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Abstract-Re$eatcd intraperitoneal treatment of standard P388 mouse leukemia with dianhydro- 
galactitol (DAG) resulted in the development of a P388lDAG experimental mouse tumor which 
was resistant to the drug. Resistame was stable without DAG treatment throughout 80 passages. 

P388/DAG shows cross-resistance to alkylating agents such as nitrogen-mustard, cyclophospha- 
midc and diacetyl-DAG but not to selected antimetabolites and tubulin binders and exhibits reduced 
sensitivity to nitrosoureas. 

Resistance to DAG could not be overcome by the administration of maximally tolerated dose of 
DAG to tumor bearing mice. The resistant tumor is one chromosome short and shows a 13-fold 
increase of cells possessing a submetacentric marker chromosome. 

INTRODUCTION 
RESISTANCE to antitumor agents is one factor in- 
fluencing the effectiveness of tumor therapy. The 
use of experimental tumor systems is important in 
selecting combinations of agents which are effective 
against drug resistant tumors and provides valu- 
able information utilizable for determining the 
proper sequence of drug administration in order to 
preserve tumor sensitivity even during resistance 
developed to one of the drugs. 

Drug-resistant tumor lines induced by alkylating 
agents are generally cross-resistant to most other 
alkylating agents [l-Z]. Some chemically related 
agents, however, did not develop cross-resistance 
[l-7]. Schabel et al. [7,8,1 l] also found that L1210 
leukemia lines resistant to BCNU or cyclophospha- 
mide retained sensitivity to DAG. 

DAG is one of the conversion products of dibro- 
modulcitol (DBD) [12] and exhibits antitumor 
activity in a wide spectrum of experimental rodent 
tumors [ 131. There is a direct evidence for the 
DNA alkylating property of DAG [ 141. Clinical 
trials have also been performed [ 15-181. 

Since resistance to DAG has not as yet been 
described, we attempted to render a P388 leukemia 
resistant to DAG and to determine some character- 
istics of the new tumor line including its sensitivity 
to other anticancer agents. 
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MATERIALS AND METHODS 
Dianhydrogalactitol, NSC 132313, was obtained 

from the Chinoin Pharmaceutical and. Chemical 
Works, Ltd., Budapest, Hungary. Diacetyl- 
dianhydrogalactitol (disc-DAG), an analogue of 
DAG used in the cross resistance studies, was also 
obtained from Chinoin. The other agents were: 
dibromodulcitol (Elobromol) (DBD), NSC 
104800, Chinoin, Budapest; CCNU, NSC 79037, 
Division of Cancer Treatment, National Cancer 
Institute, USA; BCNU (Carmustine), NSC 
409962, Bristol; I-(2-hydroxyethyl)-3-(2- 
chloroethyl)-3-nitrosourea (HeCNU), NSC 294895 
new nitrosourea derivative was kindly provided by 
Dr. Eisenbrand DKFZ, Heidelberg, F.R.G., in the 
frames of the Screening and Pharmacology Group 
of EORTC; methotrexate (MTX), NSC 740, 
Lederlc Ltd., U.S.A.; 6-mercaptopurine (6-MP), 
NSC 755, Wellcome; 5-fluorouracil (5-FU), NSC 
19893, Hoffmann-La Roche, Basel; adriamycin, 
NSC 123 127, Farmitalia, Milan; cyclophospha- 
mide, NSC 26271, Asta, Bielefeld; nitrogen mus- 
tard (HN,), NSC 762, Sigma, St.Louis; vincristine 
(VCR), NSC 67574, Gedeon Richter Ltd., 
Budapest, Hungary; and vinblastine (VBL), NSC 
49842, Gedeon Richter Ltd., Budapest, Hungary, 
commercially available. 

The P388 mouse leukemia strain generally used 
for chemotherapeutic screenings was kindly pro- 
vided by Dr. Wodinsky, Arthur D. Little, Inc., 
Cambridge, MA. Up to the beginning of the 
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present studies, the tumor had undergone 27 trans- 
plantations, and this generation was considered to 
be passage 0. 

