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Summary. Fractional incorporation (FI) of aH-thymi- 
dine (i.e., the proportion of total tissue 3H incorporated 
into DATA) has been used as a parameter for judging 
temporal scheduling of cyclophosphamide and cis-dichlo- 
rodiammine platinum (DDP). Differences in the recovery 
times ofFI following a dose ofl  O0 mg C Y/kg, between tu- 
mor (> 12 days), gut (2-3 days), and bone marrow 
(4 days) suggested a basis for a normal tissue-sparing 
drug regimen when administering double-agent CY-DDP 
therapy. When 100 mg CY/kg and 8 mg DDP/kg were 
administered simultaneously or when the doses were sep- 
arated by 1 day the survival was 0/10 or 1/10, respec- 
tively. However, when the doses were separated by 4 days 
all rats survived. This 4-day interval was considered to al- 
low time for gut and bone marrow recovery prior to a 
second insult. Such factors appear crucial to the survival 
of the animal. These three combinations were similar in 
their antitumor effect, giving a greater than additive re- 
sponse. Cyclophosphamide was more myelotoxic than 
DDP, but DDP showed greater gut toxicity. The recovery 
of bone marrow cellularity was delayed by 2 days com- 
pared with FI. Peripheral white blood cell counts returned 
to normal after a further 2-day delay. 

Introduction 

It is well known that the optimal scheduling of antineo- 
plastic drugs can make the difference between success and 
failure in the treatment of many tumors [ 14]. A single dose 
of CY has been shown to protect mice from a second insult 
with either F-irradiation [8] or busulphan [9], provided 
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that the CY dose is given 2 -4  days prior to the second in- 
suit. This protection was considered to be mediated by en- 
hanced hemopoietic recovery, possibly through an un- 
specified humoral factor or factors. In addition, it has 
been shown that two doses of CY given 5 days apart were 
less toxic to bone marrow stem cells [1] than the equiv- 
alent single dose. 

This study has attempted a rational scheduling of a 
combination of CY and DDP, normal tissue-recovery 
data based upon FI studies [4, 16, 18-20] being used to 
decide optimum treatment times. This combination has 
been employed in certain other cases, and synergistic 
effects upon mouse L1210 [2, 3, 24] and reticulum-cell 
sarcoma [ 10] have been reported. Both drugs are thought 
to exert their cytotoxic effect through alkylation of macro- 
molecules, especially DNA; thus this study was set up to 
consider combined alkylation potential as related to tu- 
mors and normal cell cytotoxicity. Renal toxicity of the 
DDP was responsible for animal deaths only at very high 
doses (16 mg/kg). In August rats, the tissues that were 
dose-limiting for these drugs were intestinal mucosa and 
bone marrow, both of which exhibit anaplasia and DNA 
synthesis inhibition after single doses of either CY [ 18, 20] 
or DDP [7, 17]. 

The BICR A15 kidney carcinoma has been found to 
differ in its response, as demonstrated by FI, from in- 
testinal mucosa and bone marrow after a single dose of 
100 mg CY/kg [5, 18]. The data presented consider the 
implications of these recovery times in relation to the 
scheduling of subsequent doses of DDP, while concomi- 
tantly comparing tumor response with the biochemical 
and clinical responses of bone marrow and intestinal mu- 
cosa.  

Materials and Methods 

Animals and Tumor Type 

Inbred male and female August rats aged 4--6 months were used. A 
serially passaged, nonmetastasizing rat carcinoma of renal origin 
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(BICR A 15/IF + 1) was maintained SC in the flanks of female rats. Ex- 
periments were carried out on tumor-beating rats approximately 
2 weeks after implantation, when tumors were around 1 cm a. 

Injections 

Peripheral White Blood Cell Counts 

Samples (20 V1) of whole blood were diluted with 10 ml Isoton. Red 
blood cells were lysed by the addition of 0.1 ml Saponin (2% w/v). 
After clearing, the samples were counted on a model F Coulter 
Counter. 

