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ABSTRACT 

The relationship between the way in which normal hemopoietic stem 
cells respond to irradiation alone or in the presence of bleomycin sulfate 
(BLM-S) and actinomycin 0 (ACT-D) was investigated. Single doses of 
BLM-S at 0.3 mg/kg and ACT-O at 0.10 mg/kg body weight were injected 
intravenously 1-6 hours prior to whole body irradiation and treatment was 
repeated twice more with time intervals. When assessed by survival of 
spleen colony forming units (CFU-S) of bone marrow cells (BMC), BLM-S 
alone caused only 10% reduction in survival compared to controls. There 
was not a significant difference in survival fraction (SF) when treatment with 
BLM-S was repeated twice more. On the other hand, ACT-O alone caused a 
45% reduction in SF after the first injection and only a 10% reduction after 
the third injection. Increase in survival might be due to resistance induced in 
BMC after treatments with the drugs. The difference between the 'SF of 
BMC of mice exposed to doses of 1-3 Gy whole body irradiation was statis­
tically significant with a p-value <0.05. When used in combination with 
radiation, neither BLM-S nor ACT-O caused a synergistic or additive effect. 
Although survival was seen to be lower for ACT-O treated animals, the 
effect was not as pronounced as expected. A significant change in the results 
was also not observed for fractionated doses of gamma rays in the presence 
of BLM-S and ACT-O injected at various time intervals. Results obtained 
from the administration of drugs at various time intervals before irradiation 
does not suggest a specific time for drug treatment prior to irradiation. These 
results also suggest that no potentiating effect is likely to be produced by a 
combination of BLM-S or ACT-O and radiation therapy in bone marrow 
cells. We therefore believe that these drugs induce a modest resistive re­
sponse to the effects of radiation on bone marrow cells by a mechanism 
which is not yet understood. Therefore, using this agent repeatedly for can­
cer treatment might not cause severe adverse biological effects in bone mar­
row stem cells. 
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Interaction of Radiation and Intercalating Agents on Bone Marrow Cells 

INTRODUCTION 

Radiobiology of normal tissues has always been a 
great concern to radiobiologists and radiotherapists fol­
lowing application of radiation and c11emotherapeutic 
agents for cancer treatments. Some chemicals are used 
alone or in combination with radiation as sensitizers or 
additives in order to increase the mortality of malignant 
cells. Although most chemotherapeutic agelTts are de­
signed to act selectively and accumulate in malignant 
tissues, they might also cause adverse biological ef­
fects. 

Bleomycin is a cytotoxic glycopeptide isolated from 
Streptomyces verticillies. I It is an antibiotic that has 
antitumour ,activity against squamous cell carcinoma 
'Uld malignant lymphomas. 2 The mode of action of 
BLM-S is shown to be due to the effects on DNA syn­
thesis 3,4 and its cytotoxicity is related to DNA damage, 
chromosome breakage, and inhibition of protein synthe­
SiS.5.7 Bone marrow depression is a very rare complica­
tion during clinical use of BLM-S' and studies in rats 
have shown that daily administration of BLM-S at high· 
dose levels for a prolonged period of time does not 
produce significant changes in the peripheral blood pic­
ture,' One reason for the low hemopoietic cytotoxicity 
of this agent seems to be that following intravenous 
injection of BLM-S to rats, the level of drug in the 
marrow does not reach high values, possibly due to the 
presence of some BLM-S inactivating enzymes.IO As 
well as being cytotoxic, BLM-S interferes with cell pro­
gression when applied to G2 cells.!!.J2 II IUls been 
shown that BLM-S induces molecular and cytological 
effects similar to ionizing radiation, J 3,14 such as induc­
tion of DNA strand breaks, G, delay and chromosome 
aberrations.l3·IS-JR -

It is suggested that the combination of hleomycin 
treatment with radiotherapy would give an improved 
and synergistic therapeutic effect. as bleomycin causes 
a scission of DNA and inhibits DNA syntlll.!sis as well 
as DNA repair. 15 h was also sllOwn that the presence 
of BLM-S before or during irradiation of hacteria and 
mammalian cells in culture lead to a cumulative ef­
fectJl),20 as well as a reduction in survival of epithelial 
cells.:!l After experiments with murine solid tumors. 
Begg et al.22 found no difference in survival between 
combined treatment with BLM-S and radiation and ra­
diation alone. It was also shown that doses ncar the 
LD,,, (200 mg/kg) had a slight effect on CFU-S after 24 
h in normal mice. 23 Maier and Schmid 2-1 and Kurten 
and Ohe 25 found bone marrow of mice to he unaffected 
hy BLM-S treatment at therapeutic dose range. proh­
ably hecause of selective accumulation in epithelial 
cells. 

