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Summary. The effects of schedule and sequence on the sur- 
vival of EMT6 tumor cell and bone marrow (CFU-GM) 
obtained after treatment using combinations of cyclophos- 
phamide (CTX) and thiotEPA or melphalan (L-PAM) 
were examined and analyzed by isobologram methodol- 
ogy. On a single-injection schedule, when CTX and thio- 
tEPA were given simultaneously or thiotEPA was given 
prior to CTX, the result was slightly greater than additive 
tumor-cell kill. However, when CTX preceded thiotEPA 
by 4 h, there was less than additive cell kill. When the in- 
terval between the administration of the two drugs was 8 h, 
both sequences of the drugs produced greater than addi- 
tive tumor-cell kill. Simultaneous administration of CTX 
and thiotEPA on a multiple-injection schedule resulted in 
sub-additive tumor-cell kill. On the multiple-injection 
schedule, extending the interval between injections of 
CTX and thiotEPA to 4 and 8 h resulted in increasing 
tumor-cell kill. With the 4- and 8-h intervals, no significant 
sequence-dependent difference in tumor-cell kill was ob- 
tained. The results of CTX and L-PAM combinations 
paralleled those of CTX and thiotEPA. Bone marrow 
(CFU-GM) survival was used as a representative normal 
tissue with which to compare tumor-cell survival after each 
treatment to obtain a measure of therapeutic effect. The 
trends for the ratios of bone marrow: tumor cell survival 
were the same for the treatment sequences of CTX with 
thiotEPA or L-PAM; however, greater magnitudes of dif- 
ferential tumor-cell kill were obtained with CTX L-PAM 
combinations. Using this measure, the greatest therapeutic 
effectiveness was seen with single-dose L-PAM or thio- 
tEPA followed 4 h later by CTX and with CTX given as a 
single or as multiple doses followed 8 h later by L-PAM or 
thiotEPA. Such data from tumor-model systems may be 
useful in the development of more effective alkylating 
agent regimens for use in the clinic. 
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Introduction 

In developing effective chemotherapeutic regimens using 
very high drug doses, questions concerning scheduling and 
sequencing are critical [6, 8, 12, 19-22, 28]. We have pre- 
viously examined the issue of alkylating agent dose [7, 26] 
and the effect of scheduling on the therapeutic effect of 
alkylating agents given singly [27] in tumor-model systems. 
In this report, we focused on the effect of scheduling on 
two-drug combinations, specifically, thiotEPA with 
cyclophosphamide (CTX) and melphalan (L-PAM) with 
CTX in vivo using EMT6 tumor-cell survival and the 
granulocyte-macrophage progenitor colony-forming abili- 
ty of bone marrow as endpoints. 

Materials and methods 

Drugs. CTX and thiotEPA were obtained from the Dana- 
Farber Cancer Institute pharmacy. L-PAM was purchased 
as the pure powder from Sigma Chemical Co. (St. Louis, 
Mo). For in vivo testing, drugs were freshly prepared just 
prior to their use, with PBS as the final diluent. 

Tumor line, The EMT6 murine mammary carcinoma is an 
in vivo-in vitro tumor system [15- 18]. The tumor was car- 
ried in BALB/c mice (Taconic Farms, Germantown, NY). 
For the experiments, 2 x 106 tumor cells prepared from a 
brei of several stock tumors were implanted i.m. into the 
legs of 8- to 10-week-old BALB/c mice. 