Cyclophosphamide (WB Pharmaceuticals, Bracknell, Berks., En- 
gland) was dissolved in sterile water to a concentration of 25 mg/ml; 
DDP was prepared as a fresh solution by dissolving in warm isotonic 
saline (final concentration 2 mg/rnl). Both drugs were administered by 
IP injection to lightly anesthetized rats. 

Bone Marrow Cellularity 

A syringe was used to suck the marrow from a femur into 10 ml Isoton. 
After serial dilution and lysis of red blood cells with 0.1 ml Saponin, to- 
tal nucleated cell counts were estimated on a model F Coulter 
Counter. 

Toxicity and Antitumor Studies 

Rats were weighed routinely every morning before and after drug 
treatment. Groups of ten rats (5 male, 5 female) were used for each 
dose. Deaths were recorded as days after initial injection. Moribund 
animals were killed and it was assumed that natural death would have 
occurred the same day. Tumor volumes were calculated from the 
formula V = d3/6, where d is the mean of two tumor diameters 
measured with vernier calipers. Tumor growth delay times were calcu- 
lated as the difference between the times required for the treated and the 
control tumors to reach twice the pretreatment volume. 

Measurement of DNA Synthesis 

A dose of 50 ~Ci ofthymidine-6-3H (TdR), 24 Ci/mmol (Radiochemi- 
cal Centre, Amersham) was injected IP 1 h prior to death by cervical 
dislocation. After death, the tumors, tibias and 10-era lengths of je- 
junum were excised and immediately frozen on dry ice. DNA was 
extracted by a modification of the Schmidt-Thannhauser technique 
previously described [5, 20] and the incorporation of TdR into the 
DNA was expressed as FI: 

3H in DNA 
F I =  

Total tissue 3H' 

Serum Creatinine 

Blood samples were collected from rats killed by exsanguination via left 
ventricular puncture. 

Kidney function was monitored by eolorimetrie assay of serum 
creatinine levels with alkaline picrate solution [12]. 

R e s u l t s  

Overt Toxicity 

Admin i s t r a t i on  o f  drugs,  record ing  of  an imal  weights ,  and 

t u m o r  m e a s u r e m e n t s  were  car r ied  ou t  at the same t ime 

each  day  to avoid  any  compl ica t ions  arising f rom vari-  

a t ion in diurnal  rhy thm.  

Tab le  1 shows the effect o f  single and double  doses  o f  

the  two  drugs  upon  the survival  o f  non- tumor -bea r ing  

rats.  A t  the L D  5 values  o f  !00  mg  C Y / k g  and 8 mg  

D D P / k g  a single dose o f  D D P  caused  grea ter  weight  loss 

t han  CY.  W h e n  these doses  were  adminis te red  simulta- 

neous ly  mass ive  weight  loss occu r red  dur ing the first 

5 days  and all the animals  died. A similar effect was  

apparen t  when  the D D P  adminis t ra t ion  was  de layed  for 

1 day  (0 + 1). A t  0 + 2 the weight  loss was  less than  tha t  

obse rved  fol lowing a single dose o f  8 mg  D D P / k g  and 

4 0 %  o f  the animals  survived.  W h e n  the drugs were  sepa- 

ra ted  by  4 days  (0 + 4) there  was  little over t  toxic i ty  and 

min imal  weight  loss, and all an imals  survived.  In  addi t ion 

to weight  loss, sick animals  had  buccal ,  nasal ,  and ocu la r  

h e m o r r h a g e s  and b lood in the ur ine and feces, and ap- 

peared  m o r e  susceptible to infect ions o f  the lung and 

submaxi l l a ry  lymphat ics .  P o s t m o r t e m  revea led  heavy  in- 

test inal  hemor rhage .  

