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SUMMARY 

Following large single doses of x rays, rat rhabdomyosarcoma tumors 

exhibit a volume response which characteristically has a swelling phase, 

a regression phase, a rapid "initial" regrowth phase and a slow "late" 

regrowth phase. The preliminary experiments reported here were designed 

to examine three mechanisms that may underlie the reduction in growth 

rate occurring in the late regrowth phase: (1) heritable non-lethal 

cellular damage, (2) host immunity, (3) delayed post-irradiation tissue 

and vascular damage. Based on retransplantation experiments and studies 

with immunosuppressed rats, neither heritable non-lethal damage nor host 

immune factors appear to influence the regrowth rate of tumors receiving 

radiation doses well below the cure level. After an x-ray dose approach

ing the cure level, regrowing tumors were observed to have a greatly 

reduced growth rate, possibly reflecting the presence of heritable 

non-lethal damage and/or an increased antigenicity of the heavily 

irradiated tumor cells. Morphometric analysis of histological sections 

did not reveal statistically significant abnormalities at the cellular 

level during the late regrowth phase, except for an increase in the 

percentage of necrotic tissue relative to non-irradiated tumors. The 

morphological resolution of small blood vessels was not adequate to 

evaluate delayed vascular damage in regrowing irradiated tumors. 

INTRODUCTION 

The rat rhabdomyosarcoma Rl tumor system, originally developed by 

Barendsen and colleagues at the Radiobiological Institute REPGO/TNO in 

Holland (1- 5), has been extensively used in our laboratory during the 

last three years to study the radiobiological effects of accelerated 
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charged particle beams in comparison with orthovoltage x rays (6, 7). 

In agreement with earlier studies by the Barendsen group, we have 

observed that after large single or fractionated doses of radiation, 

R1 tumors exhibit a volume response which characteristically has four 

phases: 

(1) Initial swelling phase. During the first two or more days 

post-irradiation, the total tumor volume increases, although at a 

rate less than the growth of unirradiated tumors with the same volume. 

This swelling phase is attributable to at least three factors, which 

contribute to the net volume change in unknown proportions: (a) mitotic 

block, in which the irradiated cells transiently block in a pre-mitotic 

(G2) phase of the cell cycle causing a greater fraction of large cells; 

(b) proliferation of doomed cells, which continue to produce reproduc

tively non-viable progeny for a limited number of generations after 

irradiation; (c) inflammatory reactions, which create edema in the 

radiation-damaged tissue. 

(2) Regression phase. Following large doses of radiation (e.g. 

2000 rads or more of x rays), R1 tumors exhibit a net reduction in volume 

which is strongly dependent on the administered dose. This regression 

results from a greatly increased cell loss factor associated with 

clearance of non-viable cells from the tumor mass (3). 

(3) Initial regrowth phase. After attainment of maximum regression, 

tumor regrowth occurs at a rate which is equal to, or greater than, that 

of unirradiated tumors with the same volume. This fast initial increase 

in tumor volume results from a rapid proliferation of surviving clonogenic 

cells, which have a reduced cell cycle transit time relative to non-irradiated 

Rl cells (3). 

(4) Late regrowth phase. When the regrowing tumor reaches a volume 
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approximately equal to, or slightly larger than, its volume at the time 

of irradiation, a marked reduction occurs in the rate of growth. This 

phenomenon, which has been termed the "second wave of growth delay" (8, 

9), results from one or more factors: (a) heritable non-lethal damage, 

which decreases the net growth rate in clones of heavily irradiated 

cells (10-13); (b) host immune factors, which may be enhanced during 

the post-irradiation period if an increase occurs in the antigenicity 

of the irradiated tumor cells; (c) vascular effects, which could result 

from the radiation-induced death of capillary endothelial cells with 

subsequent development of vascular thrombosis (14, 15), or from the 

inadequate revascularization of the tumor bed during the initial phase 

of rapid regrowth. 

As part of our experimental program on Rl tumors, we have been 

investigating the cellular mechanisms underlying the "initial" and 

the "late" regrowth phases following large single doses of x rays and 

charged particle radiation. The present report describes a series of 

experiments carried out with heavily x-irradiated Rl tumors to analyze 

each of the factors potentially responsible for the reduced rate of tumor 

growth observed during the late regrowth phase. 

