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The study demonstrates that the sensitivity of endothelial cells to irradiation in vitro is significantly affected by 
the microenvironmental conditions under which the experiment is carried out. When irradiated plateau phase 
bovine aortic endothelial cells were assayed for colony formation on top of uncoated plastic of standard culture 
dishes, the dose survival curves showed Do values of [mean (S.D.)] 107 (6) cGy and Dq of 63 (28) cGy (calculated 
according to the single-hit multitarget model). When assayed in dishes precoated with the autologous natural 
basement membrane-like extracellular matrix (BAEC/ECM) the curves showed a similar Do [106 (2) cGy], but 
the Dq was 194 (8) cGy (P < O.OS), indicating that components of natural ECM confer in endothelial cells an 
improved capacity to repair radiation lesions and to restore the clonogenic capacity. However, when the natural 
but biologically unrelated HR9-bFGF/ECM was used, a decreased repair capacity was noted with Dq of 156 
(30) cGy (P < 0.05 compared with BAEC/ECM). The data demonstrate the high specificity of the repair function 
to interactions with autologous matrix components, and emphasise the need to select relevant experimental 
conditions when parameters of the radiation response in vitro are used to predict the response in viva. 

EurJ Cancer, Vol. 28A, No. 415, pp. 725-731, 1992. 

INTRODUCTION 
RECENT HISTOPATHOLOGICAL and ultrastructural studies showed 
that damage to the endothelium of the microvasculature is one 
of the predominant lesions observed during the early phases of 

radiation injury to slowly proliferating normal tissues, while 
atrophy and fibrosis characterise the late radiation damage 
syndrome [l-4]. Whereas the exact role of vascular damage in 
the pathogenesis of chronic radiation damage remains contro- 
versial [ 5, 61, there is evidence that microvascular degeneration 
and reduction in vascular density precede the destruction of 
other tissue elements and organ dysfunction in chronic radiation 

damage to the skin [7], heart [&I, lung [9], liver [lo], and the 
central nervous system [ 111. Ultrastructural studies demon- 
strated that endothelial cells are the most sensitive targets for 
radiation in the vessel wall [l-4], and a spectrum of changes, 
ranging from early reversible endothelial cell edema and vesicle 
formation to advanced degeneration and cell death, have been 
described and correlated with time and dose parameters [l-4, 
6-111. In vitro studies on the sensitivity of endothelial cells to 
radiation have disclosed a great deal of variability. Clonogenic 
dose survival curves of endothelial cells obtained from various 
origins showed Do values ranging from 101 to 165 cGy and Dq 
values between 64 and 230 cGy [12-171. Some studies also 
demonstrated variability in endothelial cell capacity for sublethal 
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radiation damage repair (SLDR), with split dose to single dose 
ratios of 1.5-2.2, and in the capacity for potentially lethal 
damage repair (PLDR), with delayed plating to immediate 
plating survival ratios of 1.2-3.9[13, 15, 161. 

The colony formation assays used to generate in vim radiation 
dose survival curves have usually been carried out by culturing 

irradiated endothelial cells on top of artificial surfaces, such as 
the plastic surfaces of regular culture dishes [12, 141, or gelatin 
coated dishes [ 13, 15, 161. In V~ZIO, however, endothelial cells 
rest upon subendothelial basement membranes, that serve not 
only as anatomical support structures for cell anchorage and 
cytoskeletal orientation, but also provide and regulate physio- 
logical stimuli for a variety of normal cellular functions, cell 
growth and differentiation [ 18-221. Tissue culture dishes coated 
with natural basement membrane-like extracellular matrix 
(ECM) have recently become available, produced by cultures of 
endothelial cells. When bovine aortic endothelial cells (BAEC) 
are cultured in vitro they synthesise and secrete on top of the 
plastic surface of the culture dish a membranous layer of ECM 
(the BAECIECM) which closely resembles in composition and 
supramolecular structure the vascular subendothelial basement 
membrane in viva [ 181. This matrix remains intact and firmly 
attached to the culture dish even following solubilisation of the 
endothelial cell layer with non-ionic detergents [ 181. It contains 
heparan sulphate-bound basic fibroblast growth factor (bFGF) 
and exhibits normal biological activities in terms of support 
of endothelial cell proliferation and differentiation [ 19, 231. 
Culture dishes precoated with BAEC/ECM thus provide in vitro 
conditions that closely resemble the normal endothelial cell 
microenvironment in Go, but whether their use in colony 
formation assays would affect the shape and parameters of 
radiation dose-survival curves of endothelial cells is unknown. 
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In the present study we compared the effects of BAECiECM 
and other substrata on the patterns of radiation dose survival 
curves of plateau phase BAEC. The data show that when assayed 
on top of their autologous ECM, BAEC exhibit a significantly 
broader threshold shoulder of their radiation dose survival curve 
as compared to cells plated on unrelated natural or on artificial 

substrata. This expression of improved capacity to repair radi- 
ation lesions, contingent upon interaction with specific micro- 
environmental factors of the culture system, stresses the need 
for the use of relevant experimental systems when extrapolations 
are made from in vitro data on radiation sensitivity of mammalian 
cells to predict their patterns of response in viva. 