T a b l e  1. Toxicity studies 

Drug dosage (mg/kg) 

Day 0 Day 1 Day 2 Day 4 

% Mean Day of Number of Mean day 
maximum lowest survivors at of death a 
weight loss weight a 4 weeks 

CY 50 -- - - 1.0 
CY 100 - -- -- 1.9 
DDP 4 -- - - 7.3 
DDP 8 - -- -- 12.2 
CY 100 + DDP 8 - - - 28.3 
CY 100 DDP 8 - - 21.9 
CY 100 - DDP 8 -- 10.9 
CY 100 -- -- DDP 8 8.7 

- 1 0 / 1 0  - -  

9 9/10 8 
5 10/10 - 
5 10/10 
5 0/10 7 
8 1/10 8 
6 4/10 6 
8 1 0 / 1 0  - -  

a Based upon time after day 0 
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Table 2. Serum creatinine levels a 
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Hours after CY dose (100 mg/kg) 

24 48 72 96 120 

100 CY (Day 0) 177+_16 8 1 +  18 93+_ 9 4 7 +  16 220 
100 CY (0), 4 DDP (1) 1 8 5 + 2 0  67 6 1 +  11 135+ 14 2 3 6 + 3 1  
100 CY (0), 4 DDP (2) 169 + 15 115 + 10 377 + 140 200 + 15 184 + 20 
100 CY (0) ,4  DDP (4) 175+ 18 111+ 12 101+ 8 165+21  184+83  
4 DDP (0) 110 +_ 27 173 + 37 157 154 + 10 - 
8 D D P ( 0 )  189 1 8 9 + 3 6  299+  73 2 2 0 + 4 1  - 

Hours after CY dose (100 mg/kg) 

144 168 192 216 240 264 

100 CY ( ] D a y  0 )  -- 141 + 78 236 + 110 -- -- -- 
100 CY (0), 4 DDP (1) 189 + 31 251 + 94 . . . .  
100 CY (0), 4 DDP (2) 323 +_ 50 139 +_ 10 -- 254 + 22 161 + 26 154 + 31 
100 CY (0), 4 DDP (4) 1 1 0 + 2 8  1 8 9 + 4 2  299+  47 2 6 7 + 7 0  - -  - -  

4 DDP (0) . . . . . .  
8 DDP (0) . . . . . .  

" Control = 152 + 17 (n = 8). Levels are expressed as ~mol creatinine/liter serum, and each value is the mean + SD from four animals 

Normal Tissue Toxicity 200 

Kidney. Table 2 shows the levels of serum creatinine in the 
plasma of control and drug-treated, non-tumor-bearing 100 
rats. The efficiency of glomerular excretion in the kidney 
is inversely proportional to the circulating serum levels oft 
creatinine. Normal creatinine levels in non-tumor-bearing 
rats were found to be 152 ~mol/fiter. In this case, a 50% 
reduction in kidney function would be expected to raise 
the creatinine level to 300 ~mol/liter. In only a few in- 
stances was this level reached after treatment, and in all 
cases the levels returned to normal within 10 days. Since 

10 
normal kidney function is maintained at extraction ef- 
ficiencies as low as 25%, such increases in creatinine levels 
were not considered critical. 

Bone Marrow. Figure 1 compares the recovery rates of 
the total nucleated marrow cell counts (TNC) and pe- 
ripheral white blood cell counts (WBC) with that of the FI 
after a single dose of 100 mg CY/kg. The drug caused an 
initial suppression of FI to 20% of control at 48 h but 
normal values were regained after 4 days. The TNC level 
reached a nadir on day 3 and had recovered by day 6. 

Single doses of DDP depressed FI, TNC, and WBC 
transiently in a dose-dependent fashion (Table 3). A CY 
dose of 100 mg/kg (Fig. 1), which is an LD s dose (equival- 
ent to 8 mg/kg DDP), caused a higher degree of myelo- 
suppression. 

When 4 mg DDP/kg was administered 1 day after 
I00 mg CY/kg (Fig. 2a), all three bone marrow param- 
eters were suppressed. Fractional incorporation was re- 
duced to 30% of the control level and took 7 days to 

100 r ' V A  ~, 0 % control ~ -~a j  

t j  . . . . . .  I I -  . . . . . . . . .  41  . . . . .  4 

' ' ' ' ' ' l b  ' 6 

D oys 

Fig. 1. The effect of 100 mg CY/kg on parameters of bone marrow 
proliferation. Ordinate is a log scale of % of control values (see 
Table 3). Each point is the mean + SD of four experiments. FI values 
are from four animals + SD. II, FI; 0 ,  TNC; A, WBC 

recover; TNC was reduced to less than 10% of control 
and had regained control levels by day 9; WBC were 
depressed and remained so for the observed time period. 