Tumor excision assay. For each experiment, two tumors 
were implanted per mouse and two animals were treated at 
each dose level; therefore, four tumors were pooled at 
each point. When the tumors had reached approximately 
100 mm 3 in volume (about 1 week after tumor-cell implan- 
tation), the drugs were given as single doses by i.p. injec- 
tion (0.2 ml) or as three doses by i.p. injection at 4.5-h 
intervals over 9 h. Combinations of CTX and thiotEPA or 
L-PAM were injected i.p. on the various schedules 
described in Fig. 1-3. Mice were sacrificed 24 h after 
treatment to enable the full expression of drug cytotoxicity 
and repair of potentially lethal damage and then soaked in 
95% ethanol. The tumors were excised and single-cell 
suspensions were prepared as previously described [25]. 
The untreated tumor-cell suspensions had a plating ef- 
ficiency of 8%- 12%. Results are expressed as the surviving 
fraction (_+SE) of cells from treated groups compared 
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Fig. 1. Survival of EMT6 tumor cells treated in vivo with single doses or with three doses at 4.5-h intervals up to the total dose shown of 
thiotEPA, L-PAM, or CTX. Single-drug dose (0 )  and multiple-drug injections to the same total dose (11) for tumor cells. Data points 
represent the mean of three independent determinations; bars represent the SE 

with untreated control values from three independent ex- 
periments. 

Bone marrow toxicity. Bone marrow was taken from the 
same animals used for the tumor excision assay. A pool of  
marrow from the femurs of  two animals was obtained by 
gently flushing the marrow through a 23-gauge needle, and 
CFU-GM assay was carried out as previously described 
[25]. Colonies of  at least 50 cells were scored on an Accu- 
lite colony counter (Fisher Scientific, Springfield, N J). 
The results from three experiments, in which each group 
was measured in duplicate at three cell concentrations, 
were averaged. The results are expressed as the surviving 
fraction of treated groups compared with that of  untreated 
controls. 

Data analysis. Quantitative analysis of  survival curves was 
carried out using the log-probit iterative least-squares 
method of  Litchfield and Wilcoxon [11] as revised by Tal- 
larida and Murray [24]. Calculations were done on an 
Apple IIC microcomputer. The method of  Deen and Wil- 
liams [4] was used to generate isobolograms for the special 
case in which the dose of  one agent is held constant. This 
method produces envelopes of  additive effect for different 
levels of  the variable agent. It is conceptually identical to 
generating a series of  isobolograms and replotting the 
results at a constant dose of  one agent on a log effect by 
dose of  the second agent in a coordinate system. Dose- 
response curves were first generated for each individual 
agent. The envelopes of  additivity shown in Figs. l - 3  
were generated from a series of  iso-effect curves derived 
from the complete dose-response curves for each agent. 

Overall, combinations producing the desired effect 
that are within the envelope boundaries of  modes I and II  
are considered to be additive. Those displaced to the left 
are supra-additive and those displaced to the right are sub- 
additive [2, 23]. This general approach can be extrapolated 
to the special case in which the level of  an agent is held 
constant. Under these conditions, an isobologram can be 
derived that plots the expected effect (modes I and II) for 

any level of  the variable agent plus the constant-agent 
combinations [5]. Experimentally, this approach is far 
simpler and readily facilitates the determination of addi- 
tive and nonadditive combinations. 

To facilitate these analyses, a flexible, interactive com- 
puter program was written in BASIC for the Apple II  + 
microcomputer. The program first derives the best-fitting 
dose-response curves using dose or log dose and effect, log 
effect, probit percentage of effect, or logit percentage of  
effect relations; for cell-survival dose-response curves, 
correlations of  /> 0.96 have been obtained. The program 
then calculates an isobologram at a constant level of  the 
selected agent and plots the data. 

Results 

Tumor-cell survival curves for thiotEPA, L-PAM, and 
CTX given as single bolus injections or as three injections 
over 9 h to the same total dose are shown in Fig. 1. When 
thiotEPA was injected on the multiple-dose schedule, 
there was an increase in tumor-cell kill of  7- to 10-fold 
over the dose range of  the drug examined; when L-PAM 
was given as three injections, its toxicity to tumor cells also 
increased relative to that obtained with single-dose ad- 
ministration. The increase in tumor-cell kill by L-PAM 
ranged from 8- to 15-fold over the dose range examined. 
Administration of CTX on the multiple-injection schedule 
resulted in a 5- to 6-fold increase in tumor-cell kill over the 
dose range examined, compared with the same total CTX 
dose given as a single injection. The maximal tolerated 
doses of  each of  the drugs given as single i. p. injections are 
approximately 10 mg/kg  for thiotEPA and L-PAM and 
about 200 mg/kg  for CTX. To obtain tumor-cell survival 
data through several logs, animals were treated with doses 
of  each of  the three drugs that would be lethal at times of  
> 2 4  h posttreatment. These single-agent survival curves 
were used to generate envelopes of  additivity for the two 
drug combinations. 