MATERIALS AND METHODS 
Cell cultures 

Cloned populations of BAEC were established from the intima 
of bovine aorta as previously described [24]. Stock cultures were 
grown in 35 mm culture dishes in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with glucose (1 g/l), 10% heat 
inactivated bovine calf serum (BCS), penicillin (50 U/ml) and 
streptomycin (50 kg/ml). 200 ng/ml of partially purified bovine 
brain bFGF (prepared as described previously [25]) or 10 ngiml 
of purified recombinant bFGF (kindly provided by Dr J. 
Abraham, California Biotechnology, Inc.) were added every 
other day during the phase of exponential growth. After 8-10 
days in culture, the cells reached confluence and exhibited 
features of contact inhibited monolayers. These plateau phase 
cells were either used for experiments, or were further subcul- 
tured (up to a maximum of 10 subcultures) at a split ratio of 
1:lO to expand the cell population for other experiments. 
For subculturing, the monolayers were dissociated with 0.05% 
trypsin and 0.02% EDTA in phosphate buffered saline (PBS) 
(STV) (2-3 min at 22 or 4”C), washed twice in 10% BCS-DMEM 
and resuspended in DMEM with supplements as described 
above. These mild conditions of trypsinisation were sufficient 
to detach the cells, but did not injure, stimulate or affect cell 
functions in a detectable way. Cultures of the HR9-bFGF variant 
of the PF-HR9 mouse endodermal carcinoma cells [26] were 
grown in DME (4.5 g glucose/l) containing 10% FCS and 
the antibiotic supplements as described above. After reaching 

confluence, the cells were subcultured weekly at a split ratio 
of 1:lO (after dissociation with STV). All cell cultures were 
maintained at 37°C in 10% CO* humidified incubators. 

Preparation of dishes coated with ECM 
BAECiECM was produced as previously described [18, 191. 

BAEC were seeded at an initial density of 2 X lo4 cells per cm2 
and cultured in DMEM containing 10% BCS and 4% Dextran 
T-40. Partially purified bovine brain bFGF (200 ng/ml) or 
recombinant bFGF (10 ngiml) was added every other day during 
the phase of exponential growth. 6-8 days after reaching conflu- 
ency (12-14 days after the initiation of the culture) the cell 
monolayer was denuded by treatment with a solution containing 
0.5% Triton X-100 and 20 mmolil NH40H in PBS (3 min at 
22”C), followed by 4 washes with PBS. While cellular debris 
and cytoskeleta of the lysed cells were effectively removed, the 
underlying ECM remained intact and adhered to the entire area 
of the tissue culture dish. The HR9-bFGF/ECM was prepared 
as previously described [26]. HR9-bFGF cells were seeded 
(10’135 mm dish) into culture dishes precoated with fibronectin 
(50 mgidish) to enforce a firm adhesion of the secreted ECM to 
the plastic substratum. Ascorbic acid (50 mg/ml) was added on 
days 2 and 4. After 6-7 days in culture, the cell monolayer was 

denuded by treatment with a solution containing 0.5% Triton 
X-100 and 20 mmol/l NH40H in PBS (3 min at 22”C), followed 
by four washes with PBS. The ECMs could be stored in 4°C for 
several months before being used in experiments. 

Irradiation of BAEC 
24 h prior to irradiation the culture medium was changed into 

10% BCS-DMEM. Immediately prior to irradiation, the cells 
were dissociated with STV, washed twice in 10% BCS-DMEM 
and resuspended in the same medium at a concentration of 
lo5 cells/ml. Irradiation was carried out in a Gamma-cell 40 
chamber containing two sources of i3’Cs (Atomic Energy of 
Canada) at a dose rate of 100 cGy/min. Single doses ranging 
from 200 cGy to 600 cGy were delivered, and the cells were 
plated immediately afterwards for colony formation tests. In 
some experiments the cells were seeded prior to irradiation in 
the tested types of culture dishes at the densities required for 
the colony formation assays, incubated for 60 min to permit a 
firm adhesion to the substratum tested, and irradiated in situ. 
The dose survival curves obtained with either of these two 

methods did not differ significantly. 

Radiation dose survival curves 
Survival after irradiation was defined as the ability of the cells 

to maintain clonogenic capacity and to form colonies. After 
irradiation the cells were plated for the colony formation assays 
in 35 mm dished (300-3000 cells/dish) with or without ECM 
coating. The medium consisted of DMEM and supplements as 
described above. Cells seeded on top of uncoated plastic surfaces 
received partially purified bovine brain bFGF (to a final concen- 
tration of 200 ngiml) 1618 h after irradiation, while exogenous 
bFGF was not added to cells cultured on ECM. In some 
experiments 10 ngiml of purified recombinant bFGF was used 
instead of the partially purified brain bFGF, and similar results 
were obtained. After an additional 7-9 days in culture, colonies 
were fixed in 3.7% formaldehyde and stained with 1% crystal 
violet in ethanol. Colonies consisting of 50 cells or more were 
scored and 3-6 replicate dishes containing 50-150 colonies per 
dish were counted for each radiation dose tested. Survival curves 
were generated by a computer assisted program [27]. This 
program analyses the cellular survival after irradiation from raw 
data of colony counts of each culture dish included in an 
experiment. Using these data, the program calculates the surviv- 
ing fractions for each dose point with associated weights, which 
are based on a Poisson distribution of the number of counts and 
the variation of colony counts for each data point. The program 
fits these data to the survival model tested (the single-hit 
multitarget model [28] or the linear quadratic model [29] by 
iteratively weighted least square regression analysis of all data 
points, estimating the covariance of the survival curve par- 
ameters and the corresponding confidence limits. The computer 
then plots the best fit survival curve and assigns a standard error 
bar to each data point, thus permitting statistical comparisons 
of corresponding points on different curves, and prints the 
computed Do, Dq and N number according to the single-hit 
multitarget model [28] and the tx and B exponents according to 
the linear quadratic model [29]. 