At the least toxic dose when the drugs were given 
4 days apart, FI in the bone marrow had returned to 
normal before the DDP dose was given. The second drug 
caused a slight depression of FI, which returned to normal 
3 days later, i.e., 7 days after the initial treatment. The 
TNC reached a nadir of 15% of the controllevel on day 3. 
The DDP delayed recovery by 2 days, i.e., until day 8. 
The WBC followed a similar pattern to before. In terms of 
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Fig. 2a and h. The effect of CY-DDP combinations on parameters of 
bone marrow proliferation, a 100 mg CY/kg on day 0, 4 nag DDP/kg 
on day 1; b 100 mg CY/kg on day 0, 4 mg DDP/kg on day 4. Ordinate 
is a log scale of% of control values for each parameter. Each point is 
the mean + SD of four experiments. FI values are from four animals + 
SD. II, FI; @, TNC; A, WBC 

Table 3. Effects of a single dose of DDP on FI, TNC, 
and WBC a 

DDP dose Hours after DDP 

24 48 72 

4 mg/kg FI b 89 95 101 
TNC 95.4_+ 9 92.8_+ 4 118 4- 5 
WBC 126 + 11 135 + 32 91.4 4- 4 

8 mg/kg FI b 80 82 97 
TNC 84.7 4- 8 88.4+ I1 96 + 14 
WBC 76.8_+ 15 108 _+30 110 _+ 2 

GUT 
IF~ control , 100CY day0 

,oo  , ! , 

' ½ ' ¼ ' Co ' 8 ' 1(3 ' 1½ 
Days 

Fig. 3. The effect of CY-DDP combinations on DNA synthesis in 
intestinal mucosa. O, 100 mg CY/kg on day 0, 4 mg DPP/kg on day 1; 
0 ,  100 mg CY/kg on day 0, 4 mg DDP/kg on day 2. Each point is the 
mean _+ SE of four experiments. Horizontal line is lower-limit SE for 
control. Ordinate is % of control FI (control value = 76 + 4) 

a Control values: FI, 92%; TNC, 6.8 x 107/femur; WBC, 4.6 x 107/I111 
blood. Results are expressed as percentage of control 
b FI was recorded in the pooled marrow of four animals 

100 

50 

F1 
°/°control ~ .  

• V V GUT 

I i i I I i i 

k -1 
B o n e  

' m o r r o w  

i h i i ~ 

1 0 0 ~  ~-se 

Tumour 

Fig. 4. The effect of CY-DDP and CY-CY combinations on DNA syn- 
thesis in gut, bone marrow, and tumor. O, 100 mg CY/kg on day 0, 
4 mg DDP/kg on day 4; O, 50 mg CY/kg on day 4. Each point is the 
mean of four experiments. Horizontal line (gut and tumor) is lower- 
limit SE for control. Ordinate is % of control FI: gut, 76.7; bone 
marrow, 92; tumor, 41.2 

the  degree  o f  s u p p r e s s i o n  a n d  the  r e c o v e r y  t ime,  the  4 - d a y  

dose  s p a c i n g  was  less toxic  t h a n  the  1-day sepa ra -  

t ion.  