The effects of  schedule and sequence on EMT6 tumor 
cell kill obtained with combinations of  CTX and thiotEPA 
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Fig. 2. Survival of EMT6 tumor cells treated in vivo with CTX 
alone or in combination with thiotEPA or L-PAM in various 
schedules and sequences. CTX was given as a single dose of 
150 mg/kg or as three injections of 50 mg/kg at 4.5-h intervals. 
ThiotEPA and L-PAM were given as single doses of 10 mg/kg or 
as three injections of 3.3 mg/kg at 4.5-h intervals. Survival after 
exposure to the single agents is shown as (O, 0 ) ;  survival after 
the drug combinations were given simultaneously is shown as 
(A, zx ); survival after sequences in which CTX was given first is 
shown as (O, m); survival after sequences in which either 
thiotEPA or L-PAM was given first is shown as (O, H). Overlap 
indicates that thiotEPA or L-PAM was given with the first (O, m) 
or last (O, H) injection of CTX. The 4- and 8-h intervals were 
measured from the last drug injection of the first agent on the 
multiple-dose schedules. The shaded area in each panel indicates 
the envelope of additivity for tumor-cell killing of the two drugs as 
determined by isobologram analysis of the survival curves for 
each agent given as single or multiple doses. Data points represent 
the mean of three independent determinations; bars represent the 
SE 

or L-PAM were examined.  As shown in Fig. 2, CTX was 
given either as a singie injection of  150 m g / k g  or as three 
injections of  50 m g / k g  at 4.5-h intervals. The shaded areas 
in Fig. 2 indicate the envelopes of  addit ivi ty for the com- 
binat ion of  CTX (150 mg/kg)  and either th io tEPA 
(10 mg/kg)  or L-PAM (10 mg/kg) ,  obta ined from 
isobologram analysis [2, 4, 5, 23, 26]. The level of  tumor-  
cell kill obta ined with two drugs in combinat ion  varied, 
depending on the schedule and sequence of  drug ad- 
ministration.  CTX and th io tEPA given s imultaneously in 
single injections resulted in a slightly greater than addi t ive 
cell kill (Fig. 2, panel  A). When the drugs were injected 
with a 4-h interval between them and th io tEPA was given 
first, an addi t ional  2-fold increase in tumor-cell  kill 
resulted. However,  when CTX preceded th io tEPA by 4 h, 
there was less than addit ive cell kill and 1 log less cell kill 
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Fig. 3. Survival curves for EMT6 tumor cells treated in vivo with 
10 mg/kg thiotEPA or L-PAM and various doses of CTX on dif- 
ferent schedules. The upper line (0 )  represents the survival of 
EMT6 cells exposed to single doses of CTX only. Survival after 
simultaneous exposure to single doses of CTX and thiotEPA or 
L-PAM is shown as (0 ) ;  CTX followed 4 h later by thiotEPA or 
L-PAM is shown as ( I ) ;  thiotEPA or L-PAM followed 4 h later by 
CTX is shown as (O). Shaded areas indicate the envelopes of ad- 
ditivity determined by isobologram analysis of the survival curves 
for each drug combination. Data points represent the mean of 
three independent determinations; bars represent the SE 

than that obta ined when th io tEPA was given first. On the 
other hand,  when the interval between the adminis t ra t ion 
of  the two drugs was 8 h, both drug sequences produced  
greater than addit ive tumor-cell  kill that was the same as 
that obta ined with th io tEPA fol lowed 4 h later by CTX. 