3H-thytnidine labelling index 
The fraction of cycling cells was evaluated by 3H-thymidine 

labelling index as previously described. The cells were cultured 
in 10% BCS-DMEM and pulsed with 3H-thymidine 
(9.25 kBq/well, 74 GBqimmol). After 24 h of incubation the 
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Fig. 1. Flow cytometry profiles of DNA and RNA in plateau phase (a) and exponentially growing(b) BAEC: Plateau phase cells were tested 9 
days after reaching confluency (17 days after initial seeding), while exponentially growing cells were harvested and tested 5 days after initial 
seeding into culture. The staining for DNA and RNA was performed with acridine orange [30], and fluorescence measurements were scored 

on scattergrams by a single point for each cell representing simultaneously the staining intensities for both DNA and RNA. 

medium was removed, the cells were washed five times with 
PBS, fixed with methanol for 10 min and dried out. The dishes 
were then incubated at room temperature in the dark, coated 
with Illford K5 photographic emulsion. After 5 days of incu- 
bation, the emulsion was developed with Kodak D- 19 developer, 
fixed with 10% thiosulfate and stained with Giemsa. 1000 cells 
from each of two dishes were counted and the percentage of 
stained nuclei was determined. 

Cell cycle analysis 
The cell cycle distribution of BAEC was determined by flow 

cytometry after acridine orange staining of DNA and RNA as 
previously described [30]. Prior to staining the monolayers were 
dissociated with STV, washed twice with 10% BCS-DMEM and 
resuspended in PBS at a concentration of 2-4 x lo5 cells/O.2 ml. 
The cells were then mixed with 0.4 ml of a solution containing 
0.05 N HCI, 0.15 mol/l NaCl and 0.1% Triton X-100 (v/v). 
After 30 s, 1.2 ml of a solution containing lm molil EDTA, 
0.15 molil NaCl and 6 mg/ml of chromatographically purified 
acridine orange in 0.2 mol/l Na,HPOJO. 1 molil citric acid buffer 
(pH 6.0) was added. The cells were then passed through the 
focus of an excitation argon-ion laser beam (Lexel model 75), 
and the red fluorescence (F > 600) and green fluorescence 
(F = 530) emissions were measured for each cell by separate 
photomultipliers in a computer interfaced research cytofluoro- 
graph (modified model FC201, Ortho Instruments, Westwood, 
Massachusetts). The cytofluorograph was interfaced with a 
Hewlet-Packard microcomputer and the data were analysed 
using the “Cell Fit” software package (Becton and Dickinson) 
and presented via a Tektronix terminal. 

RESULTS 
Cell cycle distribution of plateau phase BAEC 

The dose survival experiments carried out in this study were 
performed with plateau phase BAEC, 7-9 days after reaching 
confluency. The cell cycle distribution of these cells, determined 
by flow cytometry after acridine orange staining of DNA and 
RNA, is shown in Fig. la. Data pooled from six experiments 
showed that 91(1.13)% [mean (S.E.)] of the cells were in G,G, 
phase, 3.66 (0.71) in S phase and 5.33 (0.66)% in GIM phase. 
Analysis of the total cellular RNA content indicated that the 

majority of the G,,-G, cells were in fact in the low RNA Go state 
(Fig. la). For comparison, the profiles of exponentially growing 
BAEC are also shown (Fig. lb). The percentage of G,,-G, cells 
was 46.2 (0.25)%, while 45.5 (0.64)% were in S phase and 8.3 
(0.48)% in GIM phase. ‘H-thymidine labelling and autoradiog- 
raphy showed that less than 6% of the plateau phase cells 
exhibited staining of nuclei, consistent with the cell cycle profiles 
obtained by the flow cytometry method. 

Clonal growth characteristics of BAEC on ECM and plastic 
The clonal growth patterns of BAEC varied according to the 

culture conditions and the substratum used for the colony 
formation assays. When 400 cells were plated on top of uncoated 
plastic of standard culture dishes in the absence of bFGF in the 
medium, there were no detectable colonies after 7-10 days in 
culture. Addition of 200 ng/ml of partially purified bovine brain 
bFGF or 10 ngiml of purified recombinant bFGF concomitant 
with cell seeding resulted in colony growth stimulation, with 
plating efficiencies of lO-30% in five consecutive experiments 
was 17.3 (5.2)%. Delay in addition of bFGF up to 24 h after 
seeding did not affect the plating efficiency of cells assayed on 
plastic, but further delay was associated with cell senescece 
and decreasing cloning efficiency. Dose-response experiments 
showed a direct relationship between the medium concentration 
of bFGF and its effect on the plating efficiency on plastic, with 
200 ngiml of the partially purified bFGF being within the 
plateau range for this effect (Table 1). 

