiat
these differences in its effects omi deoxynu-

cleoside inicorpom’ation by DNA-synthiesiz-
immg cells are causally related to the differ-
ences in the cytocidal effects of the drug.

Therefore, it is important to imiquire into

the basis umiderlyimig these variations in the

effects of the drug on deoxymiucleoside in-
corporatiomi. It is believed that methotrex-

ate kills bacterial amid mamiiniahian cells by

inducing a ‘thymiiineless state thiroughi
blockade of the commversion of (lUMP to

(ITMP (4) . How’evem-, this would not cx-

plainm the suddemi reduction of 3H-TdR in-
comI)omatiomm seen in methotrexate-treated
cells from logamithniic cultures. This reduc-
tiorm mnay simply repn’esent death of cells in
the S-j)hmtse, withi complete cessation of all
I)XA symmthmesis, so that even if 3H-TdR
were to bypass thie blockade of dUMP

conversion it could not he imicorporated
into 1)NA. If this were so, omie w’ould cx-

pect chmammges iii :IH_TCIR immcorporation to
parallel changes in clomming efficiemicy, and

it. is clear from Fig. 3A and B thiat this is

miot tue case. However, changes in 3H-TcIR

incorporation may not accurately reflect

clmammges mm1)NA synmtimesis because of cOlii-

phicating alterations in intracellular thy-

mi(lvlate pools 21) . If differences in 1)001

size changes are miot significant, an alter-

native explanation may l)e that metho-

trexate has at least two effects omi I)NA

symithcsis in cells froni rapidly glowing

populatiomms. The first is blockade at tue
step of tIIMP conversion to dTMP occur-
ring in S-phase cells from both log amid
resting cultures. The second effect., occur-
rimig only in cells in the S-phase from log

cultures, is not. understood, but could in-
volve inhlii)it.ion of purine biosynthesis

de nOVO required for DNA symithesis, since
C-2 and C-8 of the purine ring are do-

nated by reduced folates (22). Others (23)

have proposed this explanatiomi to account
for the observation that. administration of

methotrexate to humans withi acute leu-

kemia results in a decreased rate of 3H-
TdR incorporation into DNA by acute

lvmphohlastic leukemia cells but does not
change the rate of 3H-TdR incorporation

into acute granulocytie leukemia cells. It
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is known that acute lymphoblastic leu-
kemnia cells are much more sensitive to
antiinetabohites imi gemmem’al, amid miiethmotrex-

ate mi particular, than are acute granulo-

cytic leukemia cells. We are still left with

the necessity of explainimig wimy this in-
hibitiomi occurred only imi logarithmmiic cells or
imi acute lymphoblastic leukemia cells, be-
cause 1)um�ine biosynthesis (Ic iiom’o would

presumably also occur in resting culture

cells or acute gramiulocytic heukemnia cells

amid mi thiese instamices should also be de-

J)emldent upon reduced folates. Time results
of :1H41(JR incorl)oration studies may pro-

Vide the explaniation.

1H-UdR amid 3H-TdR share time same

pathway for incorporation immto 1)NA, ex-
cept that 3H-UdR goes through time addi-
tionial step of convemsioni of (lIMP to

dTMP. Whemi 3H-TdR incorporation is

suppressed by methotrexate, H-UdR in-
corporation should likewise be suppressed
in addition to beilig blocked at the step of

(lIMP conversion. Measurement of the
blockade of 3H-TJdR incorporation) into
1)NA under thiese circumstances (hoes not

provide a measimre of the i)lockade of
dUMP comiversioni. Let us assume that

whiemi methiotrexate suppressed 3H-TdR in-

corporatiomi, it also suppresse(l 3H-UdR in-
corporatiomi to an eqital degree by virtue

of the saimie meciianism. If we know time
degree of suppression of bothi 3H-TdR and
3H-UdR imicorporation for any given treat-
ment with the drug. it. is a simnple matter
to recalculate thie degree of suppressiomi of

3H-UdR incorporation which might be at-
trihutahle solely to the blockade at the
dUMP conversion step. When thus is (lone,
as for the data in Fig. 2, tIme fractional

UdR rates obtamed are those eommnected by
time dashed lines in the lower half of thie

figure. Time inhiihitionm of 3H-UdR incorpo-
ration (lime to this calculated ‘blockade”

of (lIMP eommversiomi still remmiaimms more

marked in the logarithmic cells than in the

resting cultumre cells. Thus logarithmic cells
may he more susceptible to blockade of
dUMP conversion to dTMP titan cells of
resting cultures, and besides are susceptible

to flue additional action of methotrexate
on 3H-TdR incorporation. Perhaps in these

cells suchi profounmd inhibition of dihydro-
folate reductasc occui.s that not only is

(1 I..\I P commversion niore severely hun mnl)eme(l
for lack of substrate amnouiits of reduced
folates, but the enzymne is also renm(len’ed mu-
cIIJ)Libld of pI’ovi(linug evemi the snuall cata-

lytic anmmounmts of reduced folates required

for nnaimmtemuance of purimme biosymutimesis.

flmis (,OIll(l occur if t mansport of time drug
into cells at any givemi methmotrexate con-
centratiomi were greater for logarithmic cells
than for restimmg cells, provided thuat the

enzvmmme levels amid the K1 hon methotrexate
did muot chiammge. There is evidenice that the
transport. of methotrexate is ami import ant
factor in conditioning time respoimse of a

variety of murine leukeimmias (24), an(1 pci-

imps also hmumnamm leukemiiias, to thuem’apy

with the drug 25), but time data arc

conflictimug (26).

On the othiem’ hand. Bonsa amid Wiiitmome
27) have recemutlv shmowmu thmat additionm of

pinrmmues 011(1/nents time kihhimmg of U cells by
mmietimot rexate. Signmificammt ly, thus occurred

in logarithmmicallv growinug cunltummes hut not
in rest.immg cultures. Others Imave siiowmi (28,

29) thiat inhibition of RNA and proteimi
synthesis protect cells fnonn the thiymnimie-
less” death produced by thus agent.

An alternative possibility is thiat in log-
arithnmic cells, 1nmt not mm resting culture

cells, thiere is a maior locus related to DNA
synthesis at wimich niethiotrexate acts mi
ad(lition to its effect on dihivdrofolate
reductase and reduced folate pools. We
cannot choose bet wcemm these varioums alt en’-
natives omi the basis of the data presemlte(l

here.
Whicheven’ mechanism is operative, one

point seenis clear fmoni the presemmt study
the effect of mmmethiotrexate omm S-phase
L5178Y cells differs accor(hing to the growth
rate of the populatiomm from wlmieh the cells
are derived, at least in tem’imis of time effect

Oh 3H-TdR amid �H-UdR incorporation
imito DNA. This sumggests that (lifferemices in
metabolism of S-phase cells may umiderlie
at least some of the differences lii suseep-

tii)ihity of cell populations to met hot rcxat.e.

Thus. in a fast-growing popmmlatiomi, not
only nutty a lan’gem’ part of time growth frac-
tion he at i’isk during drug exposure, but
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each cell at misk may be more profoundly

affected.

The pheimoniena described hucrein may

also occum’ mi cells proliferatinmg in vivo as

well as in vitro, with other cell types, and

with other anitimetabohites. If so, it will be
necessary to ie\’ise time curremmt comicepts

(1, 2 1 of how the kimmeties of l)l’Oliferation

of cells conditions their simsceptibihity to

the evtocidal effects of antimetahohites.
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