I n t e s t i n a l  M u c o s a .  W h e n  4 m g / k g  D D P  w a s  admin i s -  

t e r ed  e i the r  1 d a y  o r  2 d a y s  af te r  100 m g  C Y / k g ,  the re  

were  l a rge  d e c r e a s e s  in  the  F I  va lues  (Fig.  3). In  e a c h  case  
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Table 4. Tumour volume regressions 
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Drug dosage mg/kg" 

Day 0 Day 1 Day 2 Day 4 Day 7 

Minimum 
post-treatment 
volume (% Day 0) 

Day of 

maximal 
regression 

Mean 

growth delay 

(days) 

CY 50 . . . .  85 
CY 100 . . . .  62 
DDP 4 . . . .  169 b 

DDP 8 . . . .  75 

CY 100 + DDP 4 . . . .  50 
CY 100 DDP 4 - - -- 44 
CY 100 - DDP 4 -- - 54 
CY 100 - -- DDP 4 - 46 
CY 100 - - - DDP 4 32 

6 9 

11 15 
4 b 4 b 

8 10 
14 27 

15 22 
14 21 

15 23 

20 26 

Each dose was tested in five rats (ten tumours) 

b Tumour showed no volume regression at this dose 

the FI values were suppressed to approximately 10% of 
control 1 day after the DDP. The decrease after day 8 in 
the 0 + 2 schedule is difficult to explain but did not cause 
any lethalities, all animals surviving 2 months after treat- 
ment. 

Figure 4 illustrates the effect of the 0 + 4 schedule 
with either 4 mg DDP/kg or 50 mg CY/kg. These are 
equivalent half-LD 5 doses, and serve to compare the rela- 
tive effect of a second dose of CY as against DDP. In the 
gut the DDP caused a greater depression in FI than did the 
CY dose. In both cases recovery was complete within 
3 days. 

Tumor Toxicity 

The FI response to the least toxic schedule, 0 + 4, is 
shown in Fig. 4. A dose of 4 mg/kg DDP on the fourth day 
after i00 mg CY/kg, reduced the FI to less than 10% of 
control. Recovery was gradual and by day 21 the FI was 
only 50% of control. A similarly scheduled dose of 50 mg 
CY/kg resulted in a similar response. 

Single doses of either drug have antitumor activity as 
measured by volume regressions (Table 4). However, the 
DDP per se caused only growth delay and no volume 
regression (minimum post-treatment volume 169% of 
day 0). The untreated tumor has a doubling time of be- 
tween 2 and 3 days. After the toxicity studies (Table 1) the 
dose of DDP used in combination was lowered to ensure 
long-term survivors, although mortalities ensued when the 
drugs were administered simultaneously. All the combi- 
nations gave comparable growth delays and maximal 
volume depressions. 

Animal Survival After High-dose DDP 

A dose of 16 mg/kg DDP was found to be lethal to the 
rats, resulting in their death 4 days after treatment. At- 

Table 5. High-dose DDP treatment 

Day 0 Day 4 4-week Mean day 

survivors of death" 

DDP 16 -- 0/10 4 

CY 25 DDP 16 0/10 9 

CY 50 DDP 16 0/10 9 

CY 100 DDP 16 0/10 7 

a Based upon time after day 0 

tempts to spare these animals by pretreatment with CY 
proved unsuccessful (Table 5). Deaths occurred around 
4 days after DDP administration. Postmortem examina- 
tion revealed small- and large-bowel hemorrhaging and 
kidney discoloration. Animals consumed no food and lost 
weight rapidly. 

Discussion 

The interactions of drugs used in combination can be 
crucial to the efficacy of such a combination in the treat- 
ment of many tumors. The data presented here have 
shown that CY, a bifunctional alkylating agent, and DDP, 
which is cytotoxic, at least in part, by 'platination' of G - C  
base pairs within DNA (see model proposed by Kelman et 
al. [6]), have exerted an additive or greater than additive 
antitumor effect when used at the doses shown. When 
administered individually neither CY [5, 18] nor DDP 
[16, 26] has been shown to localize preferentially within 
tumors. A possible explanation for this effect is that a 
combination of the two drugs affects the permeability of 
tumor cells, resulting in increased uptake of drug. We have 
shown previously that alkylation of nuclear targets is 
dependent upon the functional and structural characteris- 
tics of target chromatin [11, 15, 21--23]. These targets 
can be DNA, nuclear RNA, histone or nonhistone 
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proteins, all of which are involved in the regulation of 
nuclear structure and function. Differences in basic chro- 
matin architecture between tumor and normal cells may 
affect a differential effect resulting in the observed re- 
sponse. Thus, an alternative explanation could propose 
that a preliminary interaction of one alkylating agent with 
chromatin may alter the 'dynamic configuration' of 
DNA, rendering it either more susceptible to subsequent 
alkylation or less able to repair resultant damage by exci- 
sion/replacement or postreplicative mechanisms. 