Experimental animals were the F1 hybrids of our 
own inbred H-Riop DBAs and H-Riop Cs7B1/s 
mouse strains: C57Bl/s 9 X DBAp 6 , Males and 
females comprised separate groups. 

Tumor transplantations were carried out with 
i.p. inoculation of lo6 cells per animal. 

Development of P388 mouse leukemia strain resistant to 
DAG (P388lDAG) 

The P388 tumor of BDF, mice was passaged on 
every 7th day and treated i.p. with rising doses of 
DAG. During the first 10 passages single, subeffec- 
tive doses of DAG (the initial being 1.25 mg/kg) 
were given on the day after transplantation. After 
the 10th passage, the total dose of DAG per 
passage was gradually raised every one to five 
passages either by repeated treatments or by rais- 
ing the dosage levels. Total dose was elevated only 
when the previous one had not caused any pro- 
longation in the lifespan of animals. The maximum 
amount of DAG administered within one passage 
was four daily treatments at 3 mg/kg. The tumor 
that had been rendered resistant to DAG was 
maintained, from the 56th passage, in two lines: (a) 
P388lDAG was treated in every passage with 
1 X 7.5 mg/kg DAG i.p. and (b) P388/DAG-U 
(untreated), which did not receive further treat- 
ment with DAG. For sensitivity, cross resistance 
and chromosome analyses and cytological ex- 
aminations untreated animals of the P388/DAG 
strain served as donors. 

Sensitivity studies 
Every 2 months 30-36 BDF, mice were inocu- 

lated with tumor cells derived from the P388/DAG 
strain, and of P388 sensitive and of P388/DAG-U. 
On the following day groups of six mice were 
injected intraperitoneally with single doses of 
DAG: 1.25; 2.5; 5.0; 7.5; 9.0; 10.0 mg/kg. Drug 
sensitivity was evaluated on the basis of survival 
time in days (T/C X 100%). 

Cytological examination 
On the fourth day after transplantation, eight 

groups of three mice bearing the sensitive tumor 
and eight groups of three mice bearing the resistant 
tumor were injected i.p. with single 7.5 mg/kg 
DAG, then, after 12, 24, 48, 72, 96, 120, 144 and 
288 hr one group of each tumor bearing mice was 
examined. Untreated animals were killed daily, 
simultaneously until death. The ascites fluid was 
weighed and the per cent of the ascitocrit value 
(tumor cell volume related to total tumor volume) 
determined by centrifugation in a hematocrit cen- 

trifuge. Tumor cells suspended in Tyrode solution 
containing 0.5% eosin were counted in Buerker’s 
chamber. Total cell number was expressed as the 
product of ascites weight and cell number per ml. 
In the smears stained according to the May- 
Griinwald-Giemsa technique, the proportions of 
dividing cells were determined. Five hundred cells 
per smear were counted. 

Determination of the grade of resistance 
Sensitive and resistant P388 cells were drained 

off under aseptic conditions and diluted with 3 ml 
Fischer medium to attain the 4 X IO6 cells per ml 
‘&cites concentration. Then the cells were incu- 
bated for 1 hr at 37°C with the following concentra- 
tion series of DAG: 

P388 sensitive: -, 1.25, 2.5, 5.0, 10 pg/ml 
P388lDAG: -, 1.25, 2.5, 5.0, 10, 20, 40, 

80 pg/ml. 

After incubation DAG was removed from the 
culture medium by triple washing in 3-3 ml Fischer 
medium devoid of the drug. The drug-free cell 
suspension was inoculated i.p., in 0.5 ml volume in 
BDFl mice. Resistance is expressed by the ratio of 
the smallest dose of the drug effective in the 
resistant and sensitive tumors. 

Chromosome analysis 
Chromosome analyses were performed with the 

ascites cells of P388/DAG (67th passage) and 
P388/DAG-U (100th passage) tumor lines and 
simultaneously with the ascites cells of the parent 
P388 sensitive tumor maintained under identical 
conditions and passaged with the same frequency. 
On the fourth day after transplantation cells were 
treated with 5 mg/kg colchicine. After 4 hr the 
ascites cells were pooled and centrifuged for 5 min 
at 500 g, swollen in distilled water for 10 min and 
fixed 4 times in methanol: acetic acid, 3 : 1. The 
cells were placed on iced slides, dried and stained 
with Giemsa. Chromosome sets of 50 cells in 
metaphase per tumor line were counted. 