Daetinomycin is also an antihiotic of (lie actinomy-
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cin group which is produced hy various species of 
streptomyces. 26.2i This drug is usually USl:U in chemo­
therapy and intercalate, into double-stranded DNA. 
preferentially into (dG .dC) regions. 2K As a cllllsequenet.: 
of this complex fonnalion, DNA-dependent nucleic acid 
polymerases are inhibited. 27 It is used for cancer trt.:at­
ment of varIOUS malignancies sllch as 
rhabdomyosarcoma. Ewing's sarcoma and llsteogenic 
sarcoma. 27 Elkind '2') showed that a Jose of ACT-O after 
irradiation leads to a higher level of survival than using 
each of these agents individually. heeause radiation se­
lectively kills G2 cells. while these cells an; insensitive 
to ACT-D. It is shown that ACT-D reduces repair of 
radiation-induced potentially lethal damage (PLD) and 
sublethal damage (SLD), whereas adriamycin from the 
same group of ACT-D only prevents repair of poten­
tially lethal damage temporarily without any significant 
effect on repair of sublethal damage. By doing experi­
ments with solid tumors, Twentyman et al. .\11 could flot 
find a specific time for administration of ACT-D hefore 
irradiation. However, they ohserved enhanced reaction 
of some normal tissues to radiation. It was also shown 
that mitomycin C. an analogue of ACT-D. enhances ra­
diosensitivity of normal tissue and produces accumula­
tive cytotoxicity in oxygenated cells. 31.32 A recent re­
port from Hassen and Recs 33.34 indicate� that antihiotics 
such as actinomycin D can have two different modes of 
aClion on progenitors of bone Til'UTOW cells. They can 
either produce cellular damage directly. or stimulate 
differentiation of normal human marrow Illyeloid pro­
genitor cells. In a study with patients suffering from 
malignant melanoma. it was shown that actinomycin D 
is nol metaholized to a great extent and accumulates in 
nucleated cells. '2(, Human studies show that approxi­
mately 30% of ACT -D is excreteJ from till: hody during 
a week. '2(, Therefore one of the most important siJe d­
fects of this drug may be bone marrow depression. 

In the work reported herein. we havl' concentrated 
on determining the possihle side effects induced hy 
BLM-S and ACT-D treatment in normal hone marrow 
cells when used alone or in comhination with single ur 
fractionated radiation doses and the elTect un survi val 
of spleen colony forming units (CFU-S) in mict.: . . \5 

MATERIALS AND METHODS 

Animals 

Syrian white female mice were purchased from 
Pasteur Institute. Tehran. Mict.! were houseJ in metal 
cages in good condition and given stanuard mouse pel­
kt and water (}(j libitum :3 Jays before heginning the 
experiments. All experiments were performed using 
eight week old mice. More than IO(H) mice w!;n: ll�!;d in 
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Bleomycin -S (0.3 rng/ks) 

(Donor mice) 

i-l---+J-4!--+3 ---:!2--!-! ---!-l- � 
Time of injeclion before irradintion (hours) 

l' \�;::�" Gllmmll-rays 
(I,2,3,Oy) 
,mgl.d", � 

U:�:::;:, 
Cell suspension prepared ! 

Q 
SupraIcthnly I imulillicti (7 Oy) 

Fig. 1. Diagrammatic representation of the experimental de­

sign. 

'. 

Fig. 2. Photomicrograph showing colonies developeu on 

mouse spleens. Spleens without any colony were re­

moved from mice in which transplantation failed and 

died 4 or 5 days after bone marrow grafting. 
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this study. More than 200 of them were irradiated or 
treated with ACT-D and BLM-S, and the rest were re­
cipients of bone marrow transplantation. 

Drugs 
Actinomycin D (ACT-D), composed of 0.5 mg 

dactinomycin and 20 mg mannitol, which is commer­
cially available as Iyovac cosmegen (Merck) and 
bleomycin sulfate (Nippon Kayaku Co.) was used in 

this study. After dilution with sterile physiologic buffer, 
BLM-S at a final concentration of 0.3 mg/kg and ACT­
D at 0.10 mg/kg body weight were injected intrave­
nously in the tail. Drugs were administered at various 
time intervals from 1-6 hours prior to gamma-irradia­
tion. 