Figure 2 (panel B) shows the envelope of  addi t ivi ty 
resulting from the combinat ion  of  th io tEPA and CTX 
given on the mult iple- inject ion schedule. Simultaneous ad- 
minis t ra t ion of  both drugs on the mult iple-inject ion 
schedule gave subaddi t ive  tumor-cell  kill. The initial ad- 
minis t ra t ion of  th io tEPA as a single injection followed by 
CTX given on the mult iple- inject ion schedule was, again, 
less than addit ive;  however,  when th io tEPA was given as a 
single injection after the adminis t ra t ion of  CTX on the 
mult iple-dose schedule, the combinat ion  was slightly an- 
tagonistic. The observed cell kill was actually slightly less 
than that obta ined with either single agent given as three 
injections at 4.5-h intervals. Extending the interval be- 
tween CTX and th io tEPA injections to 4 and then 8 h 
resulted in increasing tumor-cell  kill. With the 4- and 8-h 
intervals, no significant sequence-dependent  difference in 
tumor-cel l  kill was obtained.  

The results of  CTX and L-PAM combinat ions  paral-  
leled those of  CTX and thiotEPA. When CTX and L-PAM 
were given s imultaneously as single injections,  the effect 
was addit ive (Fig. 2, panel  C). The tumor-cell  kill obta ined 
when L-PAM was injected as a single dose 4 h pr ior  to ad- 
minis t ra t ion of  CTX as a single dose was greater than ad- 
ditive. However,  when single-dose CTX preceded L-PAM, 
the tumor-cel l  kill was less than additive. On the other 
hand, when the interval between drugs was extended to 
8 h, the sequence of  CTX followed by L-PAM resulted in 
greater than addi t ive cell kill, whereas the opposi te  se- 
quence (L-PAM ~ CTX) was additive.  
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Table 1. Ratios of bone marrow (CFU-GM) survival to EMT6 
tumor-cell survival in mice treated with cyclophosphamide and 
thiotEPA or melphalan a 

Treatment sequence Ratio (Bone marrow/tumor) 
interval between drugs 

Oh 4h 8h 

CTX(sd)/Thio(sd) b 10.3 12.8 15.5 
Thio(sd)/CTX(sd) 10.3 13.0 6.7 
CTX(md)/Thio(sd) 1.4 5.5 11.2 
Thio(sd)/CTX(md) 9.6 11.8 10.4 
CTX(md)/Thio(md) 10.8 - - 

CTX(sd)/L-PAM(sd) 7.1 10.6 74.0 
L-PAM(sd)/CTX(sd) 7.1 107.0 19.6 
CTX(md)/L-PAM(sd) 5.5 46.4 78.3 
L-PAM(sd)/CTX(md) 44.4 61.7 39.1 
CTX(md)/L-PAM(md) 12.3 - - 

a The ratios for the single-dose agents are: CTX(sd), single dose 
(150 mg/kg) 1.6; CTX(md), multiple dose (3 x 50 mg/kg) 80.0; 
Thio(sd), single dose (10 mg/kg) 0.21; Thio(md), multiple dose 
(3x3.3 mg/kg) 1.9; L-PAM(sd), single dose (10 mg/kg) 5.7; 
L-PAM(md), multiple dose (10 mg/kg) 3.1 
b Treatment groups correspond to those shown in Fig. 1 

The envelope of  addi t ivi ty for the combinat ion  of  
L-PAM and CTX given on the mult iple-inject ion schedule 
is shown in Fig. 2 (panel D). Simultaneous adminis t ra t ion 
of both drugs on the mult iple-dose schedule resulted in 
much less than addit ive tumor-cell  kill. When L-PAM was 
given first as a single injection followed by CTX given on 
the mult iple-dose schedule, the cell kill was, again, less 
than additive. However,  when L-PAM was given as a 
single injection following CTX given on the mult iple-dose 
schedule, the resultant cell kill was less than that obta ined 
using either single agent given as three injections 4.5-h 
apart.  As the interval between the drugs was increased to 4 
and then to 8 h, an increasing tumor-cell  kill was obta ined 
with CTX followed by L-PAM and, to a smaller degree, 
with the opposi te  t reatment  sequence; however,  in all 
cases the tumor-cell  kill obta ined  was less than expected 
for addit ivi ty of  the combinat ion.  