Cross resistance studies 
Groups of BDF, mice, each comprising six ani- 

mals were inoculated with tumor cells of untreated 
donors of P388/DAG strain in 60-l 30th passage or 
with cells of the sensitive tumor. Doses were chosen 
to reach optimal effect in the sensitive tumor. If the 
selected dose was ineffective or toxic new groups 
treated with lower and/or higher doses respectively 
were also introduced in the resistant tumor line. 
The two tumors were compared for the increase in 
lifespan attainable with single doses or by repeated 
treatment with agents of various mechanism of 
action. 
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RESULTS 
Development of P388/DAG and sensitivity studies 

The results of drug sensitivity tests performed 
during development of resistance are presented in 
Table 1. 

Sensitivity to DAG in the initial phase of main- 
taining the strain, i.e. when the strain was treated 
with single subeffective doses, did not change. 
Repeated treatment initiated a decrease in sensitiv- 
ity, first indicated by an examination done after the 
23rd passage, 6 months after the studies were 
initiated. The strain appeared to be solidly resis- 
tant to 5 mg/kg after the 31st passage. Resistance 
to DAG continued to increase until even the 
maximal tolerable doses did not increase the lifes- 
pan of animals. Treatment with high doses of DAG 
(9-10 mg/kg) resulted in occasional deaths due to 
toxicity. Consequently, the maximum tolerable 
dose of DAG was 7.5 mg/kg. 

Results of sensitivity studies performed with the 
tumor line untreated since the 56th passage are 
shown in Table 2. The untreated tumor line has 
undergone 76 passages since the discontinuation of 
treatment. No reduction in resistance to DAG has 
been observed. 

The sensitive tumor line did not exhibit altered 
sensitivity to DAG during this period (Table 3). 

The mean survival time of untreated mice inocu- 
lated with 10” cells deriving from P388/DAG and 
P388/DAG-U tumors, respectively, was nearly 
identical with that of the parent P388 sensitive 
tumor bearing animals: 

Avcragc survival time 
Subline Days + S.D. No. ofmice 

P388 sensitive 10.3 1.3 50 
P388IDAG 10.1 0.9 42 
P388/DAG-U 9.5 0.8 49 

Cytological examinations 
Total cell number in the parent (wild) P388 

tumor gradually decreased after the administration 
of 1 X 7.5 mg/kg DAG and by the 120th hour it 
was merely 5% of the initial value. Regrowth 
started within 4-6 days. Total cell number in the 
P388/DAG tumor also decreased reaching its 
lowest value (50% of the initial one) by 48 hr and 
remained at this level up to the 120th hour, i.e. 
until the beginning of rapid regrowth (Fig. 1). 

The dramatic cell death in the sensitive P388 
tumor following drug administration was accom- 
panied by continuously rising mitotic rate in the 
surviving cell population (6% at 120th hr), while 
in the P388/DAG the highest mitotic rate of the 
surviving population elevated up to 4-4.5% (at 

Table 1. Sensitivity of P388lDAG during the development of 
resistance (T/C X lOO%)t 

Passage 
No. 

Sex DAG doses (mg/kg i.p. 1 X on day 1) 
1.25 2.5 5.0 7.5 9.0 10.0 

4 male 110 133 158 269 
9 female 121 135 169 267 

16 female 110 129 155 77: 
23 male 124 155 130 155 
31 female 106 114 119 68: 
39 male 119 120 127 140 120 

52 female 111 122 141 98: 109: 
64 male 104 102 122 127’ 
70 female 107 120 
86 male 116 102 104 108 
99 female 104 117 122 125 

105 male 91 105 
117 male 100 106 
123 male 99 102 
132 female 105 111: 

: toxic death. 
t T/C X 100%: [lifespan of the treated group (days)/ 

lifespan of the control group (days)] X 100. 