Irradiation 

Mice were irradiated with a cobalt 60 gamma-ray 
therapy unit (Teratron 780 c, Canada). Treated and con­
trol animals were irradiated at a dose of 195 cGy/min at 
a source sample distance (SSD) of 63 em at room tem­
perature. The radiation field was 30 x 30 em and mice 
were irradiated in a cardboard box in groups of thirty. 
Irradiation was carried out either as a single whole body 
dose of I ,  2, and 3 Gy or as a fractionated regimen of I 
Gy at each fraction. The time interval between the first 
and second fraction was three days and between the 
second and third fraction was two days due to limitation 
in using the radiation source. 

Assay Procedures 
A flow diagram of the experimental design is shown 

in Fig I. The assay for CFU-S was carried out by a 
method first described by Till and McCulloch. 35 For ill 
vivo experiments the bone marrow of 6 femora was as­
pirated from mice in a group of three which had re­
ceived ACT-D and BLM-S idone or in combination 
with radiation 1-6 hours prior to irradiation. MlliTOW 
suspensions were prepared 20 hours after irradiation un­
der sterile conditions for injection into recipients. 
Nucleated cells in suspension were counted with a 
coulter counter (S-coulter counter, England). Groups of 
9 recipients were given 700 cGy whole body irradiation 
prior to bone marrow transplantation. A known number 
of bone marrow cells in 0.3 ml suspension was injected 
intravenously in the tail of recipients. Spleens were re­

moved 10 days after transplantation, fixed in methanol 
for 48 h and counted for determination of CFU-S sur­
vivals. A photomicrograph of such colonies on the 
spleen is shown in Fig. 2. By knowing the number of 
inoculated cells and counting the colonies on each 

sample, survival fraction was calculated using. the fol­
lowing formula: 

SF= Number of colonies counted/ Number of inocu-
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Interaction of Radiation and Intercalating Agents on Bone Marrow Cells 

Table I. Detailed results showing mean survival of bone marrow cells after exposure to gamma rays alone or in the 
presence of 0.3 mg/kg blenmyl'in sulfate and 0.01 mg/kg actinomycin D injel'fed al various time intervals frum 1-6 hours 

prior to irradiation. 

Dose Fraction 

DI D2 D3 
Treatments (I Gy) (1+1 (;y) (1+1+1 Gy) 

Control 0.977 ± 0.030 0.970 ± 0.034 0.936 ± 0.025 
Saline 0.989 ± 0.029 0.945 ± 0.031 0.964 ± 0.031 
Gamma-rays 0.775± 0.035 0.961 ± 0.027 0.864 ± 0.030 
Bleomycin Sulfate 0.851 ± 0.035 0.803 ± 0.021 0.876 ± 0.017 
Actinomycin D 0.530±0.017 0.684 ± 0.016 0.916 ± 0.026 

BLM-S (1), + Gamma 0.804 ± 0.011 0.752 ± 0.015 0.904 ± 0.020 
BLM-S (2) + Gamma 0.858 ± 0.016 0.755 ± 0.027 0.936 ± 0.025 
BLM-S (3) + Gamma 0.781 ± 0.023 0.686 ± om 1 0.930 ± om 1 
BLM-S (4) + Gamma 0.862 ± 0.027 0.660 ± 0.010 0.900 ± 0.019 
BLM-S (5) + Gamma 0.823± 0.029 0.809 ± 0.036 0.875 ± 0.021 
BLM-S (6) + Gamma 0.826 ± 0.021 0.753 ± 0.008 0.841 ± 0.019 

ACT-D (1)' ± Gamma 0.730±0.019 0.582 ± 0.016 0.904 ± 0.021 
ACT-D (2) ± Gamma 0.720 ± 0.038 0.579 ± 0.021 0.839 ± 0.020 
ACT-D (3) ± Gamma 0.635 ± 0.016 0.752 ± 0.016 0.878 ± 0.027 
ACT-D (4) ± Gamma 0.745± 0.040 0.611 ± 0.016 0.825 ± Om5 
ACT-D (5) ± Gamma 0.712 ± 0.031 0.698 ± 0.016 0.740 ± 0.016 
ACT-D (6) ± Gamma 0.686 ± 0.034 0.700 ± 0.016 0.827 ± 0.025 

* Time of injection of bleomycin sulfate and actinomycin D before irradiation. 
Values are mean value of daln obtained for three mice. Errors are standard error of mean values. 

lated cells x PE; where PE is the number of colonies 
observed for untreated samples per 1000 cells inocu­
lated. Results were statistically analyzed by one way 
analysis of variance �nd the significance of any 
intergroup differences in the survival fraction was 
evaluated. 