Three sequences in which drugs were delivered as 
single injections were examined over a CTX dose range 
(Fig. 3). Initial adminis t ra t ion of  CTX followed 4 h later 
by either th io tEPA or L-PAM substantial ly negated the ef- 
fect of  the second drug, resulting in less than addit ive 
tumor-cell  kill over the dose range with both th io tEPA and 
L-PAM. Simultaneous adminis t ra t ion of  either CTX and 
th iotEPA or CTX and L-PAM produced  essentially addi-  
tive cell kill over the CTX dose range examined.  When 
either th io tEPA or L-PAM preceded the adminis t ra t ion of  
CTX, greater than addi t ive tumor-cell  kill was observed 
over the CTX dose range. With thiotEPA, the degree of  
supra-addi t ivi ty  decreased with increasing CTX dose, 
such that at the highest CTX dose there was no difference 
in tumor-cell  kill between the simultaneous drug schedule 
and the th io tEPA-~CTX sequential  schedule. The L- 
PAM + CTX sequential  schedule resulted in a significant 
increase in tumor-cel l  kill relative to that achieved with 
simultaneous drug adminis t ra t ion;  this increase persisted 
over the CTX dose range tested. 

For  the drug-combinat ion  studies, bone marrow (CFU- 
GM) survival was used as a representat ive (normal  tissue) 
with which to compare  tumor-cell  survival after each treat-  
ment  to obtain a measure of  therapeut ic  effect. The level of  
bone marrow kill by all of  these various t reatment  com- 
binat ions was in the range of  1-1 .5  logs; therefore, the 
variat ion in the ratios of  bone marrow:  tumor  cell survival 
are due mainly to differences in the tumor-cel l  kill 
p roduced  by the various t reatment  combinat ions.  Ratios 
for the bone marrow:  tumor  cell survival for the treat- 
ments shown in Fig. 1 are given in Table 1. The trends 
were the same for the t reatment  sequences of  CTX with 
th io tEPA or L-PAM; however,  greater magnitudes of  dif- 
ferential tumor-cel l  kill were obta ined with C T X / L - P A M  
combinat ions.  When CTX, whether as a single dose or as 
mult iple doses, was first in the t reatment  sequence, fol- 
lowed by either th io tEPA or L-PAM, the differential  be- 
tween bone marrow and tumor-cell  kill increased with in- 
creasing intervals between drugs. The bone marrow:  
tumor-cel l  survival ratio for single-dose CTX combined  
with single-dose th io tEPA increased from 10.3 (simul- 
taneous adminis t ra t ion)  to 15.5 (8-h interval between 
drugs). Similarly,  for single-dose CTX combined  with 
single-dose L-PAM, the bone marrow:  tumor-cell  survival 
ratio increased from 7.1 (simultaneous adminis t ra t ion)  to 
74.0 (8-h interval between drugs). The same pat tern was 
observed when CTX was given on the mult iple-dose 
schedule. When th io tEPA was injected with the last dose 
of  CTX, this survival ratio was 1.4, which increased to 11.2 
when th io tEPA was given 8 h after the final CTX injec- 
tion. With mult iple-dose CTX, when L-PAM was given 
simultaneously with the last CTX injection, a bone mar- 
row: tumor -ce l l  survival ratio of  5.5 was obtained.  Extend- 
ing the interval between the last dose of  CTX and the ad- 
ministrat ion of  L-PAM to 8 h increased this survival ratio 
to 78.3. 

When th io tEPA or L-PAM were given first, the 4-h in- 
terval p roduced  the greatest differentials between bone 
marrow and tumor-cel l  kill, whether CTX was given as a 
single dose or as mult iple injections. The effect of  the in- 
tervals between drug adminis t ra t ion on the ratio of  bone 
marrow:  tumor  cell survival was not  very large with the 
t reatment  sequence of  th io tEPA fol lowed by CTX; 
however,  when the drugs were L-PAM and CTX, large dif- 
ferences in this survival ratio were observed. The greatest 
differential  (107.0) between bone marrow and tumor-cell  
survival was seen when a single dose of  L-PAM was fol- 
lowed 4 h later by a single dose of  CTX. L-PAM followed 
by CTX on the mult iple-dose schedule resulted in a maxi- 
mal bone marrow:  tumor-cell  survival ratio of  61.70, 
which occurred when a single dose of  L-PAM was fol- 
lowed 4 h later by CTX on the mult iple-dose schedule. 