In contrast to cultures on uncoated plastic, when BAEC were 
seeded at clonal densities on top of BAECiECM or HR9- 
bFGF/ECM, colonies were detected 7-9 days later without 
requiring the addition of exogenous bFGF. This is consistent 
with the fact that both BAEC/ECM and HR9-bFGF/ECM were 
shown to contain biologically active matrix-bound bFGF [26]. 
When cultured on BAEC/ECM, the mean plating efficiency in 
the present series of survival curves was 20.6 (6)% (range 
lO-23%) (Table 2), although in other experiments even higher 
values were observed (Table 1). Addition of 200 ng/ml of par- 
tially purified bFGF to the medium of unirradiated cells cultured 
on top of the BAEC/ECM did not result in a further increase of 
the cloning efficiency (Table 1). Similarly, the plating efficiency 
on HR9-bFGF/ECM was 19.4 (3.7)% (Table 2) and it was not 
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Table 1. Effect of bFGF on cloning 
efficiency of plateau phase BEAC cultured 
in ECM coated dishes or on regular tissue 

culture plastic 

Type of 

substratum 

bFGF Cloning 

(nglml) efficiency (%) 

Plastic 

HR9- 

bFGFIECM 

BAEUECM 

0 0 

25 13.7 

50 19.0 

100 20.0 

200 19.0 
400 20.5 

0 23.9 

200 23.0 

0 47.1 

200 42.0 

400 cells were seeded into 35 mm culture dishes 

with or without ECM precoating. The number 

of colonies was scored 9 days later. Each data 

point represents the mean of five dishes. 

affected by addition of 200 ng/ml of partially purified bFGF 

(Table 1). 

Radiation dose survival curves of plateau phase BAEC 
Figure 2 shows radiation dose survival curves generated with 

plateau phase BAEC, assayed immediately after irradiation 
under three different culture conditions. Some of the assays 
were performed in standard culture dishes (on top of uncoated 
plastic surfaces), with the cells receiving 200 ngiml partially 
purified bovine brain bFGF 16-18 h after irradiation, while 
other assays were carried out on top of BAECIECM or HR9- 
bFGF/ECM, without addition of exogenous bFGF. As shown 
in Fig. 2, the slopes of the dose-survival curves did not differ 
significantly, but the shoulder regions were significantly differ- 
ent, depending on the type of substratum used. Table 2 summar- 
ises the parameters of these dose survival curves pooled from 
three experiments. The Do on plastic, calculated according to 
the single-hit multitarget model [28], was 107 (6) cGy, compared 
with 106 (2) cGy on BAECiECM and 108 (8) on HR9- 
bFGF/ECM. These differences were statistically not significant. 
On the other hand, the Dq on plastic [63 (28) cGy] was signifi- 

Table 2. Parameters of radiation dose survival curves of plateau 
phase BEAC plated for colony formation assays on ECM or on 

regular tissue culture plastic 

Plastic 

HR9- 

bFGF/ECM BAECIECM 

Plating efficiency (%) 17.3 (5.2) 19.4 (3.7) 20.6 (6.0) 

Do (~GY) 107 (6) 108 (8) 106 (2) 

Dq (~GY) 63 (28) 156 (30) 194 (8) 
n Number 1.8 (0.52) 4.2 (1.6) 6.2 (0.7) 

a (GYP’) 0.583 (0.09) 0.181 (0.05) 0.059 (0.07) 

P (GY -‘) 0.044 (0.02) 0.069 (0.03) 0.101 (0.01) 

The data were pooled from three experiments. The values of Do, Dq 

and n were computed using the single-hit multitarget model [28], and 

the a and p exponents were calculated using the linear quadratic model 
[29]. The data are presented as the mean (S.E.). , 

10-31 I I , \ 
I 

0 2 4 6 8 

Radiation dose (Gy) 

Fig. 2. Radiation dose survival curves of plateau phase BAEC plated 
for colony formation assays on either ECM or on regular tissue 
culture plastic: The cells were irradiated in suspension (lo5 ceils/ml) 
and seeded for colony formation assays in standard tissue culture 
dishes ( LI) (on top on the uncoated plastic surfaces), or in culture 
dishes precoated with either the BAEC/ECM (0) or with the HR9- 
bFGF/ECM (0). The cells plated on plastic received partially purified 
bovine brain bFGF (200 &ml) 18 h after seeding, while the cells 
seeded on either of the ECMs did not receive exogenous bFGF. The 
survival curves shown represent the best fit curves calculated by a 
computerised program [27] according to the single-hit multitarget 
model [28] and plotted by the computer as described in the Materials 
and Methods. Each data point represents the mean (S.E.) of 6-8 

dishes. 

candy decreased compared with the Dq on BAEUECM [194 
(8) cGy; P < 0.051. When instead of the autologous BAE- 
CIECM, the natural but biologically unrelated HRPbFGF/ECM 
was used, the Dq value [ 156 (30) cGy] was significantly different 
(P > 0.05) compared with those observed on either plastic or 
BAECIECM, but the Do [ 106 (2)] was not significantly different 
from the values observed on either of the other substrata. The 
decrease in Dq on HRPbFGFIECM compared with 
BAEUECM did not result from suboptimal quantities of bFGF 
bound to this matrix, since addition of 200 ngiml of partially 
purified bFGF to the media of the cells assayed on HR9- 
bFGF/ECM did not change the parameters of the dose survival 
curves (Fig. 3). Similarly, addition of bFGF to cells assayed on 
BAEUECM did not affect the pattern of the dose survival curve 
on this matrix (data not shown). 

The sensitivity of the dose-survival relationship at the low 
dose range to the type of substratum used in the colony formation 
assay was also observed when the data were analysed according 
to the linear quadratic model [29]. Table 2 shows that the a and 
p exponents differed significantly according to the substrata 
upon which the cells were cultured after irradiation. Plating the 
cells on BAEUECM was associated with the lowest (Y values 
[0.059 (0.007) Gy-‘1 and the highest p values [O.lOl 
(0.0 1) Gym ‘1, with significant increases in (Y values and decreases 
of p values on the HR9-bFGF/ECM and plastic. 