RESULTS 

Effects of low-dose radiation on CFU-S 

A group of mice were exposed to single whole body 
irradiation at doses of 1-3 Oy at a dose rate of 195 cOy/ 
min. 24 hours after irradiation, bone marrow transplan­
tation was performed. Results obtained with these ex­
periments show a decrease in SF with increasing radia­
tion doses (p-value<0.05). SF of cells receiving·radia­
tion doses of I Oy and 3 Oy was 0.78 and 0.51, respec­
tively (Fig. 3). BMC of those animals receiving radia­
tion at different fractions showed a decrease in survival 
after the first dose of irradiation (SF=O. 775), but after 
delivering the second and third dose with 3 and 2 day 
time intervals respectively, the effect of radiation on 
clonogenicity of BMC decreased in particular after the 
second radiation dose (SF=0.096) (Fig. 3). However, 
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variations in survival were found to have a p-value of 
0.394 which is not statistically significant. 

Effects of BLM-S alone or in combination with ra­

diation on CFU-S 

Injection of BLM-S three hours prior to irradiation 
at a final concentration of 0.3 mg/kg caused a uniform 
dose response when used in combination with single 
doses of radiation (Fig. 3, left panel): a response quite 
similar to the effect of I Oy gamma rays alone 
(SF=0.74). Similar results were seen for fractionated 
doses of radiation, although with a higher survival frac­
tion (SF= 0.85, p-value= 0.765). In both cases, a similar 
dose response was found for irradiated mice in the pres­
ence of BLM-S (Fig. 3). BLM-S alone caused only a 
15% reduction in SF when used for the first time 
(SF=0.85). A remarkable variation in dose response of 
bone marrow cells was not seen when treatment with 
BLM-S was repeated for the second or third time (Fig. 
3, Table I). 

Results of the animals receiving BLM-S .1-6 hours 
prior to I Oy irradiation are summarized in Table I and 
graphed in Fig. 4. These results show that the effect of 
combined treatment with radiation and BLM-S is simi­
lar to the effects of BLM-S alone. Animals irradiated in 
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Survival Fraction 

-e- Radili. (BO) 

-+- Radlat.·Bt.M-B 

� Radlll.-ACT-O 

_ Radili. (FO) 

[!£J RadIIUFO}o9U4-B 

_ Radlll.{FD)-ACT-D 

o 2 3 
Radiation Dose (Gyl 

01 02 03 

Fig. 3. Dose response curves oblained for bone marrow sll.!111 
cells following single (SD) or fractionated (FD) doses 
of gamma rays alone or in Ihe presence of bleomycin 
sulfate and actinomycin O. BLM-S at 0.3 mg/kg and 
ACT·D at 0.01 mg/kg body weight was injected 3 
hours prior to irradiation. Each point represenls the 
mean survival fraction calculated for data obtained 
from three mice. 01, 02, and D3 are indicative of the 
results obtained at each radiation frnclion. 

the presence of BLM·S in the third fraction showed a 

higher level of survival near control values which might 
be indicative of a modest protective effect of BLM·S 

for radiation induced damages (Fig. 4). 
Injection of BLM·S at all times before irradiation 

had a uniform effect because mean values of calculated 
SF were seen to be similar for all injection times (Fig. 
4) with a p·value of 0.852, which is not significant. 
Survival fraction of CFU·S cells following first treat· 
ment was calculated to be around 0.8 for all injeqtion 
times prior to irradiation (Fig. 4). although a slight sen· 
sitivity was shown by bone marrow cells following sec· 
ond treatment three days later (SF around 0.7) and the 
survival fraction after the 3rd radiation dose was seen to 
be near normal (Fig. 4). This may indicate a modest 
adaptive response of BMC to the effects of bleomycin 
alone or in combination with radiation. 

Effects of ACT -D alone or in combination with ra­
diation on CFU-S 

Fig. 3 shows the effects of ACT·D at a final concen· 
tration of 0.10 mg/kg on radiation induced changes in 
c1onogenicity of CFU·S. Whole body irradiation was 
received by mice treated with ACT·D 3 hours prior to 
irradiation. As shown in Fig. 3. the effects of radiation 
alone on CFU·S caused a decrease in SF with increas· 

ing radiation doses (p·value<0.05). Irradiation in the 
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presence of ACT·D resulted in a similar survival for 

doses up to 3 Gy so that a slope was not fonned on the 
survival curve. In all cases the SF calculated for various 
doses in the presence of ACT·D corresponds to the ef· 

feet of 2 Gy of gamma·rays alone (Fig. 3l. 
Results on the survival of CFU·S after treatment of 

mice with ACT·D from 1·6 hours prior to radiation 
therapy are summarized in Table I and graphed in Fig. 