METHODS 

Rhabdomyosarcoma tumor line and transplantation procedures. 

Experiments were carried out with solid rhabdomyosarcoma tumors, desig

nated Rl/LBL, transplanted subcutaneously in the thoracic region of 

syngeneic WAG/Rij rat hosts. Dr. G.W. Barendsen kindly provided both 

the tumor cell line and a breeding nucleus of SPF rats used to initiate 

a breeding colony at the Lawrence Berkeley Laboratory. The Rl/LBL cell 

line was maintained in vitro by serial subculture, and tumors were 
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produced for in vivo studies by subcutaneously injecting 1 - 2 x 106 

cells into WAG/Rij recipients. Approximately two weeks after injection, 

the resulting tumors were excised and minced with scissors to yield 

pieces about 1 mm in size. These pieces were then surgically implanted 

into the lateral thoracic region of 8- to 12-week-old female rats • 

Tumors grew to a volume of 400 to 800 mm3 in four weeks, at which point 

they were either irradiated or designated as control tumors. 

Tumor volume measurements. Transplanted Rl/LBL tumors first 

became palpable about two weeks following implantation, at which time 

the host was shaved over the tumor region to facilitate the measurement 

of tumor volume. At two- to three-day intervals, tumor diameters were 

measured along each of three mutually perpendicular axes, and the volume 

(V) in mm3 was calculated from these three dimensions (d1 , d2, d3 ) using 

the formula: 

v == (lt/6) (dl - 0.8) (d2 - 0.8) (d3 - 0.8) 

The 0.8 mm factor is inserted to correct the externally measured 

diameters for a skin thickness estimated to be 0.4 mm. This value for 

skin thickness was obtained by comparing tumor dimensions measured in 

situ with the dimensions of extirpated tumors. 

X-ray dosimetry and tumor irradiation. X irradiations were carried 

out with a Philips X-ray unit operated at 220 kV and 15 mA. The inherent 

filtration was 1.1 mm Al, and added filtration was 0.25 mm Cu plus 1.0 

mm Al (INL = 0. 75 mm Cu). A 250 R Victoreen chamber was used for 

dosimetry, and the dose rate at the tumor was typically 310 rads/min. 

One.hour before irradiation, the tumor-bearing rats were tranquilized 

with a 15 mgfkg dose of thorazine (Smith, Kline and French, Philadelphia, 

Pa.). During irradiation, rats were placed on at inch-thick lead plate 

with the tumor protruding over a central l-inch hole. The lightly 
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tranquilized animals were immobilized on the lead shield by means of 

a holder constructed of LIGHTCAST II (16) (Merck, Sharpe and Dohme 

Orthopedic Co., Costa Mesa, Ca.). The x-ray beam travelled vertically 

upward through the collimation hole. 

Immunosuppression of tumor hosts. Tumor-bearing rats were immuno

suppressed by administering a 600 rad whole-body dose of 60co gamma 

radiation. Rats were positioned 48 inches from the shield of a 1500 Ci 

6°co source, and were irradiated at a dose rate of 28.2 rads/min. 

During irradiation, the rats were lightly tranquilized with thorazine 

as described above, and were affixed to a lucite mount by means of a 

restraining cast constructed of LIGHTCAST II. The tumor was shielded 

from radiation by means of a 4-inch-thick lead block. Victoreen measure-

ments indicated that the absorbed dose in the tumor region was less than 

3% of the whole-body dose. 

Morphometric procedures. Tumors were excised and cut into 2 mm 

slices. These were fixed in Bouin's solution for 2-3 days, transferred 

to 60% ethanol for one hour and then placed in TO% ethanol. The fixed 

tissue was embedded in paraffin, sectioned at a 5pm thickness and stained 

with hematoxylin and eosin for histological examination. 

Morphometric analysis was carried out by the method of Chalkley (17) 

using a 21-line grid. The end of each line was considered a "hit." For 

each experimental condition, a total of 3 to 6 tumors were counted to a 

total of 1000 "hits" in order to obtain the volume densities of tumor 

parenchymal cell nuclei and cytoplasm, extracellular space, mitotic cells, 

giant cells, inflammatory cells, large blood vessels and capillaries. 