Irrespective of the mechanism of this drug interaction, 
having conceived that the two drugs in combination were 
useful in the treatment of this solid tumor, the therapeutic 
doses employed were found to be severely toxic to normal 
tissues when administered simultaneously. We have 
shown previously that both the bone marrow and the 
intestinal mucosa were extremely sensitive to both CY 
[ 18, 20] and DDP [ 17], and the sensitivity of both tissues : 
was found to be dose-limiting in combination therapy. At 
the doses used, DDP has been shown to be more gut-toxic 
than CY, with the converse true for bone marrow toxicity. 
A relationship between recovery of DNA synthesis and 
the maturation of bone marrow elements is demonstrated. 
The 2-day delay between recovery of FI and TNC may be 
explained by considering the period of recovery following 
the cytocidal effect of the drug, and reflects the time taken 
for DNA-synthesizing precursor cells to produce the non- 
dividing polymorphonuclear dements that constitute the 
greatest proportion of the TNC in the marrow. The ap- 
pearance of these cells in the systemic circulation showed 
a further, not unexpected, delay. 

The rapid weight loss, hemorrhagic gut, FI responses 
for intestinal mucosa, and recorded time of death fol- 
lowing treatment indicated that lethalities occurred be- 
cause of gut failure. Unlike bone marrow, there are no 
quasi-clinical parameters that facilitate comparison with 
FI values. However, we have shown evidence that gross 
microscopic recovery correlated well with recovery of FI 
following methotrexate treatment [19, 20]. Recovery of 
gut function appeared to be crucial to animal survival 
following treatment, and we have preliminary data to 
suggest that if FI values in gut are not restored to normal 
within 3 - 4  days animals will die through gut failure (un- 
published data). This was an integral part of the rationale 
for scheduling the dose of DDP to allow an interval for re- 
covery of both gut and bone marrow after the first dose of 
CY. The survival data presented support this rationale 
and concur with other findings [ 13] that DNA synthesis is 
a useful parameter on which to base chemotherapeutic 
regimens. However, the discovery that animal survival is 
highest when the second drug is administered after normal 
tissue recovery, as evaluated by FI, is contrary to the 
finding of these authors [ 13], who suggested that maximal 
survival was achieved by administering two doses of CY 
12 h apart, i.e., giving the second dose at the nadir of bone 
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marrow DNA synthesis. However, since this study has 
not considered doses separated by 12 h, increased sur- 
vival at this time remains a possibility. Our findings are 
further supported by data already discussed [1, 8, 9] and 
by the fact that in mice a priming dose of CY is most 
successful in protecting against a second lethal dose of CY 
when administered 4 days before (JL Millar, personal 
communication). We were unable to repeat this obser- 
vation in rats with a lethal dose of DDP. This may reflect 
the wide spectrum of toxicity of DDP, which precludes 
any protection by the humoral factor(s) previously postu- 
lated [8, 9]. 

Extrapolation of these data suggests that DDP in 
combination with CY (and possibly other alkylating 
agents) may produce favorable responses from human 
solid tumors. The nonempiric scheduling of these drugs 
should allow sufficient time between large therapeutic 
doses to permit normal tissue regeneration. Long-term 
kidney toxicity may be avoided by mannitol diuresis or 
prior protection with furosemide [25], and any bladder 
toxicity may be alleviated with high fluid output. The 
possibility of multiple repeated drug administration based 
upon these findings remains to be elucidated. 

Acknowledgements: Thanks are extended to Dr. John Millar for much 
useful discussion, Barry Hudspith for assistance with blood counts, 
and John Biggerstaff for creatinine estimations. 
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