5. The effect of combined treatment on BMC at each 
fraction is statistically significant with a p·value<0.53. 
i.e. only about 50% of cells survived after ACT·D treat· 

ment alone, but after ;epe.�ting experiments for the sec· 
ond and third times an increased rate of cell survival 
was observed (SF: 0.684 and 0.916, respectively; Table 
I). When ACT·D was administered 1·6 hours prior to 

receiving 1 Gy of gamma·rays, similar results were ob· 
tained for all treatment times with a p·value of 0.98, 

which is not statistically significant. The SF for the first 

treatment was calculated to be around 0.7 for all 

samples, which is not much different from that of ACT· 

D alone (Fig. 3, Table I). Results shown in Fig. 3 for 

mice receiving their second dose of radiation 3 days 
after their first exposure indicate a lower level of sur· 

vival, especially when the drug is injected at one or two 
hours prior to irradiation. Survival fraction values after 
the 3rd radiation dose are shown to be near nonnal (Fig. 
3), which might indicate adapL�tion of BMC to the ef· 
fects of this drug. 

Fig. 3 also shows a comparable mode of action of 

actinomycin D and bleomycin sulfate on bone marrow 
cells when used in combination with either single or 

fractionated doses of radiation. Three hours of treat· 
ment with BLM·S alone produced a uniform dose reo 
sponse in bone marrow cells for various injection times 

(Table I), whereas ACT·D produced a pronounced ef­
fect on survival when used for the first time, but the 

effecI decreased with sequential use of ACT·D, sO that 

for the third injection the survival fraction was near 
control values (Table I). The effect of ACT·D com· 
bined with radiation was also more pronounced than 

that of BLM·S, although a uniform effect was observed 
(Fig. 3, left panel). Using ACT·D and BLM·S with 
fractionated doses of radiation showed an adaptive reo 
sponse for both drugs (Fig. 3, right panel). 

DISCUSSION 

Exposure co ionizing radiation causes damage in all 
tissues of Ihe body including bone mmTOW stem cells 
(BMC). For cancer treatment. chemotherapeutics are 
used alone or in combination wilh radiation for betler 
efficacy of cell killing. However, both of these agents 
produce damage to some extent in nonnallissues. PI uri-
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-3- 01 (Radlat . .. eLM' 
-e- 02 (Radlat . .. eLM) 
.*. 03 (Radlat, .. BLM) 
D01 
D D' 
_ D3 

2 3 4 6 6 
Tlma 01 Injection Belore Irradiation 

BlM Gamma 

Fig. 4. Mean survival of bone marrow stem l::clls folluwing 

trcatment with bleomycin sulfate injected 1-6 hours 

prior 10 irradiatio"n. Data shows the survival fraction 

calculated for mice irradiated in the presence of BI..M .. 
S at three different fractions. Histogrnms indicate the 

mean values obtained for radiation and RLM-S alone. 

potent 8M stem cells are the most radioresistant cells in 
the body with a dose of 95 cGy as shown hy spleen 
colony assay ill VivtJ.35,36 In the present study. a sur­
vival curve was obtained using this technique after 
whole body irradiation or mice with doses of I. 2. and 3 
Gy (Fig. 3). The difference hetween the SF calculated 
for each do!)!! \Va!) statistically significant with a 
p<O_05_ This curve is shallower than that obtained by 
Till and McCulloch 35 hecause they performed BM 
transplantation shortly after irn:u.1iation while we have 
done BM transplantation about 24 hours after treat­
ments (Fig- 3). This difference might be due to repair of 
sublethal damage induced by radiation as shown by 
Elkind 2. by leaving hamster cells at room temperature 
between irradiation fractions. These results arc also in 
agreement with those reported for recovery of mouse 
hone marrow cells ill vivo 37 and L-cells ill vifro.311 For 
animals receiving a fractionated radiation dose of 1 Gy 
at each fraction (Fig. 3), a three and two days repair 
lime between irradiations, compared to an II flOur cell 
cycle time for mouse BM is apparent. Therefore, most 
of the SLD and PLD induced in CFU-S would have 
enough lime for repair. 