The last five of these tissue elements comprised less than 5% of the total 

"hits." The statistical significance of differences in the volume densities 

of cell nuclei, cytoplasm and extracellular space between control and 
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irradiated tumors was assessed by means of a Student "t" test. 

Calculation of the percentage of necrotic tumor tissue was made in 

the following manner. Using a slide projector, histological sections 

were imaged on a sheet of paper and the overall tumor contour and the 

necrotic regions were traced with a pencil. The outline of the entire 

tumor was then cut out and weighed. Next, the necrotic regions were cut 

out and weighed" The average ratio of these weights determined for 

approximately six tumor sections' was considered to be the average fractional 

area occupied by necrotic tissue. This fractional area was raised to the 

3/2 power and multiplied by 100 to give the approximate percentage of 

necrotic tissue present in the total tumor volume. 

RESULTS 

Heritable non-lethal damage studies. To assess whether non-lethal 

radiation damage limits the rate of tumor regrowth, three experiments 

were carried out in which non-necrotic pieces of tumor tissue were 

excised during the post-irradiation regrowth period and retransplanted 

either into new hosts or into a different site on the original tumor host. 

Experiment 1: Five tumors were irradiated with 3000 rads of 

220-kV x rays. When the tumors had regressed and subsequently regrown 

to an average volume of 1330 mm3, they were excised and a l mm piece 

was retransplanted on the opposite flank of the donor rat. At the time 

of retransplantation, all of the tumors were beginning to exhibit a 

reduced rate of regrowth, indicative of the second wave of growth delay. 

The controls for this experiment were six non-irradiated Rl/LBL tumors 

which were processed in a manner identical to the irradiated tumors. 

As shown in Fig. 1, retransplanted tumors in the irradiated and 

the control groups had identical growth patterns. In both groups, the 

growth curve of the retransplanted tumors was not significantly different 
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from the growth curve of the non-irradiated tumors prior to retrans

plantation. This finding indicates that heritable non-lethal damage 

was not the basis for the reduced rate of growth exhibited by the 

irradiated tumors at the time of retransplantation. In addition, 

because the excised tumors were retransplanted into their original 

hosts, this experiment suggests that the level of host immunity 

against the irradiated tumors was not elevated relative to control 

non-irradiated tumors. 

Experiment ~: A total of 12 Rl/LBL tumors were administered 3000 

rads of 220-kV x rays. The volume response of six of these tumors 

was followed through the regression and regrowth phases until they had 

reached an average volume that was approximately 30 times as large as 

their average volume at the time of irradiation (Fig. 2, panel~). 

The remaining six irradiated tumors were divided into three equal groups 

which were excised and retransplanted into new hosts when the regrowing 

tumors had reached average volumes of 260, 970 and 2400 mm3, respectively. 

The average volumes of these tumors at the time of retransplantation 

are denoted by arrows at points A, B and C in panel ~ of Fig. 2. Point 

A corresponds to the early part of the initial regrowth phase; point B 

to the onset of the second wave of growth delay; point C to the late 

regrowth phase. The groups of two tumors excised at points A, B and C 

were retransplanted into a total of 9, ll and 12 recipients, respectively. 

Panel b of Fig. 2 shows growth curves for the retransplanted tumors in 

the new hosts. It is evident that the growth rate of the retransplanted 

tumors was independent of the volume and the growth rate of the regrowing 

irradiated tumors at the time of excision. 

As controls for this experiment, two groups of two non-irradiated 

Rl/LBL tumors were excised when they had grown to average volumes of 
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900 and 2470 mm3, respectively, and retransplanted into two groups of 7 

rats each. Although not shown in Fig. 2 for purposes of clarity, the 

growth curves of the retransplanted control tumors were not significantly 

different from those for the irradiated, retransplanted tumors denoted 

A, B and c. The results of this experiment therefore constitute further 

evidence that heritable non-lethal damage is not a major determinant of 

the regrowth rate of Rl/LBL tumors following a subcurative dose of x rays. 

