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Intrinsic Radiosensitivity of Adult and Cord ~ Blood 
Lymphocytes as Determined by the Microntwleus 

Assay 
D.N. Floyd and A.M. Cassoni 

Predictive radiosensitivity testing necessitates rapid and reliable assays of radiosensitivity. We assessed the 
lymphocyte micronucleus assay as such an assay. We performed repeated experiments on lymphbcytes from 10 
healthy donors. Levels of radiation-induced micronuclei were measured following exposures of~up to 4 Gy X- 
rays. When measuring the slope of the dose-response, we have found more variation between individuals than 
between repeated experiments on the same individual (F value 12.31, P < 0.001). There Is also greater 
interindividual variation in the data following a single dose of X-rays of 2 Gy (Fvalue 3.54, P < 0.01) and of 4 Gy 
(F value 7.55, P < 0.005). We performed the micronucleus assay on five different samples :of cord blood 
lymphocytes (CBLs). Their radiosensitivities were compared with the mean radiosensitivity of the lymphocytes 
from the normal group of donors. Comparing the level of micronuclei induced by 2 Gy, only CBLl (P < 0.01) and 
CBL2 (P < 0.02) were more radiosensitive than the mean of the adult lymphocytes. At 4 Gy, CBdl (P < O.OOl), 
CBL2 (P < 0.05), CBL3 (P < 0.01) and CBL5 (P < 0.01) were more radiosensitive than the mean radiosensitivity 
of the adult lymphocytes. This was also shown when the slope of the dose-response curves were imeasured. We 
conclude that the lymphocyte micronucleus assay shows more variability when applied to lym hocytes from 

different individuals than when repeatedly applied to lymphocytes from the same individual, a req .p rement for the 

determination of individual radiosensitivity. 

Key words:radiosensitivity, micronucleus, normal tissue tolerance 
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INTRODUCTION normal tissue complications [4]. As there is a sigmoid dose 

IN PATIENTS undergoing radiotherapy, a range of severity of response for tumour control by radiotherapy, and doses generally 

radiation-induced normal tissue damage is seen, from mild to used are in the steepest part of that curve, it is possible that by 

life threatening. Turesson [l] estimates that only 20% of this altering the total dose by just a small amount, tumour control 

variability can be accounted for by the dose received and the may be improved with minimal injury to normal tissues. Indi- 

fractionation schedule. There appears to be a large component vidualised modifications have been reported as successful for the 

of patient responses due to genetic factors [l-3]. Schedules of treatment of some patients with radiosensitive, cancer prone 

radiotherapy are selected to achieve an acceptable incidence of genetic syndrome ataxia telangectasia (AT) [S]. This would be 
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widely applicable if those patients with low normal tissue 
tolerance to radiation could be identified and excluded from dose 
escalation. For this, rapid and reliable in vitro assays of intrinsic 
radiosensitivity are required. 

A correlation has been suggested between individual normal 
tissue radiosensitivity in vivo and the in vine radiosensitivity of 
fibroblasts [6-81, lymphoblastoid cells [9] and lymphocytes [lo] 
as measured by clonogenic assays. The long delay in obtaining 
results make the clonogenic assay unsuitable for routine predic- 
tive use. DNA damage assay are more suitable since they require 
only short proliferation periods, or none at all [ 11, 121. Persistent 
DNA and chromatin damage in cells following irradiation has 
been shown to correlate with cellular radiosensitivity in vitro 
[u-15]. 

The micronucleus assay is widely used to measure the toxicity 
of physical [16, 171 and chemical agents [18]. Micronuclei are 
portions of nuclear material that are excluded from the daughter 
nucleus at mitosis, and they consist of chromosomal fragments 
or whole chromosomes [19]. The evidence for a correlation 
between the presence of a micronucleus in a cell and the loss of 
proliferative capacity of that cell is currently equivocal [20-241. 

Using human lymphocytes, micronucleus formation can be 
measured following irradiation in vitro with X-ray doses up to 
4 Gy, and has previously been suggested as a method of pre- 
dicting in vitro radiosensitivity [2_5]. 