Interltction of llLM-S and radiation on CFU-S 

Investigations have been CfUTicd out to assess pos­
sible side-effects of comhined therapy with BLM-S and 
radiation on nonnal CFU-S by means of spleen colony 
assay technique in rnice.35 Experimental evidence has 
indicated that hemopoietic stem cells arc sensitive (0 
ionizing radiation and have lillie capacity to repair sub­
lethal damage?)' 40 Previous reports have provided evi­
LIenee of ill vivo cytotoxic and cytogenetic effects of 
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lrsu�r�vl�vw�F�r.�C�!lo�n� 

______ __________________ __ c=" 

........... * ....... "*........... .if 

-is- 01 (Radlat • •  ACT-O) 
-e- 02 (Radlat • •  ACT-O) 
-,,*, 03 (Radra' • •  ACT-D) 
CJ Dl 
D D' 
_ D3 

Time of injection before irradiation (h) 
Fig. 5. Mean survival of bone marrow sh.!111 f.:t.:Us following 

treatment with O,Ot mg/kg ACT-D injected 1-6 hours 

prior to gamma irradiation. Mice received radialion 

doses at three different fractions with time intervals. 

Bars indicale mean values obtained wilh either radia­

tion or ACT -D alone. 

BLM-S against a broad spectrum of solid experimental 
and human tumors as well as lymphocytic 
cells.b.14.lb-".4, Both laboratory and clinical slUdies 
have suggested that BLM-S could be potentially valu­
able when used in combination with radiotherapy, 19,42 

because of a degree of synergism demonstrated by 
Jorgensen. 4.\ However, results obtained in this study 
show ndlher a synergistic nor an additive effect for 
combined treatment of radiation and 'BLM-S (Figs_ 3 
and 4). 

The dose response curve obtaint!d for single doses of 
radiation alone is shallower than that reportet! previ­
ously. 35 because we performed bone marrow transplan­
tation about 24 hours after irradiation. This difference 
in dose response might be due to the repair of sublethal 
damage induced by radiation, as shown by Elkind. 2. 
Data obtained for fractionated doses of radiation does 
not show much difference from the effect of radiation at 
each fraction (Fig. 3). Survival of BMC after BLM-S 
treatment was not ,�so much different for various BLM­
S injection times (p=O.765) so that the survival fraction 
calculated for the three experiments form a straight line 
rather than a curve (Fig. 3) These ohservations for both 
radiation and BLM-S when used alone are indicative of 
a functioning repair mecl1:lnislll 37 and It.:sions produced 
hy injection of BLM·S alone or irradiation call effec­
tively be repaired during two or three days pOsl-trcat­
mcnL Although x-ray and BLM-S induced lesions are 
repaired,I3·4-1 different repair pathways exist.') Not only 
is the SF calculated for the effects of radiation doses of 
1-3 Gy in the presence of BLM-S not indicative of an 
additive effect, but also it shows that BLM-S prevents 
the expression of some radiation induced lesions (Fig_ 
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3). This observation is in contraS! with those reported 
hy Jorgensen ., and the recent study of Hansen and 
Sorensen.lt) who found a synergistic effect for combined 
treatment with BLM-S and radiation. The effect of 
BLM-S on radiation induced lesions observed in this 
study was similar for all radiation doses used (Fig. 3). 
This might be due to the direct effect of BLM-S on 
DNA.2l 

Various injection times of BLM-S prior to radio­
tllcrapy caused a uniform effect with a p-value of 
0.852, indicating a similar effect of BLM-S on bone 
mfUTOW cells for each treatment time. When BLM-S 
was applied 1-6 hours prior to irradiation, the SF calcu­
lated for the second fraction 3 days aner the I1rst treat­
ment was less than the results ohlajm:d for the I1rst irra­
diation fraction (Fig. 4). These effects seem 10 be 
subadditivu as shown by Begg et al." and Kimler et 
a1.47 Some investigators also found an additive effect 
for BLM-S."'·2l·4' 

These authors used synchronized or epithelial cells 
in which BLM-S produced a high degree of cytotoxic­
ity. while it had a slight effect on BMC. IS. '4." On the 
other hand. in experiments with mouse spennatogonial 
stem cells, Hansen and Sorensl!n 46 showed an apparent 
sensitizing effect for BLM-S when applied I hour be­
Il>ee or after 9 Gy of imldiation. These observations 
indicate different modes of action of BLM-S on differ­
ent cell systems. Bleehen et al. '" studied the effects of 
BLM-S in combination with radiation on the survival of 
three' bacterial strains and two mmnmalian cell lines. 
These authors suggested that the results for mammalian' 
cells show no potentiating effect to be produced by 
BLM-S and radiation therapy in clinical practice. 
Mechanisms proposed for the mode of action of BLM-S 
indicate that in the presence of Fe(JI), BLM-S induces 
DNA double strand breaks by I1rst connecting. a single 
strand of DNA between a guanine and pyrimidine.4" 
Another factor that may be signil1cant in the intercellu­
lar as well as interspecies variations in BLM-S induced 
damage" is the cellular concentration of enzymes that 
may inactivate BLM-S or some of its active intennedi­
ales. 