Table 2. Sensitivity of P388/DAG-Ii to DAG ( T/C X 

loo%)? 

Passage 
NO. 

Sex DAG doses (mg/kg i.p. 1 X on day 1) 
2.5 5.0 7.5 9.0 

64 male 107 121 103 102 
70 female 105 118 
86 male 117 128 130 120 
89 male 102 112 137 121 
99 female 105 117 121 120 

105 male 108 119 
117 male 102 116 
123 male 109 111 
132 female 102 105: 

‘: toxic death 
t T/C x 100%: [lifespan of the treated group (days)/ 

lifespan of the control group (days)] X 100. 

Table 3. Sensitivity of P388 sensitive tumor line to DAG 
(T/C x 100%) 

Passage 
No. 

Sex DAG doses (mg/kg i.p. 1 X on day 1) 
1.25 2.5 5.0 7.5 9.0 10.0 

0 male 122 144 180 220 
17 male 134 174 186 
35 female 182 238 232 118: 
64 male 162 198 200 168; 
86 male 140 168 217 182 

105 female 121 163 
117 male 190 192 
123 male 167 181 
132 female 215 226 

7 toxic death. 
t T/C x 100%: [lifespan of the treated group (days)/ 

lifespan of the control group (days)] X 100. 
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7.5 mg /kg DAG i.p. on day 4 P 388 Sensitive 
60 
50 I 

hr 

1. Changes in total cell count a&r 1 X 7.5 mg/kg DAG in 
P388 sensitive and F388lDAG tumors. 

48th hr) and quickly dropped to the control level 
(1 J-2%) (not presented in figure). 

Mean cell volume increased in the parent tumor 
due to the treatment indicating a high ratio of giant 
cells. In the P388/DAG, however, the rise in mean 
cell volume was minimal and reversible (Fig. 2). 

Grade of resistance 
Inoculation with sensitive cells previously incu- 

bated with 10 kg/ml DAG evoked a 52% pro- 
longation in lifespan. Similar effect (32%) in the 
resistant line could be achieved, however, by 
80 kg/ml DAG dose. Consequently the grade of 
resistance of P388/DAG to DAG was equal to 8. 

Kayotypes of tumor lines 
The P388 sensitive mouse leukemia had a hyper- 

diploid stemline with 41 chromosomes consisting of 
acre- and telocentric ones. The chromosome num- 
ber of the diploid stemline of P388lDAG and of 
P388/DAG-U tumors was 40. In the resistant 

7.5 mg/kg DAG i.p. on day 4 

[6 

$5 ??

-t / 

P388 sens ??-a Treated . 

94 
_ Control 

P388lDAG ~--m Treated 

3 _ m Control 

hr 

Fig. 2. Changes in mean cell volume under the effect of 1 X 7.5 mglkg 
DAG in P388 sensitive and P388/DAC tumors. 

4-- P 388 / DAG 

60 P388/DAG-U 

50 

9640 
30 

20 
IO I 

5 IO 20 30 @J xl 60 70 8D 

Chromosome number 

Fig. 3. Chromosome patterns of the P388 sensitive, P388lDAG and 
P388/DAG-lJ tumors. 

tumors tetraploid cells were also observed (Fig. 3). 
In 80% of the P388/DAG and of P388/DAG-U 

tumor cells a large submetacentric marker chromo- 
some was present, that occurred in the P388 sensi- 
tive tumor only in 6%. 

Cross resistance studies 
Among the alkylating agents examined complete 

cross resistance to DAG was found in the case of 
nitrogen mustard, cyclophosphamide and diacetyl- 
DAG. Dibromodulcitol, however, did not affect 
either the wild or the P388/DAG leukemia. The 
P388lDAG line showed o?ly decreased sensitivity 
to nitrosoureas compared to the sensitive P388 line 
(Table 4). 

Agents with other mechanisms of action like 
vincristine, adriamycin, methotrexate and 5- 
fluorouracil exhibited no differential antitumor 
activity against either tumor. 6-mercaptopurine 
was ineffective in both tumor lines. 

