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Abstract-The effect of actinonpcin D (0.4 mgfkg) on radiation-induced lung damage in the 
mouse was investigated. The drug Lc’as administered either 4 weeks before, immediately after, or 16 
weeks after single doses of 240 kl’ .Y-rays applied to the thorax of CBA mice. Lung damage was 
assessed by measuring respiration rate, with a whole body plethysmograph. Dose-response curves 
were obta-ined at 2-week intervals from 12 to 40 weeks after irradiation. Actinomycin LI had no 
sign$cant effect on respiration rate in this study. A summary of other experimental studies is 
included which shares ronzicting results. 

INTRODUCTION 
THE CLINICAL uw of combincd radiation thcrapy 
and adjunctive chemothcrapy has increased in 
recent ycars, oftcn with relativcly littlc information 
available about optimum doseagc or scheduling of 
thc drug rclativc to radiotherapy. Thc earliest 
studies indicatcd that a conventional full dose of 
chcmothcrapy could not be added to a convention- 
al full dosc of radiotherapy without increasing thc 
probability of cxccssivc normal tissuc injury in thc 
irradiatcd field. Thus it soon became apparent 
that, when thc two agcnts were uscd in concert, the 
dosc of onc or both must be decrcased. Empirical 
schcdulcs were devclopcd for clinical treatmcnts, 
but thc cxperimcntal data for optimum doses and 
scheduling have gcncrally lagged bchind. At a 
confcrcncr conccrncd with drug-radiation interac- 
tions it was gcnerally shown that thc grcatest risk 
of normal tissue morbidity occurs whcn thc two 
agcnts arc uscd in close scquencc [ 11. Unfortunatc- 
ly this is also thc timc at which thc maximum effect 
on thc primary tumour is achicvcd. Howcvcr, for 
spatial coopcration (i.c. radiotherapy for thc local 
tumour and chcmothcrapy for thc systcmic dis- 
case) it may be morc important to find thc interval 
that allows thc maximum dosc of cach agent to bc 
uscd, and avoid any interaction or syncrgism on 
thc tumour or thc normal tissue. In this way a 
normal full coursc of radiothcrapy could pcrhaps 
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be givcn, togethcr with an effectivc course of 
chemotherapy. 

Actinomycin D was thc first cytotoxic drug that 
was recognised as enhancing normal tissue injury 
in irradiated fields. D’Angio el al. [2] reported an 
earlier appearance and enhanced leve1 of radiation 
reaction in thc skin and mucous mcmbrancs of 
patients and confirmed these observations in 
mouse studies. Furthcrmorc they demonstrated 
that a drug dose given some timc after irradiation 
could rc-evokc a response in the irradiated field, 
the so-called ‘recall’ phenomenon. 

Many normal tissuc assays now exist which 
allow the degree of injury after irradiation to bc 
quantified so that dose-response curves can bc 
plotted. Field and Michalowski [3] showcd that thc 
timc coursc and sensitivity of normal tissue injury 
is broadly similar in a range of species (including 
mouse and man) and it thercforc seems reasonable 
to study thc time coursc in rodcnts, with somc 
cxpectation that it wil1 bc relevant to man. 

In thc present study WC have choscn to invcsti- 
gate the radioscnsitizing action of actinomycin D, 
by combining it with graded doses of radiation to 
thc thorax. Functional lung damagc can bc asscs- 
scd at frcqucnt intcrvals in cach group of micc by a 
non invasivc measuremcnt of the respiration ratc 
[4]. R a 1 s a p’d h 11 ow brcathing has been shown to bc 
an indication of acute pncumonitis and of later 
pulmonary fibrosis [5]. 

MATERIALS AND METHODS 
Eight to twclvc-weck-old, malc CBA micc were 

treatcd with single doses of 8-20 Gy 240kV X-rays 
(HVL 1.3mm Cu; dose ratc 2.5 Gy-min). Full 

577 



578 S. A. Hill et al. 

details of thc irradiation procedure have been 
dcscribed in detail previously [4]. Briefly, four 
micc wcrc irradiatcd simultancously in spccially 
constructed jigs, which íìxed the position of the 
thorax in relation to the X-ray beam. Two apcr- 
turcs allowcd both lungs to be irradiated, whilc thc 
rest of thc body, including thc oesophagus in thc 
thoracic mid-lim, was protcctcd by 3.0 mm of lead. 
Approximatcly 10 min bcforc irradiation the micc 
were anacsthctised with 60 mg/kg sodium pcnto- 
barbital. 