However, results presented in the present paper 
clearly show that BLM-S did not enhance radiation in­
duced cell killing of CFU-S at all pre-irradiation injec­
tion times but rather decreased radiation effects. We 
therefore propose that using BLM-S in combination 
with ratliation induces some kind of lesion that make 
cells rcsbtant to radiation induced t..lamage; in other 
words, a moues! protective dIeel may be induced hy 
BLM-S treatment before irradiation. 

Interaction of ACT-D and radiation on CFU-S 

Injection of ACT-D at 3 hours prior to irradiation 
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with doses of 1, 2, and 3 Gy of gnmma-rays caused an 
additive effect (Fig. 3). This effect is mOTe pronounced 
at a dose of I Gy but not for higher doses of up to 3 Gy. 
The combined effect of I Gy of radiation and ACT-D 
was similar to the effects of 2 Gy of radiation (Fig. 3). 
This observation might be due to the cell cycle 
delay induced by ACT-D, because the presence of this 
drug prevents cell growth and produces cell cycle 
delay.'9.50 If the smnpling time exceeds 24 hours, it 
might be possible to obtain a survival curve with a 
steeper slope, since irradiation causes cell killing at G? 
phase while G? cells are resistant to ACT-D.o" 

-

ACT-D in -combination with radiation was seen to 
have a subadditive effect at various time intervals be­
cause ACT-D prevents repair of PLD and SLD induced 
by radiation. 51 Administration of this drug at 1-6 hours 
prior to irradiation produced almost similar effects (p­
vf�ue ; 0.98) (Fig. 5). It was shown that using ACT-D 
shortly before or after irradiation produced a lower SF 
compared to that obtained by each of these agents 
alone.'· This observation might be due to the cumula­
tive effect of ACT-D, which is consistent with our I1nd­
ings and that of Twentyman et aI.JO For studying the 
effects of the time of injection prior to irradiation, sur­
vival fractions were obtained for various lime intervals 
(p-value= 0.001). Although the time intervf� between 
the 2nd find 3rd fraction was shorter (2 days), the SF 
calculated was similar to that obtained after the I1rst 
fraction (Fig. 3, Table I). This process might be due to 
either repair of the SLD and PLD induced by radiation 
and ACT-D or induction of resistance in BMC by ACT­
D administration.3o Dnmage induced in the 2nd fraction 
was more pronounced, which might be due to the direct 
effect of ACT-D on cells.50 

Based on the data presented here, although the effect 
of ACT-D after the fIrst injection is remarkable, we 
conclude that repeated administration of ACT-D alone 
or in combination with radiation for solid tumors might 
not cause severe bone marrow depression. This process 
might be due to the resistflnce of bone marrow stem 
cells to the additional effects of ACT-D. Similar to the 
report of Twentyman et aI.30 for solid tumors, we f�SO 
could not find a specil1c time of ACT-D injection for 
obtaining a greater effect on bone marrow cells. 

Comparison of the effects of ACT-D and BLM-S 

The results presented here for the effects of ACT-D 
and BLM-S on radiation induced lesions are indicative 
of a modest adaptive response of CFU-S. Although the 
dose of ACT-D and BLM used in these studies was in 
the therapeutic dose range usually used in clinical prac­
tice, ACT-D caused a more pronounced effect on sur­
vival of CFU-S than BLM-S, especially when used 
alone (Table I). The dose of ACT-D was much less than 
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ment was less than the results ohlajm:d for the I1rst irra­
diation fraction (Fig. 4). These effects seem 10 be 
subadditivu as shown by Begg et al." and Kimler et 
a1.47 Some investigators also found an additive effect 
for BLM-S."'·2l·4' 

These authors used synchronized or epithelial cells 
in which BLM-S produced a high degree of cytotoxic­
ity. while it had a slight effect on BMC. IS. '4." On the 
other hand. in experiments with mouse spennatogonial 
stem cells, Hansen and Sorensl!n 46 showed an apparent 
sensitizing effect for BLM-S when applied I hour be­
Il>ee or after 9 Gy of imldiation. These observations 
indicate different modes of action of BLM-S on differ­
ent cell systems. Bleehen et al. '" studied the effects of 
BLM-S in combination with radiation on the survival of 
three' bacterial strains and two mmnmalian cell lines. 
These authors suggested that the results for mammalian' 
cells show no potentiating effect to be produced by 
BLM-S and radiation therapy in clinical practice. 
Mechanisms proposed for the mode of action of BLM-S 
indicate that in the presence of Fe(JI), BLM-S induces 
DNA double strand breaks by I1rst connecting. a single 
strand of DNA between a guanine and pyrimidine.4" 
Another factor that may be signil1cant in the intercellu­
lar as well as interspecies variations in BLM-S induced 
damage" is the cellular concentration of enzymes that 
may inactivate BLM-S or some of its active intennedi­
ales. 