Discussion 

It has long been recognized that the schedule and sequence 
of  drugs in combinat ion  regimens can affect therapeut ic  
outcome. Over the last 15 years, the defini t ion of  addit ivi ty 
and therapeut ic  synergism has evolved with increasing 
stringency. In the work of  Schabel et al. [19-21],  
therapeut ic  synergism between two drugs was defined to 
mean that "the effect of  the two drugs in combinat ion  was 
significantly greater than that which could be obta ined 
when either drug was used alone under  identical  condi-  
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tions of treatment". Using this definition, the combination 
of CTX and L-PAM given simultaneously by i.p. injection 
every 2 weeks was reported to be therapeutically synergis- 
tic in the Ridgeway osteosarcoma growth-delay assay [19- 
21]. Similarly, the combination of CTX and L-PAM has 
been reported to be therapeutically synergistic in L1210 
and P388 leukemias [21]. CTX plus a nitrosourea (BCNU, 
CCNU, or MeCCNU) have also been reported to be 
therapeutically synergistic in increase-in-life-span and 
growth-delay assays using the above definition [21]. 

The availability of quantitative methods for the 
measurement of tumor-cell kill in vitro and from in vivo 
treatments enables the application of more rigorous defini- 
tions of synergy (supra-additivity) and additivity to anti- 
cancer drug-treatment data. Figures 2 and 3 show en- 
velopes of additivity generated from isobolograms derived 
from the survival curves for each drug given alone as 
single or multiple doses. Using this definition of additivity 
in Fig. 2, of the various schedules combining CTX (total 
dose, 150 mg/kg) and thiotEPA (total dose, 10 mg/kg), 
only the single-dose regimen with thiotEPA given before 
or with CTX was consistently synergistic. 

With the combination of CTX (total dose, 150 mg/kg) 
and L-PAM (total dose 10 mg/kg), synergy was obtained 
with L-PAM followed 4 h later by CTX and with CTX fol- 
lowed 8 h later by L-PAM. The other schedules of CTX 
and L-PAM at these doses were additive or subadditive. 
However, when the interval between drug administration 
was 8 h, drug sequence did not affect the level of tumor- 
cell kill obtained with the single-dose regimen, and both 
sequences resulted in greater than additive cell kill. 

Because there was greater tumor-cell kill with both CTX 
and thiotEPA given as single agents using the multiple-dose 
regimen, the envelope of additivity for these drugs on that 
schedule indicates greater tumor-cell kill than for the same 
drugs on the single-injection schedule. In fact, the cell kill 
observed with CTX (3 x 50 mg/kg;  total dose, 150 mg/kg) 
and thiotEPA (total dose, 10 mg/kg) on the four multiple- 
dose protocols was in the same range as that seen with 
the single-dose regimens, and only one point [CTX 
(3 x 50 mg/kg) followed 8 h later by thiotEPA (10 mg/kg)] 
was within the envelope of additivity. Given as multiple 
doses, most schedules of CTX and thiotEPA and all tested 
schedules of CTX and L-PAM led to less than additive kill- 
ing of tumor cells as determined by isobologram analysis 
of the tumor-cell kill produced by the drugs as single agents. 
Perhaps of most concern is the observation that CTX given 
shortly prior to either thiotEPA or L-PAM produced less 
tumor-cell kill than when the drugs were given as single in- 
jections and when CTX was either given simultaneously 
with thiotEPA or L-PAM or injected first in combination 
with thiotEPA or L-PAM, it produced less tumor-cell kill 
than when given alone. 