In this study, we investigated the suitability of the cytokinesis- 
block micronucleus assay to be incorporated into a predictive 
protocol to determine normal tissue radiosensitivity from the in 
vitro radiosensitivity of freshly isolated human lymphocytes. We 
measured the reproducibility of the assay by performing repeated 
experiments on each of a group of 10 healthy individuals, and 
compared the intra-individual variation with the variation of 
radiosensitivity between the individuals. 

Cord blood lymphocytes (CBL) have been shown to have a 
wide range of radiosensitivities as determined by their clonogenic 
capacity [lo, 261, similar to that of lymphocytes from donors 
who are heterozygous for AT [lo]. Many CBLs are more 
radiosensitive than normal lymphocytes [26]. We examined five 
samples of CBLs to determine the ability of the micronucleus 
assay to detect this range of radiosensitivities from a single assay 
on a single sample. 

MATERIALS AND METHODS 
Lymphocyte preparation 

Heparinised whole blood (5-10 ml) was obtained from donors 
or placentas and diluted with an equal volume of phosphate 
buffered saline (PBS). Lymphocytes were obtained by layering 
the diluted blood on to an equal volume of Histopaque-1077 
(Sigma) at room temperature in a 50 ml conical centrifuge tube, 
and centrifuging at 1000 g for 20 min at room temperature. The 
lymphocyte-rich layer was removed, washed twice in PBS and 
suspended at a concentration of lo6 cells/ml in warm (37°C) 
RPM1 medium (Gibco) supplemented with 10% fetal calf serum 
(FCS). 

Irradiation 
Cell suspensions (1 .O ml in 12 ml plastic culture tubes) were 

irradiated at room temperature with X-rays (212.5 kV, 
12.5 mA). The radiation dose rate was 2.35 Gy/min. 
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The micronucleus assay 
After irradiation, lymphocytes in RPM1 were transferred to a 

24-well plate (1 ml cell suspension per well). Phytohaemaggluti- 
nin (PHA-P) (Sigma) at 0.5 mg/ml in PBS was added to each 
well, to give a final concentration of 5 t.&nl. Lymphocytes were 
grown at 37°C in a humidified incubator, in 95% 02, 5% COr. 
After 24 h 3 ~1 cytachalasin-B (Sigma) at 1 .O mgml in dimethyl 
sulphoxide (DMSO) was added [17]. Adding cytachalsin 48 h 
after stimulation [27] gave a smaller percentage of binucleated 
lymphocytes. After a total of 72 h in culture [17], the clumps of 
lymphocytes were disaggregated by vigorous pipetting and 
duplicate microscope-slide preparations were made using the 
ShandonTM cytospin. The slides were dried in air, fixed in 
methanol and then stained with May-Griinwald and Giemsa 
solutions. Lymphocytes were viewed at 400 x magnification. 
Binucleated (BN) and micronucleated (MN) cells were scored as 
follows: BN lymphocytes were identified as cells with an intact 
cytoplasm containing two circular nuclei of approximately equal 
size, including those with nuclear bridges, and with slightly 
overlapping or touching nuclei. Micronuclei, in BN cells only, 
were identified as being non-refractile and staining with Giemsa 
at an intensity equal to or less than that of the two nuclei. MN 
that were overlapping or touching a nucleus were counted if the 
nucleus was otherwise round and had a smooth edge. 

Between 150 and 500 binucleated cells were counted per 
slide, and the radiation-induced damage was quantified as the 
percentage of binucleated cells that contained one or more 
micronuclei, i.e. 
% BN with MN = [(BN with one or more micronuclei) + (total 
BN)] x 100. 

Data anabses 
Dose-response curves were constructed for X-ray doses up to 

4 Gy. For each set of data from each experiment a straight line 
was fitted by linear regression using all the available data points. 
An analysis of variance (ANOVA) was used to determine the 
variance of the magnitude of the slope of the dose response, and 
also the response at 2 Gy and at 4 Gy, between individuals and 
between different experiments on the same individual, 

The ‘group mean’ of the slope of the dose response, and of the 
% (BN with MN) at 2 Gy and 4 Gy were calculated from the 
data from each experiment on each of the 10 donors. The group 
mean was calculated to allow comparison of the CBL samples 
with a standard measure of radiosensitivity. The radiosensitivi- 
ties of each of the five CBL samples were compared with the 
group mean by the method of linear contrast [28]. 