However, results presented in the present paper 
clearly show that BLM-S did not enhance radiation in­
duced cell killing of CFU-S at all pre-irradiation injec­
tion times but rather decreased radiation effects. We 
therefore propose that using BLM-S in combination 
with ratliation induces some kind of lesion that make 
cells rcsbtant to radiation induced t..lamage; in other 
words, a moues! protective dIeel may be induced hy 
BLM-S treatment before irradiation. 
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Injection of ACT-D at 3 hours prior to irradiation 
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with doses of 1, 2, and 3 Gy of gnmma-rays caused an 
additive effect (Fig. 3). This effect is mOTe pronounced 
at a dose of I Gy but not for higher doses of up to 3 Gy. 
The combined effect of I Gy of radiation and ACT-D 
was similar to the effects of 2 Gy of radiation (Fig. 3). 
This observation might be due to the cell cycle 
delay induced by ACT-D, because the presence of this 
drug prevents cell growth and produces cell cycle 
delay.'9.50 If the smnpling time exceeds 24 hours, it 
might be possible to obtain a survival curve with a 
steeper slope, since irradiation causes cell killing at G? 
phase while G? cells are resistant to ACT-D.o" 
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ACT-D in -combination with radiation was seen to 
have a subadditive effect at various time intervals be­
cause ACT-D prevents repair of PLD and SLD induced 
by radiation. 51 Administration of this drug at 1-6 hours 
prior to irradiation produced almost similar effects (p­
vf�ue ; 0.98) (Fig. 5). It was shown that using ACT-D 
shortly before or after irradiation produced a lower SF 
compared to that obtained by each of these agents 
alone.'· This observation might be due to the cumula­
tive effect of ACT-D, which is consistent with our I1nd­
ings and that of Twentyman et aI.JO For studying the 
effects of the time of injection prior to irradiation, sur­
vival fractions were obtained for various lime intervals 
(p-value= 0.001). Although the time intervf� between 
the 2nd find 3rd fraction was shorter (2 days), the SF 
calculated was similar to that obtained after the I1rst 
fraction (Fig. 3, Table I). This process might be due to 
either repair of the SLD and PLD induced by radiation 
and ACT-D or induction of resistance in BMC by ACT­
D administration.3o Dnmage induced in the 2nd fraction 
was more pronounced, which might be due to the direct 
effect of ACT-D on cells.50 

Based on the data presented here, although the effect 
of ACT-D after the fIrst injection is remarkable, we 
conclude that repeated administration of ACT-D alone 
or in combination with radiation for solid tumors might 
not cause severe bone marrow depression. This process 
might be due to the resistflnce of bone marrow stem 
cells to the additional effects of ACT-D. Similar to the 
report of Twentyman et aI.30 for solid tumors, we f�SO 
could not find a specil1c time of ACT-D injection for 
obtaining a greater effect on bone marrow cells. 

Comparison of the effects of ACT-D and BLM-S 

The results presented here for the effects of ACT-D 
and BLM-S on radiation induced lesions are indicative 
of a modest adaptive response of CFU-S. Although the 
dose of ACT-D and BLM used in these studies was in 
the therapeutic dose range usually used in clinical prac­
tice, ACT-D caused a more pronounced effect on sur­
vival of CFU-S than BLM-S, especially when used 
alone (Table I). The dose of ACT-D was much less than 
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Interaction of Radiation and Intercalating Agents on Bone
_
Marrow Cells 

that of BLM-S. Repeating ACT-D treatment with ti.lie 
intervals between injections did not enhance cell kill­
ing, but produced a protective effect in bone marrow 
cells. This is clearly demonstrated in Fig. 3, where 
ACT-D and BLM-S 'were used in combination with 
fractionated doses of radiation. The results suggest that 
no potentiating effect is likely to be produced by the 
combination of BLM-S or ACT-D with radiation 
therapy in clinical practice in bone marrow cells. It is 
clear from the...above results that the presence of BLM-S 
or ACT-D before irradiation in the mammalian system 
investigated here produces a modest adaptive response 
by a mechanism which is not clearly understood. 
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