In agreement with our findings, Hagenbeek and Mar- 
tens [9] found in the rat BNML leukemia model that the se- 
quence of total-body irradiation followed by CTX 
produced greater tumor-cell kill than did CTX followed by 
total-body irradiation. Similarly, when the combination of 
busulfan and CTX was tested in the BNML model, the se- 
quence of busulfan followed by CTX produced greater 
tumor-cell kill than did CTX followed by busulfan. It is 
certainly possible tha~: there are more effective schedules 
for combinations of CTX and thiotEPA or L-PAM than 
those presented in Fig. 2. ThiotEPA and L-PAM are rela- 

tively short-lived in circulation , whereas CTX is relatively 
long-lived, with formation of the active species over the 
course of several hours (tl/2 6 - 7  h) [3]. 

It appears that the presence of CTX and/or  its metabo- 
lites in circulation and/or  the tumor masks or interferes 
with the cytotoxic action of thiotEPA and L-PAM, since 
separating the drugs in time seems to result in greater 
tumor-cell kill than simultaneous administration or short- 
interval separation of the drugs; thus, for these particular 
drug combinations there appears to be an advantage in al- 
lowing one drug to be in large part cleared from the cir- 
culation before the second drug is given. As shown in 
Fig. 3, over a CTX dose range, drug combinations can be 
subadditive, additive, or supra-additive, depending on the 
sequence of administration. 

Although the range of tumor-cell kill obtained with 
these alkylating agent combinations varied more than 10- 
fold (depending on the schedule and sequence of ad- 
ministration), with the dose held constant, the data tend to 
indicate that an approximately 3-log tumor-cell kill is 
about the maximum obtainable with these drugs at these 
doses in this murine tumor model. This maximal tumor- 
cell kill may be a reflection of many factors, such as the 
ability of these agents to penetrate the tumor mass, or of 
the occurrence of resistant cellular subpopulations within 
the tumor. At this maximal level of tumor-cell kill for a 
given drug combination and dose, the schedule and se- 
quence are no longer important. 

There was less variation in bone marrow (CFU-GM) 
kill with the CTX and thiotEPA or L-PAM combinations 
than there was in tumor-cell kill with these treatments. 
A comparison of bone marrow and tumor-cell survival, 
made in an effort to develop an indication of therapeutic 
effectiveness after treatment with CTX and thiotEPA or 
L-PAM in various scheduls and sequences, revealed that 
trends in the ratios of bone marrow: tumor survival were 
the same, whether the agent used in combination with 
CTX was thiotEPA or L-PAM. The largest variations in 
these ratios were observed with the combination of CTX 
and L-PAM; using this measure, the greatest therapeutic 
effectiveness was seen with single-dose L-PAM followed 
4 h later by CTX and with CTX given as a single dose or 
as multiple doses followed 8 h later by L-PAM. These par- 
ticular schedules and sequences for CTX and L-PAM also 
correspond to points of maximal tumor-cell kill. 

Each of these drugs is known to reduce the glutathione 
content of cells in culture [1, 10, 13, 141. Millar and others 
[10, 13, 14] observed that a low "priming" dose of CTX 
given prior to a higher therapeutic dose resulted in less 
toxicity of the therapeutic dose to the bone marrow, This 
concept is currently being clinically applied in patients 
receiving high-dose chemotherapy with CTX or L-PAM 
[10]. Adams et al. [1] examined the effect of high-dose CTX 
(500 mg/kg) on the glutathione levels and glutathione-S- 
transferase activities in bone marrow over the course of 
time. The nadirs for glutathione content and glutathione- 
S-transferase activity in bone marrow were reached ap- 
proximately 2 days after CTX administration. The level of  
glutathione-S-transferase activity subsequently increased, 
reaching a peak at about 5 days after CTX administration. 
Whether early changes in glutathione and/or  glutathione- 
S-transferase levels are involved in the variations in tumor 
cell and bone marrow survival observed in the present 
studies is not known. 
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In conclusion, there clearly appear to be less effective 
ways of giving CTX with thiotEPA or L-PAM, and there 
appears to be a variety of more effective ways to treat 
tumors with the same drug combinations.  The knowledge 
of such information from model systems may be in- 
strumental in the development of more effective alkylating 
agent combinations for use in the clinic. 
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