RESULTS 
Individual radiosensitivity in vitro: interindividual and 
intraindividual variation 

The group of normal donors consisted of 9 females and 1 
male. The age range was 23-70 years at the start of the study. 
Included in the group were one exsmoker (donor 6), one 
occasional smoker (donor 2) and two asthmatics (donors 3 and 
9). 

Figure 1 shows representative dose-response curves for 4 
donors obtained from repeated experiments on each donor over 
a 15-month period. Data have been corrected for micronuclei in 
unirradiated control cells. The dose response between 1 and 
4 Gy is approximately linear. There is little variation in measured 
individual radiosensitivity over time. The accuracy of a single 
assay cannot be improved by either setting up separate cell 
cultures or counting thousands of BN cells. In our preliminary 
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Figure 1. Dose-response data for radiation-induced micronuclei in lymphocytes from the blood of healthy adult donors fbllowing in vitro 
irradiation. Data from repeated experiments spanning a 15month period are shown for 4 donors representative of the g@up of 10 adult 
donors. (a) Smallest data spread from repeated experiments; (b) largest data spread from repeated experiments; (c) steepest dose response; 
(d) shallowest dose response. 

work we found that replicate cultures established from the same 
lymphocyte sample gave almost identical dose-response curves 

[different points at the same dose varied by between 0.2 and 
2.0% (BN with MN)]. Counting errors were kept to below 2.0% 
(BN with MN) when more than 200 cells were counted. 

Figure 2 shows the interindividual differences in the percent- 
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Figure 2. Micronucleus induction following X-ray doses of 2 and 
4 Gy. The mean % (BN with MN) is shown for each donor. Error 
bars represent the standard deviation of the data for each individual. 

age of micronucleated BN cells, corrected for spontaneous 
micronuclei, following 2 and 4 Gy. For each individual a differ- 

ence can be seen between the percentage of micronucleated BN 
cells following 2 and 4 Gy. Comparing the respbnses of the 10 
individuals, the percentage of micronucleated BW cells for donor 
9 is seen to be below the range of other donors, whilst that from 
donor 4 is above the others. 

The results of the analysis of variance (ANOVA) performed 
on the data obtained using adult lymphocytes arei summarised in 
Table 1. The ANOVA data imply that a single dbservation at 2 
or 4 Gy could be used to determine the radiostnsitivity of an 

individual in a future experiment. There is a gqeater variation 
between individuals’ lymphocytes in their response to irradiation 

Table 1. ANOVA data comparing tk dism’minat~ capacity of a 
single dose of radiation (2 and 4 Gy) and the magnitude of the slope 

of the dose-response curve 

Degrees of 
F value freedom r 

% (BN with MN) at 2 Gy 3.54 9, 27 CO.01 
% (BN with MN) at 4 Gy 7.55 9, 27 <:0.005 
Slope of dose response 12.31 9, 27 <:0.001 

[“h (BN with MN)] 
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Figure 3. Micronucleus induction in cord blood lymphocytes. The 
dose-responses of five separate CBL samples are compared with the 
mean dose response from repeated experiments on lymphocytes from 
a single adult donor. 

with 4 Gy (F value 7.55, P<O.O05) than at 2 Gy (F value 3.54, 
JVO.01). 

Using linear regression, we fitted a straight line to each 
dose-response curve for each experiment for each individual. 
The correlation coefficients varied from 0.891 to 1.000. A linear- 
quadratic curve could also be fitted to the data (correlation 
coefficient+-O.97 to 1 .OO). We favoured a straight line for two 
reasons. The tkst was that a linear fit emphasised the high-dose 
data, where the resolution appeared better. Secondly, the errors 
associated with the parameters describing linear and exponential 
parts of a linear-quadratic fit would make comparisons of 
individual dos+response curves difficult. The differences 
between individuals appear greater when the slope of the dose 
response is measured (F value 12.31, P<O.OOl) than when the 
response at a single dose is measured. 