Actinomycin D was dissolved in sterilc salinc 
and injected intraperitoneally at a dose of 0.4 
mg/kg, either 4 weeks beforc, immediately aftcr, or 
16 weeks aftcr the same rangc of X-ray doses. 
Following treatment, lung damagc was assessed 
functionally by measuring the respiration rate of 
thc mice at 2-week intervals using a whole body 
plethysmograph [4]. A mean breathing rate could 
thcn bc calculated for each treated group and 
plotted as a function of either dose or time. Two 
sets of experiments were pcrformed one year apart. 

RESULTS 
Figurc 1 shows breathing rates plotted as a 

function of time after treatment. There was no 
significant variation with age in unirradiated con- 
trols; the mean frequency was 340 breaths per 
minute, with a range from 330 to 350. Low doses of 
radiation (8 and 11 Gy) produced no significant 
clevation of breathing rate over the whole period of 
thc study. Highcr doses, however, did produce an 
increased breathing frequency, with the extent of 
the increase and the time of onset being dose- 
dependcnt. Thirteen grays produced a persistent 
clevation from 15 to 35 weeks, without any of the 
animals dying of pulmonary insufficiency. Sixteen 
grays resulted in a progressivc increase of breath- 
ing rate from 12 to 18 weeks, with al1 of the mice 
dying by 20 weeks. The highest dose group showed 
a significant elcvation at 10 weeks, with breathing 
rates rising to > 450 breaths per minute at 16 
weeks, followed rapidly by death from pulmonary 
insufficiency. 

A dose of 0.4 mg/kg actinomycin D was choscn 
for the combination study becausc it had been 
shown in pilot studies to be just below the toxic 
limit for our CBA micc. However, approx. 15% of 
the experimental animals in this study dicd or were 
sacrificcd within 3 weeks of drug injcction, 
irrespectivc of the radiation treatmcnt. On post- 
mortem cxamination, thcy were found to have 
grossly distended stomachs and the cntirc gastro- 
intcstinal tract was full and rigid. Actinomycin D is 
known to inducc degcneration and necrosis of thc 
cpithclial cells of the intestinc [6], and Yatvin [7] 
has rcported dclaycd stomach cmptying in rats 
treated with this drug. 
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Fig. 1. Mean breathing frequeng (+ 1 S.E.M.) as a function offime 
for groups of eight mice treated with single doses of X-rays to both lungs. 

Hatched area represents range of values (Tr 1 S.E.M.) for sham- 
irradiated controls. 

The influence of actinomycin D on the response 
to one of the radiation doses (13 Gy) is shown in 
Figs. 2 and 3 for the two separate experimcnts. 
Three panels are shown in each, representing the 
different sequences of drug and radiation. Thc 
upper panne1 shows actinomycin D 4 weeks before 
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Fig. 2. Brcathing rak in breaths per minute (+ 1 S.E.M.) plotted as a 
function of time after a single dose of 13 Gy S-rays, piven either alone 
(X) or in combination with 0.4 mg/kg actinomycin 17 (A, 0, ??). kïrst 
Experiment. Arrows show time of administration of radiation (closed 
arrow) and drug (open arrow). Range of ualues for sham-irradiated 

controls are indicated kv hatchcd area. 
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Fig. 3. As for Fig. 2, repeat experiment. Breathing rate for groups of 

animals treated with 13 Gy S-qs alone (X) ar with actinam_ycin IJ 

administered before. concurrent&. ar after 13 Gy .Y-rays ( A, ??, H). 

X-rays. The middle pancl shows the two agents 
given in close sequencc. Thc lower panel shows the 
drug givcn 16 weeks after irradiation. In cach 
panel the response to 13 Gy X-rays alom or X-rays 
plus drug are comparcd, with thc hatchcd area 
indicating the control range. In the first expcri- 
ment (Fig. 2) thc functional tests were started 12 
weeks aftcr irradiation (panels A and B) or 10 
weeks aftcr the drug treatment (panel C). The two 
schedules with a long interval bctween the two 
agcnts produced a very similar response to that 
sccn with X-rays alom (panels A and C). Thc 
groups receiving concurrent treatments showed a 
somewhat highcr reaction, particularly at 18-28 
weeks. Thc damage subsided howcver by 36-40 
weeks and no deaths occurred. A comparison with 
Fig. 1 indicates that the combined trcatmcnt was 
less cffcctivc than 16 Gy, i.e. thc enhanccmcnt was 
< 1.2. 