Experiment }: A single tumor that began a slow, but progressive 

regrowth following 8000 rads of x-irradiation was retransplanted into 

six new hosts. At the time of retransplantation, this tumor was 440 mm3 

in volume and was regrowing with a 17 day doubling time (Fig. 3). In the 

six new hosts receiving the tumor inoculum, the average doubling time 

for tumor growth was 8.4 ± 1.4 (S.D.) days. In contrast, control non

irradiated tumors with a volume of 400 mm3 doubled in size every 3.0 + 

0.9 days. This result suggests that radiation doses approaching the 

tumor cure level may produce clones of regrowing cells that are limited 

in growth rate as a consequence of heritable non-lethal damage. Alterna

tively, the few surviving cells may have a greatly increased antigenicity 

relative to non-irradiated cells, and thereby elicit a host immune 

reaction that limits the rate of tumor regrowth. This possibility will 

be considered further in the Discussion section. 

Effect of host immunosuppression. A total of nine Rl/LBL were 

irradiated with 3000 rads of 220-kV x rays. Four of the tumor hosts 

were immunosuppressed by administering a whole-body 600-rad dose of 

60co gamma radiation on the 17th day following x-irradiation of the tumors, 

at which time the tumors had entered the early part of the initial regrowth 

phase. As described in the Methods section, care was taken to shield the 

tumors during the 60co irradiation. All of the tumors were measured 
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throughout the regression and regrowth phases until they had reached an 

average volume approximately 10 times greater than their average volume 

at the time of x-irradiation. As shown in Fig. 4, there was no 

.significant difference in the growth rate of the x-irradiated tumors 

in immunosuppressed and non-immunosuppressed rats, which indicates that 

host immune factors do not influence the regrowth pattern of Rl tumors 

following an x-ray dose substantially below the cure level. 

Evidence was also obtained for the lack of immunogenicity of non

irradiated Rl/LBL tumors. A group of six rats was administered 600 rads 

of 60co radiation when their tumors had reached an average volume of 

665 mm3. The subsequent volume growth rate of these tumors was found 

to be identical to that of six tumors transplanted from the same donor 

tumor into non-immunosuppressed hosts. 

Morphologic and morphometric analysis of irradiated tumors. A group 

of nine tumors with an average volume of 625 mm3 was administered 3000 

rads of 220-kV x rays. When the tumors had regressed to a minimum 

volume and subsequently entered the initial regrowth phase, a set of 

three tumors with an average volume of 330 mm3 was excised and processed 

for histological examination. These tumors are denoted hereafter as 

"small regrowing irradiated tumors." The remaining six tumors were 

excised and processed for histology during the late regrowth phase, when 

they had reached an .average volume of 2500 mm3. This set of tumors is 

referred to hereafter as "large regrowing irradiated tumors." Two sets 

of three non-irradiated tumors were excised and processed for histology 

at average volumes of 520 and 2450 mm3, respectively. These tumors are 

denoted hereafter as "small control tumors" and "large control tumors." 

Utilizing the morphometric procedures described in the Methods 

section, no difference was detected in the volume densities of cell 

\ 
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nuclei, cell cytoplasm or extracellular space in the irradiated tumors 

as compared with non-irradiated control tumors of similar volume. This 

data is summarized in Table l for both the "small" and "large" regrowing 

irradiated tumors. The small regrowing tumors were also found to have 

a nearly identical percentage of necrotic tissue (10%) as the small 

control tumors. In contrast, the large regrowing irradiated tumors 

exhibited a ten-fold increase in the percentage of necrotic tissue 

relative to large control tumors (33% ~· 3%). This difference was 

significant at the level p < 0. 001 (Table l). 

As discussed in the Methods section, the volume densities of 

abnormal tumor parenchymal cells (e.g. giant cells) and inflammatory 

cells (e.g. blastogenic lymphocytes) were too small to permit a 

statistical evaluation of differences between the irradiated and the 

control tumors. Large blood vessels and capillaries appeared to occupy 

less than 1% of the tumor volume. For this reason, the assessment of 

vascular damage during the post-irradiation period was not possible in 

the present study. 