DISCUSSION 
Administration of dianhydrogalactitol in single, 

sub-effective doses and later in gradually increas- 
ing repeated ones to mice bearing the P388 mouse 
leukemia resulted in the development of a P388 
mouse leukemia resistant to the drug. Transplant- 
able mouse tumors resistant to agents with diffe- 
rent mechanisms of action have been induced in a 
similar way, i.e. by drug administration per pas- 
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Table 4. Effects of antitumor agents on P388 sensitive and 
P3WDAG tumors. Cross resistance studies 

Agents Doses P388 sensitive P388/DAG 
(mg/kg i.p.) (T/C %) (T/C %) Pass. 

DAG 

Disc-DAG 

DBD 

Nitrogen 
mustard 
Cyclophos- 
phamide 

Cir-DDP 

Adriamycin 

BCNU 

CCNU 

HeCNU 

VCR 

MTX 

5-FU 

6-MP 

9 x 2.5 197 116 60 
5 x 2.5 200 112 63 
1 x 14 193 105 64 
7 x 6.3 183 91 77 
1 x 200 115 95 60 
1 x 380 119 95 60 

8 x 0.25 257 93 77 
8 x 0.5 289 106 77 
8 x 5.0 227 102 130 
8 x 10.0 239 97 130 
1 x 60.0 203 109 131 
8 x 0.5 107 94 128 
8 x 1.0 151 97 128 
8 x 2.0 225 85 128 
8 x 0.75 213 209 73 
8 x 1.5 235 217 73 
I x 15.0 248 137 98 
1 x 20.0 400 176 98 
1 x 25.0 350 203 98 
1 x 30.0 367 209 98 
7 x 2.0 137 97 60 
7 x 5.0 216 146 60 
1 x 15.0 174 132 110 
1 x 20.0 296 180 99 
8 x 0.1 208 181 71 
8 X 0.2 198 187 71 
8 x 0.5 159 163 65 
8 X 0.75 176 168 65 
8 x 5.0 136 122 65 
8 X 10.0 202 200 77 
8 X 20.0 248 246 73 
8 x 20.0 143 124 65 
8 x 40.0 112 118 65 

sages followed by inoculations [3-5, 7, 9, 19-231. 
Some experiments of development of resistance to 
alkylating agents [24-261 showed the necessity of 
high doses when trying various dose-schedules. In 
agreement with their observations, DAG-sensi- 
tivity of our P388 tumor also did not change during 
the first 10 passages when suboptimal total dose of 
less than 2.5 mg/kg had been administered. Higher 
total doses (5-7.5 mg/kg), however, resulted in the 
gradual development of resistance to DAG. After 
passage 53 the maximal tolerable dose of the drug 
(1 X 9 mglkg, or 4 X 3 mg/kg) did not cause any 
significant prolongation in lifespan. The drug toler- 
ability of the tumor-bearing animals did not 
change during the development of resistance. 

Grade of resistance was calculated on the basis 
of the cell killing effect of DAG measured after 
short term incubation. There was an a-fold degree 
of resistance cca. the double of the therapeutic 
index (MTD/MED) of DAG on the P388 sensitive 
tumor. Resistance of the P388/DAG tumor can 
thus be considered to be high grade and, taking 
into consideration the in vivo data, complete. 

Tumors resistant to alkylating agents generally 
need maintenance therapy for preserving their 
resistance [7, 19,221, although the L1210/CPA 
[7,25], LlPlO/BCNU, BlG/meCCNU [27] and 
Yoshida/MDMS [28] have preserved their drug 
resistance over a long period of time. 

Our studies demonstrate that the sensitivity of 
the P388/DAG-U remained identical with that of 
P388/DAG after the cessation of the treatment. 

Experimental tumor lines resistant to alkylating 
agents are often accompanied by quantitative or 
qualitative chromosome changes detectable by 
light microscopy [19, 29-331 but the causal rela- 
tionship between resistance and chromosome 
changes has not been proven. Ujhazy succeeded in 
proving the drugspecific causal relationship of re- 
sistance and altered karyotype with the aid of HNs 
resistant tumor lines developed in three different 
ways but having identical karyotype [32]. The 
karyotype characteristics of a resistant tumor can 
bc attributed to the non-specific, mutagenic effect 
of the inducer alkylating agent or to the selection of 
a resistant tumor cell population with different 
karyotype existing in the tumor from the very first. 