DISCUSSION 

Our data demonstrate that the patterns of response of endo- 
thelial cells to irradiation in vitro are significantly affected by the 
micro$?vironmental conditions under which the experiments 
are carried out. The data suggest that the capacity of endothelial 
cells to recover from radiation damage in vitro, as expressed by 
parameters of the dose survival relationship, is dependent upon 
several specific postradiation culture factors. In a recent study 
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Fig. 3. Effect of bFGF on the radiation dose survival curves of 
plateau phase BAEC plated for colony formation assays on the 
kR9-bFGF/ECM. The cells were irradiated and plated into HR9- 
bFGFECM coated culture dishes as described in Fig. 2. Partiallv 
purified bovine brain bFGF (200 &ml) was added at O’time to some 
of the cultures as indicated. The differences in Do (114 and 109 cGy) 
and Dq (151 and 142 cGy) were not significant. 

we showed that bFGF serves as a potent inducer of potentially 
lethal radiation damage repair (PLDR) in BAEC, and also 
stimulates the generation of a threshold shoulder in the dose 
survival curves [31]. The present dose survival experiments 
were in fact carried out under bFGF stimulation. Although the 
media on the BAEUECM or the HR9-bFGF/ECM cultures 
were not supplemented with bFGF, these culture systems still 
exposed the irradiated cells to bFGF stimulation, since our 
recent studies showed that both types of ECM contained biologi- 
cally active heparan sulphate-bound bFGF [19, 23, 261. The 
dependence of Dq, tit, a and B on the type of the culture 
substratum suggests that in addition to the effects of bFGF, 
interactions of irradiated cells with components of the basement 

membrane upon which they rest also affect their repair capacity 
of radiation lesions. Furthermore, the improved repair on 
BAEUECM suggests that the repair function is most optimally 
expressed upon interaction of irradiated cells autologous ECM. 
The possibility that the decreased repair observed on HR9- 
bFGF/ECM resulted from low quantities of matrix-bound bFGF 
was excluded by the experiment which failed to show a change 
in the shape and parameters of the dose survival curves when 
exogenous bFGF was added to the culture medium (Fig. 3). 
Kofstad and Sutherland [32] recently showed that the radiosensi- 
tivity of human ovarian carcinoma cell lines cultured on Matrigel 
ECM was not different from the sensitivity of cells assayed 
on plastic. It should, however, be noted that Matrigel is a 
reconstituted basement membrane-like gel [33], which rep- 
resents a mixture of ECM components extracted from the mouse 
EHS tumour that spontaneously form a stable gel at 38°C. Being 
of mouse origin, the Matrigel is xenogeneic to human ovarian 
carcinoma cells. Indeed, our experiments showed that the 
xenogeneic combination of BAEC and the mouse HR9- 
bFGF/ECM exhibited radiosensitivity characteristics not sig- 
nificantly different from those observed on plastic. It seems, 
therefore, that the substratum upon which irradiated endothelial 
cells rest is not only capable of modulating their repair capacity 
of radiation lesions, but that there is a high sensitivity to specific 
matrix components in terms of expression of metabolic functions 
involved in the repair. 

The sensitivity and specificity of the repair function to com- 

ponents of autologous ECM are consistent with other known 
effects of matrix on mammalian cells. The tissue matrix is 

composed of basement membranes and the ground substance of 
the stroma, and its tissue specificity relates to variations in 
the supramolecular assembly of collagens, elastin, structural 
glycoproteins (i.e. laminin, fibronectin, entactin, nidogen, 
thromboplastin) and proteoglycans [34]. Anchorage of cells to 
basement membranes is mediated via focal adhesion plaques 
that bind the cell membrane to specific domains of ECM 
molecules and also serve as structural links between the ECM 
and the cytoskeleton [35]. These highly specialised structures 
of the plasma membrane contain in addition to adhesion mol- 
ecules also several regulatory proteins that mediate transmission 
of ECM stimuli to the cytoplasm by chemical signaling similar 
to that triggered by soluble growth factors [36-381. Adhesion 
plaques seem, therefore, to be involved not only in binding of 

cells to ECM, but also in mediating specific cellular functions. 
ECM-cellular linkages were indeed found to control both the 
shape, spatial orientation and tissue distribution of normal cells 
[ 18, 201 and to affect cytoskeletal organisation [39]. In addition, 
they were shown to regulate cytodifferentiation and cell 
migration during embryogenesis [2 11, to induce the expression 
of differentiation genes in mesenchymal and epithelial cells [20, 
21, 4&42], and to modulate the response of cells to hormones 
and growth factors [19, 26, 431. Whereas our previous study 
showed that bFGF serves as a potent inducer of radiation damage 
repair in endothelial cells [31], our present data demonstrate an 
ability of ECM to modulate this function. Improved repair, 
however, was observed only when the cells were plated on top 
of their autologous BAECiECM and not on the xenogeneic 
HR9-bFGF/ECM. The specificity of the repair function to 
components of autologous matrix is consistent with our previous 
data which showed that plating BAEC on their autologous 
BAEUECM promoted both proliferation and expression of 
normal differentiation functions, while plating on ECM prod- 

uced by human fibroblasts induced proliferation but resulted 
in loss of characteristic differentiation functions [44]. The 
BAECiECM and the HR9-bFGF/ECM were shown to differ in 
composition and structure [45] and to confer different biological 
responses in cells seeded on top of them [46]. Whether the 
improved repair of radiation damage of BAEUECM results 
from optimal cell membrane receptor distribution that facilitates 
the targeting of ECM-bound bFGF to its specific cell surface 
receptors, or whether there is synergism between signals trans- 
duced from bFGF stimulation and signals transduced from 
stimulation by specific molecular sequences found in the BAE- 
CIECM, but not in the HR9-bFGF/ECM, is unknown. 