Figurc 3 shows thc samc data for thc repeat 
cxperimcnt. Al1 of thc valucs arc lowcr than in thc 
first study. A slightly clcvatcd breathing ratc was 
seen at 2-8 weeks in thc combincd treatmcnt 
groups (panels A and B) but during the normal 
response timc ( 15-35 weeks) the micc rccciving thc 
combination showed less functional damage than 
thosc given X-rays alonc in al1 thrcc panels. In this 

cxperimcnt thcrcforc thcrc was definitcly no indica- 
tion of an cnhanccd effect. 

Dosc-rcsponsc curves wcrc gcneratcd for cvery 
assay time from 12 to 36 weeks. Two cxamples of 
thcsc are shown in Figs. 4 and 5, asscsscd at 16 and 
26 weeks rcspcctively. At the carlicr timc a full 
dosc-response curve is obtained, and no animals 
have succumbed to lethal lung damage. Panels A, 
B and C show thc threc schedules that wcrc tcsted, 
and open and closed symbols are uscd to indicate 
the two expcriments. None of the six panels shows 
a significant cnhancemcnt of the damagc compared 
with that from radiation alonc, and the treatment 4 
months post irradiation does not appcar to producc 
a ‘recall’ phcnomenon. 

DISCUSSION 
These results indicatc that with largc single 

doses of drug and radiation therc is no significant 
cnhancement of the radiation damagc to thc lung 
for any of the threc schedules tested. The time of 
onset of mcasurable changes may be slightly earlier 
aftcr the combined treatment but therc is no 
significant increase in the severity in most groups. 

The published experimental studies ofactinomycin 
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4. .Wean breathing rate as n function oJzY-ra_v dose, 16 weeks 
after irradiation. X, .V-rqr alone; A, b, ??, .Y-rqs phu actinoqvcin 11, 
/ïrst experiment: A , 0, 0, .I’-rqw plus actinomvcin Ij. wond experiment. 
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Fig. 5. Dos-response curves jòr breathing ratc at 26 weeks after 
irradiation. X, X-rqs alone; A, 0, ??, X-rays plus actinoqcin D,jrst 
experiment; A, 0, 0, X-r<vs plus actinom_vcin D, wond experiment. 

D plus radiation are summarised in Table 1 for 
both lung and ether normal tissues. Mouse lung 
has previously been shown to be sensitized by 
actinomycin D to radiation injury (lethality) if a 
high dose (0.75 mg/kg) actinomycin D was given 2 
hr bcforc thoracic irradiation [8]. A lower dose of 
0.15 mg/kg gave no enhancement when used as a 
single treatment, and only produccd a marginal 
cffcct when given rcpeatedly 2 hr beforc each of 10 
radiation treatments. Surprisingly this low dose 
did enhance lung damagc if givcn 1 month bcfore 
10 fractions of radiation, although it had no effect 
in thc revcrsc sequence [8]. Ncither Steel et al. [9] 
nor Collis [lO] saw enhanccment of pulmonary 
dysfunction when actinomycin D was given before 
irradiation, although a smal1 effect was sten at onc 
radiation dosc levcl with concurrent treatment 

[lol. 
Several othcr experimental studies have indi- 

catcd that actinomycin D can enhancc radiation 
damagc in a varicty of normal tissues. D’Angio et 
al. [2] originally rcportcd increascd epilation whcn 
low doses of actinomycin D were given within 6 hr 

fDEF = Radiation dose to give effect without drug. 

Radiation dose to give effect with drug. 

of radiation. More rcccntly however, Redpath and 
Colman [ 121 wcrc unable to reproducc these 
findings. Even with high drug doses, they observcd 
enhanced skin damagc only whcn drug treatmcnt 
was combined with fractionated radiation therapy. 
Single dose studies have also been reported for 
intcstine, oesophagus and testis, cach of which has 
shown increased damage following thc combincd 
treatment, particularly when drug and radiation 
have been given concurrcntly (sec Tablc 1). 

In gcneral the clinical data arc sparse and 
inconclusive, particularly since ether chemothera- 
peutic agents are usually included in thc protocol. 
At least four studies have shown enhanced pul- 
monary toxicity when actinomycin D is given 
dwing the course of radiotherapy [20-231. Reports of 
enhancement with longer intervals are more rare. 
One case was reported with actinomycin D given 
12 months beforc radiation [24] and onc case whcn 
the drug was given 3 months post-irradiation [25] 
or when a second course of chemotherapy was 
given [23]. Several studies have failed to producc 
any evidente of enhanced radiation toxicity to the 
lung when chemotherapy including actinomycin D 
is combined with thoracic irradiation [26, 271. 
Wara et al. [28] revicwed the clinical data and 
attempted to construct dose-response curves from 
which to estimate a dose enhancement factor. They 
found a DEF* of 1.3 for concurrent therapies and 
recommended that radiation doses be rcduced 
whenever the drug was used. 