Our karyogram of the original in vivo P388 
sensitive tumor corresponds to Kuznyecova’s 
analysis [34]. During the development of DAG- 
resistance the chromosome number of the stemline 
decreased by one and 80% of the resistant cells 
contained the submetacentric marker chromosome 
present in 6% of the cells in the wild tumor. 
P388/DAG probably was derived from selection 
since the chromosome set of the stemline of the 
DAG resistant line was also present in the parent 
tumor cell population. There is little likelihood that 
resistance developed by mutation since DAG 
showed only moderate mutagenicity by the Ames 
test [35]. 

In case of complete selection, successive genera- 
tions preserve the characteristics of the tumor cell 
population. When selection is incomplete, the sta- 
bility of resistance is influenced by the growth rate 
of the selected cells. Resistance remains stable even 
in case of incomplete selection provided that the 
growth rate of the resistant subpopulation is not 
lower than that of the sensitive line [26]. Since the 
cell number of P388/DAG is not lower than that of 
its sensitive counterpart of the same age and its 
doubling time is not longer either, there is a chance 
for survival (maintenance) of the P388/DAG over 
many generations. The presence of a small sensi- 
tive subpopulation within the resistant tumor is 
also reflected by the fact that in 20% of the cells the 
karyotype corresponds to that of the sensitive 
tumor and that high doses of DAG are capable of 
producing a limited cell death in the resistant 
tumor. 

Some data demonstrated cross resistance among 
alkylating agents [2-5, 9, 10, 36-391, but much 
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experimental evidence suggests that the resistant 
tumors preserved their sensitivity to other alkylat- 
ing agents in a measure observed with the parent 
(sensitive) tumor or showed decreased sensitivity, 
the value of which, however, did not reach the level 
considered ‘resistant’ [8, 28, 40, 411. This phe- 
nomenon refers to the fine differences in the 
mechanism of action of the alkylating agents. The 
several intermediate positions in the relation of 
drug sensitivity and resistance have been pointed 
out by Schabel [7, 111 and Skipper [42] by quan- 
tifying the order of magnitude of the drug induced 
changes in cell number. 

The P388/DAG showed complete cross resist- 
ance to all the alkylating agents examined except to 
the nitrosoureas. DBD, structurally related to 
DAG, was ineffective in both DAG resistant and 
sensitive tumors. The resistant line preserved its 
sensitivity to some antimetabolites, tubulin bin- 
ders, and intercalating agents. So, this is not the 
case of pleiotrop resistance. 

In agreement with others [l, 7, 8, 11 ,27, 43- 
46], and particularly with Schabel et al. [7, 8, 1 l] 
who found the L1210/BCNU to be sensitive to 
DAG, we also observed the lack of cross resistance 
between nitrosoureas and other alkylating agents. 

The cause of resistance developing to the alkylat- 
ing agents is generally sought in altered transport 
processes, defective drug metabolism, enhanced 
inactivation or increased DNA-repair capacity 

[471’ 
DAG produced, under identical conditions, 

identical numbers of cross links in the DNA of 
P388 sensitive and P388/DAG tumors [48] thus 
altered transport process or metabolic changes 
leading to inactivation are not likely to play a role 
in the mechanism of resistance. 

In addition to alkylating the DNA, the nitro- 
soureas are capable of carbamoylating the proteins 
and nucleic acids. There are experimental results 
suggesting that DNA repair may be influenced by 
this process [49, 501. 

It is presumable that the incomplete cross resist- 
ance of P388lDAG to nitrosoureas is to be attri- 
buted to the effect of nitrosoureas delaying DNA 
repair. 

As it can be expected from the lack of cross 
resistance between nitrosoureas and other alkylat- 
ing agents the combined administration of hexitols 
and nitrosoureas may be reasonable both under 
experimental conditions [51] and in clinical prac- 

tice [18]. 
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