Whether bFGF and matrix components are directly involved 
in expression and/or modulation of the response of endothelial 
cells to irradiation in vivo is unknown. Similar to the plateau 
phase cells used in the present study, vascular endothelial cells 
in vivo are mostly quiescent, and exhibit a low incidence of 
cycling cells with labelling index values of less than 1% and 
estimated doubling time of 50-1000 days [47]. After irradiation 
there is only a minimal increase in the proliferative activity up 

to a doubling of the labelling index [48]. Nevertheless, the 
clonogenic capacity of endothelial cells in vivo can be evaluated 
if angiogenic stimuli are produced. Physical or chemical stimu- 
lation of the rat subcutaneous air pouch or of the dog and rabbit 
cornea result in capillary sprouts, each considered a clone of 
endothelial cells [49-511. Within 7-12 days, a network of 
neovascular capillaries is produced, the density of which is 
considered proportional to the clonogenic capacity of the stimu- 
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lated endothelial cells. Using such techniques, radiation dose- 
effect curves showed slopes with Do of 170-265 cGy, and split 
dose experiments resulted in D2-Dt values of 180-290 cGy 
[49-5 11. Whereas it is unknown whether FGF is involved in the 
production of the wide shoulders observed in these experiments, 

it should be noted that FGF is known to be a potent angiogenic 
factor that stimulates neovascularisation in viva [52], and is 
likely to be an active participant in these experimental systems. 
Of particular interest and possible relevance are also our recent 
immunohistochemical studies which showed that bFGF is 
ubiquitously detected in the basement membranes of all size 
blood vessels, although the intensity and patterns of localisation 
varied among different regions of the vascular bed [53]. Whereas 
homogeneous and intensive immunoreactivities were observed 
in large and intermediate size blood vessels, heterogeneity of 
expression was found in capillaries. The most intense capillary 
immunoreactivity was observed in the basement membrane sites 
of branching points of mid-size capillary vessels, while staining 
became progressively less intense in nonbranching portions of 
capillaries and seemed to be absent in some sections [53]. 
The variations in detectability of bFGF in vascular basement 
membranes correlate with reported sensitivities of different 
sections of the vascular system to irradiation in viva. Ultrastruc- 
tural studies indicated that capillaries represent the most radi- 
ation sensitive sections of the vascular system [llr]. Electron 
microscopy studies of the irradiated rabbit myocardium perfor- 
med by Fajardo [9] showed that whereas the endothelium 
of capillaries exhibited severe changes of radiation damage, 
endothelial cells of large vessels and of the endocardium, even 
when present in the same tissue sections, seemed to be intact. 

It seems, therefore, that the BAECECM model stimulates 
conditions that prevail in the vascular intima in zlivo, and that 
this experimental system may be a relevant model for the study 
of factors that modulate the radiation response of endothelial 
cells in viva. Establishment of similar criteria of relevance may 
be critical when projections are made from parameters of 
response of mammalian cells to irradiation in vitro to their 
expected radiosensitivity in viva. Several authors have recently 
demonstrated considerable variations in radiosensitivity among 
human tumour cell lines and suggested that the established 
degrees of sensitivity in vitro correlate with the response of these 
tumours to irradiation in viva [54-571. Other investigators 
have been unable to consistently demonstrate such correlations 
[58-60]. Since none of the reported studies have used autologous 
matrix substrata, and since in most instances there was no use 
of specific media supplements as may be required by some cell 
types, the, specificity and relevance of observed correlations 
could, at least in some cases, be questioned. Whether mam- 
malian cells other than BAEC also exhibit sensitivity of their in 

vitro radiation response to specific microenvironmental factors 
remains to be studied. However, the possibility that such 
phenomena do exist and may affect patterns of the dose-survival 
relationship should be considered whenever projections are 
made from in v&o data to expected patterns of response of 
mammalian cells to irradiation in viva, such as has been recently 
suggested by several predictive assay systems for clinical 
response to radiation in human tumours. 

1. Law Ml’. Radiation-induced vascular injury and its relation to late 
effects in normal tissue. Adv RadiatBioll981,9,37-73. 

2. Hopewell JW, Campling D, Calvo W, Reinhold HS, Wilkinson 
JH, Yeung TK. Vascular irradiation damage:its cellular basis and 
likely consequences. BrJ Cancer 1986,53, (Suppl. VII) 181-191. 

3. Fajardo LF, Berthrong M. Vascular lesions following radiation. 
PatholAnnu 1988,23,297-330. 

4. Reinhold HS, Fajardo LF, Hopewell JW. The vascular system. 
Adv RadBioll990,14, 177-226. 

5. Withers RH, Peters LT, Kogelnik HD. The pathobiology of late 
effects of radiation. In: Meyn RF, Withers RH, eds. Radiation 
Biology, Cancer Research. New York, Raven Press, 1990,439-448. 