In vitro radiosensitivity of cord blood lymphocytes 
CBLs have been shown to have a wide range of radiosensitivi- 

ties in vitro [26]. We performed the micronucleus assay on five 
CBL samples to assess the ability of the assay to detect this wide 
range of radiosensitivities. The dose-response curves for five 
samples of CBLs are shown in Figure 3. As with normal 
lymphocytes, we used linear regression of the data to fit a straight 
line to the dose-response data for each CBL sample. Table 2 
gives the percentage of micronucleated BN cells at 2 Gy and at 
4 Gy and the slope of the dose response for each sample, together 
with the value for the group mean. 

The level of radiation-induced micronuclei at 2 Gy show 
CBLl (ZVO.01) and CBL2 (P<O.O2) to be more radiosensitive 
than the group mean for adult lymphocytes. There is no signifi- 
cant difference for the other samples (P>O.OS). The resolution 
is improved by measuring the level of micronucleation following 
4 Gy (P<O.OS), and further by measuring the slope of the 
doseresponse curve-all samples were significantly different 
(P<o.o~). Of the five samples, one is less sensitive that the group 
mean (P<O.OS at 4 Gy). The others were more radiosensitive, 
especially CBLl (P<O.OOl at 4 Gy). No assumption about the 
radiosensitivity of cord blood lymphocytes as a group can be 
made since not enough samples have been tested. 

DISCUSSION 
The lymphocyte micronucleus assay has been suggested as a 

potential method of measuring individual radiosensitivity [25]. 
An important aspect of any predictive test is the effect of the 
reproducibility on the resolution; that is the difference between 
interassay variability when the assay is performed on cells from 
1 individual, and observed variation when the assay is performed 
on more than 1 individual. We performed repeated experiments 
on lymphocytes from 10 healthy individuals in order to compare 
the extent of assay variability and resolution. 

We chose to measure the percentage of micronucleated cells, 
not the more commonly used micronucleus frequency. There 
are possible errors associated with both methods of counting. 
Grote and colleagues [21] showed that a single micronucleus in 
the cytoplasm of a living diploid cell correlated with a loss of the 
proliferative capacity of that cell. The micronucleus frequency 
therefore may overestimate the level of radiation-induced cell 
death, while counting the number of micronucleated BN cells 
may underestimate cell death due to the inclusion of micronuclei 
in one of the macronuclei. Practically, it is less time consuming 
to count the number of bionucleated cells containing micronuclei 
than the micronucleus frequency, and there is a degree of 
subjectivity in delineating each micronucleus in a BN cell 
containing multiple micronuclei. 

Many CBLs have a radiosensitivity greater than that of normal 
lymphocytes, although the ranges overlap (mean inactivation 
dose ranges 1.24-2.12 Gy compared with 1.60-2.50 Gy for 
normal adult lymphocytes [26]). It is noteworthy that CBLs 
have a similar range of radiosensitivities to lymphocytes from 
AT heterozygotes (mean inactivation dose 0.7c2.20 [lo]). We 
have shown that four of five cord blood lymphocyte samples can 
be identified as more radiosensitive (PcO.05) than the mean 
radiosensitivity of normal lymphocytes using the micronucleus 
assay (Figure 3, Table 2). This difference could be shown by the 
level of damage measured following irradiation with 4 Gy, or 

Table 2. Micronucleus data obtained follozuing the irradiation of five different samples of cord blood lymphocytes (CBLl-5). The ‘group 
mean’ values, calculated from the data obtained using adult lymphocytes, are given for comparism. The level of significance of the differazce 

between each CBL sample and the group mean (P value) is given in brackets 

% (BN with MN) at 2 Gy % (BN with MN) at 4 Gy Slope of dose-response w (BN with MN) per Gy] 

CBLl 39.00 (PCO.01) 89.00 (EWO.001) 22.80 (P<O.OOl) 

CBL2 37.00 (P-cO.02) 70.00 (PCO.05) 18.00 (PcO.01) 
CBL3 28.00 (FVO.05) 77.00 (P<O.Ol) 19.70 (P<O.OOl) 
CBM 18.00 (P>O.O5) 39.00 (P-cO.05) 9.95 (P<O.O2) 
CBLS 30.00 (R-0.05) 75.00 (PCO.01) 19.9s (P<O.OOl) 
Group mean 23.28 52.81 13.68 
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with greater resolution by comparing the magnitudes of the 
slopes of the dose-response curves. 