DISCUSSION 

The post-irradiation growth period for rat rhabdomyosarcoma Rl/LBL 

tumors has been divided into a rapid "initial" phase, which precedes 

the second wave of growth delay, and a slow "late" phase, which commences 

with the onset of the second wave of delay. This division, although 

somewhat arbitrary, has been made to facilitate discussion of factors 

regulating the rate of tumor regrowth following irradiation. It is not 

meant to imply that entirely different growth regulatory mechanisms are 

operative during the initial and the late regrowth phases, since there 
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may in fact be overlap of the periods during which cell loss, cell 

proliferation and other parameters such as vascular damage play 

important roles in determining tumor growth rate. Also, it is not 

intended to imply that all experimental tumors conform to this growth 

pattern following irradiation. In fact, there appear to be considerable 

differences between various types of tumors, as is clearly evidenced 

by the occurrence of a second wave of growth delay in same tumor 

systems, but not in others. Besides the Rl rhabdomyosarcoma, another 

tumor system which exhibits this phenomenon is the rat fibrosarcoma 

RIB5 (7). Experimental tumors which do not characteristically show 

a second wave of delay include the rat Visking sarcoma (18), the mouse 

EMT6 mammary tumor (19) and the mouse C3HBA mammary adenocarcinoma (14). 

Based on studies with the RIB5 tumor, Thomlinson and Craddock (7) 

suggested that the onset of late vascular damage leads to the appearance 

of a second wave of growth delay, and this view has been supported by 

Brown and Howes (8). Direct experimental evidence for vascular damage 

in irradiated tumors has been obtained by Nelson et al. (14), who 

carried out a morphometric analysis of C3HBA tumors following exposure 

to 4 rays and to 8-MeV neutrons. They observed that the average cell

to-blood-vessel distance was increased by 25 - 30% in the regrowing, 

irradiated tumors relative to controls, and concluded th~t the slower 

rate of tumor growth during the post-irradiation period was attributable 

to circulatory system inadequacies resulting from radiation injury. 

It is interesting to note that the C3HBA tumor does not show a second 

wave of growth delay, but instead exhibits a uniformly reduced rate 

of growth throughout the post-irradiation period. This fact in itself, 

however, does not constitute evidence against the Thomlinson-Craddock 

hypothesis relating the presence of a second wave of growth delay to 
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late vascular damage. It is quite conceivable that a rapid rate of 

repopulation by tumor parenchymal cells during the initial regrowth 

phase could overcome the growth-retarding effect of vascular damage in 

some tumor systems, but not in others. The former systems would be 

expected to show a second wave of growth delay, while the latter would 

not. 

The results of experiments described in this report have not 

provided direct information on the potential role of vascular damage 

in limiting the rate of regrowth of heavily irradiated Rl/LBL tumors. 

In studies to date, conventional histblogical sections have revealed 

that there are very few major vessels in the interior of these tumors, 

and difficultues have been encountered in identifying capillaries. 

In order to visualize tumor microvasculature well enough to carry out 

a morphometric analysis of radiation injury, it therefore appears that 

the contrast of vessels must be improved through the intravenous 

injection of opaque material such as colloidal carbon (20). An 

alternative method that we plan to employ for assessing radiation

induced vascular damage involves the use of injected radioactive 

microspheres to monitor blood flow (21). 

More definitive results have been obtained on the potential growth

limiting effects of two other factors, namely, radiation-induced 

heritable non-lethal damage and host immunity. Experiments in which 

Rl/LBL tumors were retransplanted at various stages of regrowth following 

a 3000-rad dose of x rays gave no indication of heritable non-lethal 

damage, since the retransplanted tumors grew at the same rate as non

irradiated controls. This result was observed when the regrowing tumors 

were retransplanted either into new sites on the same hosts, or into 

new hosts. Evidence was also obtained that host immune factors do not 
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influence the rate of regrowth in irradiated Rl/LBL tumors, since the 

immunosuppression of tumor hosts with 60co radiation was not observed 

to affect the regrowth pattern of tumors which had received 3000 rads 

of x rays. It must be stressed, however, that these conclusions are 

based on observations made with tumors that had received a radiation 

dose well below the curative level (the x-ray TCD5o for Rl/LBL tumors 

·is 7500 ± 550 (S.D.) rads (7)). Following a massive dose of radiation 

approaching the cure level, it might be expected that the few surviving 

cells which repopulate the irradiated tumor could express heritable 

non-lethal damage or an increased antigenicity. Either or both of 

these factors could lead to a decreased rate of tumor regrowth, and 

this contention is supported by our observation that a tumor which 

survived an 8000-rad dose of x rays exhibited a greatly reduced rate 

of growth, both in the original host and in new hosts following 

retransplantation. Experiments are currently in progress to determine 

the rate of regrowth of heavily x-irradiated tumors which have been 

retransplanted into both normal and immunosuppressed hosts. These 

studies should be of value in assessing whether Rl/LBL tumors exhibit 

an increased immunogenicity following massive radiation doses. 