6. Hopewell JW, Calvo W, Campling D, Reinhold HS, Rezvani 
M, Yeung TK. Effects of radiation on the microvasculature. 

7 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Implications for normal tissue damage. Front Rad Ther 0~011989, 
23,85-95. 
Verola 0, Lafaix JL, Daburon F, Brocheriou C. Vascular damage 
after acute local irradiation: a light and electron microscopy study. 
BrJ Radio1 1986,19, (Suppl.) 104-108. 
Philips TL, Benak S, Ross C. Ultrastructural and cellular effects of 
ionizing radiation. Front Radiat Ther Oncol 1972,6,21-43. 
Fajardo LF, Stewart JR. Pathogenesis of radiation induced myocar- 
dial fibrosis. Invest 1973,29,244-257. 
Ingold JA, Reed GB, Kaplan HS, Bagshaw MA. Radiation hepatitis. 
Am3 Roentgen01 1965,93,200-208. 
Calvo W, Hopewell JW, Reinhold HS, Yeung TK. Time and dose 
related changes in the white matter of the rat brain after single 
doses ofX-rays. BrJ Radio1 1988,61, 1043-1052. 
Kwock L, Douglas WH, Lin I’S, Baur WE, Fanburg BL. Endo- 
thelial cell damage after gamma irradiation in vitro impaired uptake 
of alpha aminoisobutyric acid. Am Respir Dis 1982,125,95-99. 
Martin DF, Fisher J J. Radiation sensitivity of cultured rabbit aortic 
endothelial cells. IntJ Radiat Oncol Biol Phys 1984,10, 1903-1906. 
Penhaligon M, Laverik M. Radiation response of endothelial cells 
in vitro. BrJ Radiat 1985,58,913-914. 
Rhee JG, Lee I, Song CW. The clonogenic response of bovine 
aortic endothelial cells in culture to radiation. Radiat Res 1986, 
106, 182-189. 

16. Hei TK, Marchese MJ, Hall EJ. Radiosensitivity and sublethal 
damage repair in human umbilical cord vein endothelial cells. IntJ 

17. 

18. 

Radiat Oncol Biol Phys 1987,13,879-884. 
Shelley MM, Wilson JD. Proliferation and migration of irradiated 
endothelial cells. In: Rifkin DB, Klagsbrun M eds. Angiogenesis, 
Mechanism and Pathology. New York, Cold Spring Harbor Labora- 
tory, 1987,139-144. 
Vlodavsky I, Lui GM, Gospodarowicz D. Morphological appear- 
ance, growth behaviour and migratory activity of human tumor 
cells maintained on extracellular matrix vs plastic. Cell 1980, 19, 
607-616. 

19. Vlodavsky L, Folkman J, Sullivan R, et al. Endothelial cell- 
derived basic fibroblast growth factor: Synthesis and deposition into 
subendothelial extracellular matrix. Proc Nat1 Acad Sci USA 1987, 
84,2292-2296. 

20. Bissel NJ, Barcellos-Hoffman H. The influence of extracellular 
matrix on gene expression: Is structure the message? 3 Cell Sci 
1987, Suppl. 8,327-343. 

21. 

22. 

23. 

24. 

Hay ED. Extracellular matrix, cell skeleton, and embryonic devel- 
opment. AmJ Med Genet 1989,34,14-29. 
Martisian LM, Hogan BLM. Growth factor-regulated proteasesand 
extracellular matrix remodeling during mammalian development. 
Curr Top Devel Bioll990,24,219-259. 
Bashkin I’, Klagsbrun M, Doctrow S, Svahn CM, Folkman J, 
Vlodavsky I. Basic fibroblast growth factor binds to subendothelial 
extracellular matrix and is released by heparanase and heparin-like 
molecules. Biochemistry 1989,28, 1737-1743. 
Gospodarowicz D, Moran J, Braun D, Birdwell C. Clonal growth 
of bovine vascular endothelial cells: fibroblast growth factor as a 
survival agent. Proc NatlAcadSci USA 1976.73,4120-4124. 

25. 

26. 

27. 

28. 

29. 

30. 

Gospodarowicz D, Bialecki H, Greenburg G. Purification of the 
fibroblast growth factor activity from bovine brain. 3 Biol Chem 
1978,253,37363743. 
Rogelj S, Klagsbrun M, Atzmon R, et al. Basic fibroblast growth 
factor is an extracellular matrix component required for supporting 
the proliferation of vascular endothelial cells and the differentiation 
ofPCl2 cells.3 CellBioll989,109,823-831. 
Albright N. Computer nroarams for the analvsis of cell survival. 
Rad Res 1987, lli, 331-340. 
Elkind MM. Sutton H. Radiation resnonse of mammalian cells 
grown in culture. Rad Res 1960,13,556-593. 
Kellerer PM, Ross HH. The theory of dual radiation action. Curr 
Top Rad Res 1972,8,85-158. 
Andreeff M, Darzynklewicz Z, Sharpless TK, Clarkson BD, Mel- 



ECM Effects on Radiation Damage Repair 731 

31 

32 

33 

34. 

35. 