The present data, together with the somctimcs 
conflicting data in Table 1, show that actinomycin 
D is not a potent enhancer of radiation injury. 
Although several studies have reported a DEF of 
1.2-1.3 for concurrent treatments, such an cn- 
hancement was not seen in these expcriments. Had 
it been present, it would have been rcadily dctccted 
since the resolution of the system would allow a 
factor of 1.1 to be quantified with 95% confidencc. 
The drug dose that would bc used clinically would 
be much lowcr than that used here, although it is 
difficult to makc direct comparisons of doses be- 
causc of the markcd differente in half lift and 
therefore drug cxposure in mousc and man. In thc 
clinic the drug is likcly to be combincd with othcr 
drugs in a ‘cocktail’ schedulc, and would also bc 
combined with fractionated radiothcrapy. It is 
possible that drug interactions may be important 
in patients, or that an effect on the repair capacity 
of thc target cclls might magnify thc influcncc of 
actinomycin D in a fractionatcd schcdule. This was 
suggcstcd by Redpath and Colman [ 121, to cxplain 
thcir obscrvations of cnhanced skin rcactions in 
mousc fcet whcn actinomycin D was combincd 
with radiation in a 5-fraction regime; no cnhancc- 
ment was scen in single dose studies. Further 
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Tabb 1. Summary of experimental studies of actinomycin D. Enhancement of normal tissue injury* 

Endpoint 
Drug dose 

(mgikg) Drug heforr Concurrent Drug after 
Xumher of 

rractions Relèrence 

Lung 
Lethality 

LD %,,,,>,, 

Median 
sunival 
timc 

0.15 
0.75 
0.15 

0.75 none (2 weeks) _ SD (9) 

Breathing 0.2 
rate 0.3 

Breathing 
rate 

0.4 

Hair follicles 
Epilation 

Dysplasia 

0.15 

0.1 
0.15 

Skin 
Peak skin 
reaction 

0.7 1.0 (2 weeks) 

0.15 
0.3 
0.6 

hfortality + 

crypt 
survival 

(dog) 

LDw,, 

0.004 
0.008 

0.01 

0.8 
1.2 
1.7 

LD VUL>” 0.3 
0.5 

0.65 

Crypt 
survival 

Crypt 
survival 

Oesophagus 

LDSWH 

Testis 
Histology 

0.5 
1.0 

0.75 

0.75 

0.075 

_ 
1.2 (4 weeks) 

1.0 (2 hr) 
1.6 (2 hr) 
1.1 (2 hr) 

none (3 weeks) 

1.0 (4 weeks) 

none (1 hr) 
+ (1 hr) 

1.0 (0 hr) 

+ (6 hr) + (% hr) 

+ (4 hr-2 days) + (0 hr) 

_ 
_ 

1.0 (2 hr) 
1.1 (2 hr) 

none (2 hr) 
+ (2 hr) 
+ (2 hr) 

none (16 hr) 
+ (16 hr) 

+ (16 hr) 

+ (4 hr-4 days) 
+ (4 hr-4 days) 
+ (4 hr-4 days) 

_ 

+ (6 hr-2 days) 
none (3,5,7days) 

+ (1-5 days) 

1 .O (7 days) 

+ (G2 hr) 
+ (0-2 hr) 
+ (0-2 hr) 

1.2 (1 hr) 
1.8 (1 hr) 

2 (1 hr) 

1.25 (0 hr) 
1.6 (0 hr) 

1.2-1.3 (2 hr) 

1.6 (2 hr) SD (8) 

+ (Yz hr) SD (19) 

_ 
(8) 

1 .O (4 weeks) 

SD 
SD 
IOF 

_ 
_ 

1.0 (16 weeks) 

SD 
SD 

SD 

(10) 

l‘his study 

+ (6 hr) SD (2) 

SD 

(11) 

1.0 (1 day) 

_ 

SD 
2F 
SD 
5F 
5F 

(12) 

_ 
_ 

l2F 

(13, 14) 

+ (4 hr-2 days) 
+ (4 hr-2 days) 
+ (4 hr-2 days) 

(15) 

+ (3 hr-2 days) 
none (3,5,7 days) 

1.2 (2 days) 

SD 
SD 
SD 

SD 
SD 

SD 

SD 
SD 

SD 

(16) 

(17) 

(8, 18) 

* All experiments performed on mice unless otherwise stated. 

cxperiments would bc nceded to investigate these 
aspects in thc lung. 
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