The present experiments have also provided preliminary information 

on the morphological features of Rl/LBL tumors during the initial and 

the late post-irradiation periods. None of the cellular parameters in 

x-irradiated tumors examined by morphometric procedures showed a 

significant change relative to controls. In large regrowing tumors, 

however, the fractional volume occupied by necrotic tissue was increased 

approximately ten-fold relative to control tumors. This marked increase 

in non-viable tissue may be a consequence of radiation-induced damage 

to the tumor vascular bed, and this possibility will be investigated in 

future studies on the circulatory system of heavily irradiated Rl/LBL tumors. 
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TABLE l 

MORPHOMETRIC ANALYSIS OF X-IRRADIATED Rl TUMORS(a) 

Volume Densities(c) 

No. tumors Size (b) Percent Extra-
Sample in group (nnn3) Necrosis cellular space Nuclei Cytoplasm 

Small control tumors 3 520 ~ 30 10.1 + 5.0 0 0 08 9 ~ 0 0 003 0~335 ~ 0.035 0.519~ 0.035 

Small regrowing irradiated tumors 3 330 ~ 150 10.2 + l.l 0.091 ~ 0.007 0-325 + 0.012 0.566 + 0.017 -
Large control tumors 6 2450 ~ 630 3.2 + 1.8 0.138 ~ 0.015 0.338 + o.o44 0.496 + 0.062 

Large regrowing irradiated tumors 3 2500 ~ 260 32.9 + l.6(d) 0.171 + 0.047 0.298 + 0.029 0.526 ~ o.o4o 

(a) Tumors were administered 3000 rads of 220-kV x rays, following which they exhibited a characteristic pattern 

of regression and regrowth (see Figs. 2, 3, 4). One group of tumors was excised early in the regrowth phase 

and processed for morphological analysis, and a second group was excised and processed late in the regrowth 

phase. These two groups are designated here as "small" and "large" regrowing irradiated tumors. All errors 

listed in this table represent one standard deviation. 

(b) The volume of excised tumors were determined by measuring the volume of water they displaced in a graduated 

cylinder. 

(c) The volume densities of extracellular space, tumor cell nuclei and cytoplasm were measured by the morpho-

metric procedures described in the Methods section. 

(d) Significantly different from the value for large control tumors (p <0.001). 
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FIGURE LEGENDS 

FIG. l Rl/LBL tumors were administered 3000 rads of x rays and excised 

during the regrowth period at the average volume denoted by an 

arrow in panel !:· A p ieee of each excised tumor was retrans

planted into the opposite flank of its original host. The 

volume growth curve of the resultant tumors is shown in panel b. 

For comparison, non-irradiated control tumors were excised 

(panel!:) and retransplanted into their original hosts (panel 2)· 
The error bars in this and subsequent figures represent ~ l S.E.M. 

FIG. 2 Rl/LBL tumors x-irradiated with 3000 rads were excised during 

the regrowth period at points denoted A, B and C in panel ~' and 

retransplanted into new hosts. The growth curves of the resultant 

tumors are shown in panel 2· 

FIG. 3 A single Rl/LBL tumor surviving an 8000-rad dose of x rays was 

excised during regrowth and retransplanted into new hosts for 

examination of subsequent growth rate. 

FIG. 4 The volume response of Rl/LBL tumors to a 3000-rad dose of x rays 

was compared in non-immunosuppressed and immunosuppressed tumor 

hosts. Immunosuppression was carried out during the initial 

phase of tumor regrowth by administering a whole-body dose of 

60co radiation. A lead shield prevented the tumors from receiving 

60co radiation. 
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