36. 

amed MR. Discrimination of human leukemia subtypes by flow the ability of basement membranes produced by cornea1 endothelial 
cytometric analysis of cellular DNA and RNA. Blood 1980, 55, and mouse-derived endodermal PF-HR-9 cells to support the 
282-293. proliferation and differentiation of bovine kidney tubule epithelial 
Haimovitz-Friedman A, Vlodavsky I, Witte L, Fuks Z. Autocrine cells in vitro. J Cell Biol 1984,99,947-96 1. 
effects of fibroblast growth factor in the repair of radiation damage 47. Hobson B, Denekamp J. Endothelial proliferation in tumours and 
in endothelial cells. Cancer Res 1991,51,2552-2558. normal tissues: continuous labelling studies. Br.7 Cancer 1984,49, 
Kofstad EK, Sutherland RM. Radiation sensitivity of human 405-413. 
ovarian carcinoma cell lines in vitro: Effects of growth factors and 48. Hirst DG, Denekamp J, Hobson B. Proliferation studies of the 
hormones, basement membrane, and intercellular contact. Inter.7 endothelial and smooth muscle cells of the mouse mesentery after 
Rad Oncol Biol Phys 1988,15,921-929. 
Kleinman HK. McGarvev ML. Hassell IR. er al. Basement mem- 49. 
brane complexes with biological activity. Biochemistry 1986, 25. 
312-318. 50. 
Timple R. Structure and biological activity of basement membrane 
proteins. EurJ Biochem 1989,180,487-502. 
Burridge K, Fath K, Kelly T, Nuckols G, Turner C. Focal 
adhesions: Transmembrane junctions between the extracellular 51. 
matrix and the cvtoskeleton. Ann Rev Cell Biol 1988.4.487-525. 
Mcdonald LA. Receptors for extracellular matrix components. Am 52. 
3 Phys 1987,257, L331-L337. 

irradiation. Cell Tissue Kinet 1980,13,91-104. 
Reinhold HS, Binsman GH. Radiosensitivity of capillary endo- 
thelium. BrJ Rud 1973,46,54-57. 
Van den Brenk HA, Sharpington C, Orton C, Stone M. Effects 
of X-radiation on growth and function of the repair blastema 
(granulation tissue) II. Measurements of angiogenesis in the Selye 
pouch in the rat. Inr.7 RudBloll974,25,277-289. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

Laken S, Leach K, Klauck T. Association of type 3 protein kinase 
C with focal contacts in rat embryo fibroblasts. 3 Cell Biol 1989, 
109,697-704. 
Nuckols GH, Turner CE, Burridge K. Functional studies of the 
domains of talin.3 CellBio[ 1990,110, 1635-1644. 
Ben-Ze’ev A. The cytoskeleton in cancer cells. Biochim Blophvs 
Am 1985,780, 197-212. 
Bissell MJ, Ram TG. Regulation of functional cytodifferentiation 
and histogenesis in mammary epithelial cells: Role of extracellular 
matrix. Envir Health Rersp 1989,80,61-70. 
Muschel R, Khouty G,Reid LM. Regulation of insulin mRNA 
abundance and adenylation: Dependence on hormones and matrix 
substrata. Mol Cell Biol 1986,6,337-341. 
Fuiita M, Spray DC, Choi H, et ul. Extracellular matrix regulation 
of cell-cell communication and tissue specific gene expression in 
primary liver cultures. Prog Clin Biol Res 1986,226, 333-360. 
Reid LM. Stem cell biology, Hormone/matrix synergies and liver 
differentiation. Curr Opin Cell Biol 1990,2, 121-130. 
Fridman R, Fuks Z, Ovadia H, Vlodavsky I. Differential structural 
requirements for the induction of cell attachment, proliferation and 
differentiation by the extracellular matrix. Exp Cell Res 1985, 157, 
181-194. 

45. Kramer RH, Vogel KG. Selective degradation of basement mem- 

46. 

brane macromolecules by metastatic melanoma cells. 3 Nutl Cuncer Acknowledgements-We thank Mr Roger S. Persaud and Mr L.God- 
Insrit 1984,72,889-897. frey for their excellent technical assistance. The work described in this 
Gospodarowicz D, Lepine J, Massoglia S. Wood I. Comparison of paper was supported by NIH Grant CA-52462. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

Eike JR, Gillette EL, Chow DJ. Repair of sublethal radiation 
damage bv caoillaries. Int 7 Rad OncoIBiol Phvs 1979.5.339-349. 
Folkman ‘J, Klagsbrun M. Angiogenic factors. Science ‘1987, 235, 
442-447. 
Cordon-Cardo C,Vlodavsky I, Haimovitz-Friedman A, Hicklin D, 
Fuks Z. Expression of basic fibroblast growth factor in normal 
human tissues. Lab Inv 1990,63,832-840. 
Fertil B, Malaise El’. Inherent cellular radiosensitivity as a basic 
concept for human tumor radiotherapy. IntJ Rud Oncol Biol Phys 
1981,7,621-629. 
Deacon JM, Peckham MJ, Steel GG. The radioresponsiveness of 
human tumors and the initial slope of the cell survival curves. 
Radiother Oncoll984,2,314-323. 
Weichselbaum RR, Rotmensch J, Ahmed-Swan S, Beckett MA. 
Radiobiological characterization of 53 human tumor cell lines. IntJ 
RudiutBioll989,56,553-560. 
Brock WA, Baker FL, Peters LJ. Radiosensitivity of human head 
and neck squamous cell carcinomas in primary culture and its 
potential as a predictive assay of tumor radiocurability. IntJ Radiat 
Bioll989,56,751-760. 
Steel GG, McMillan TJ, Peacock JH. The picture has changed in 
the 1980s. Int3 RudBioI 1989,56,525-537. 
Siemann D. Do in vitro studies of potential lethal damage predict 
for in situ results? Int3 Rud Bioll989,56,567-571. 
Suit HD, Baumann M, Skates S, Convery K. Clinical interests in 
determinations of cellular radiation sensitivity. InrJ Rud Bioll989, 
56,725-737. 