Huber and colleagues [25] also suggested that the lymphocyte 
micronucleus assay could be used to determine individual 
radiosensitivity, whilst Nakamura and colleagues [29], using a 
lymphocyte colony assay, concluded that the individual variation 
of intrinsic radiosensitivity is too small to be detected. This may 
be due to the variability of the assay. However, no large-scale 
study has yet been performed, either to measure the in vitro 
radiosensitivity of individuals, or to correlate any observed 
elevated radiosensitivity with normal tissue tolerance to ionising 
radiation. Such a study is necessary to confirm or deny that 
individual radiosensitivity can be predicted by a single measure- 
ment of the in vitro response of lymphocytes to radiation. If the 
micronucleus assay is to be used in such a study, two major 
problems must be addressed. These are (a) the choice of a defined 
‘standard’ radiosensitivity and (b) overcoming the intrinsic assay 
variability to improve the discriminatory power of the assay. 

The problem of chasing a source of control cells is important 
in defining the standard value of in tifro radiosensitivity to which 
unknown test samples would be compared. Although we have 
found cryopreserved lymphocytes to be as dependable as fresh 
lymphocytes from the same donor, it is impractical to use 
lymphocytes from donors where the in vitro radiosensitivity is 
accurately known, since large volumes of blood would be 
required. A diploid cell line could be used providing that the 
percentage of micronucleated BN cells at 72 h was large enough 
to allow comparison with the test lymphocytes. This would in 
part rely upon the cell kinetics. A cell line would offer the 
possibility of being less variable than lymphocytes in their 
behaviour in culture. A third possibility is using the mean 
response of the tested population. We have employed this 
method here. For our work, the ‘group mean’ values of slope 
and percentage of micronucleated BN cells at 2 and at 4 Gy took 
into account assay variability and interindividual differences in 
radiosensitivity. Such a control has the advantage of being 
recalculated as more data are acquired. This would in turn 
more accurately reflect the true population mean, thus possibly 
allowing improved discriminatory power. 

The other problem when considering predictive radiosensitiv- 
ity testing is the intrinsic variability of the assay. In the case of 
the micronucleus assay, this variability is quite small. Whilst it 
is possible that some of the temporal variation seen in individual 
radiosensitivity may be due to altering proportions of immuno- 
logically distinct subgroups of T-lymphocytes, there is currently 
no evidence that these subgroups have different radiosensitivities 
([30, 311 Floyd and Michie, unpublished data). Possibly, the 
use of more than one assay would be most effective. 

We are now using the micronucleus assay to investigate the 
relationship between in vitro radiosensitivity and radiation- 
induced normal tissue damage in patients who have received 
radiotherapy. 

We have shown that statistically significant differences 
(P<O.OS) between individual in vitro radiosensitivities are 
detectable and reproducible. We have also shown that the 
assay can detect a wide range of radiosensitivity of cord blood 
lymphocytes. We conclude that the lymphocyte micronucleus 
assay has the potential to be used as a predictive assay of 
individual radiosensitivity. 
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Primary Chemotherapy and Delayed Surgery for 
Non-metastatic Telangiectatic Osteosarcoma of 

the Extremities. Results in 28 Patients 

G. Bacci, I?. Picci, S. Ferrari, L. Sangiorgi, A. Zanone and A. Brach de1 Prever 

28 patients with telangiectatic osteogenic sarcoma of the extremities were treated between March 1983 and March 
1990 with neoadjuvant chemotherapy according to two different protocols activated successively. With the 
hrst protocol, patients preoperatively received high dose methotrexate (HDMTX)-cisplatinum (CDP) and 
postoperatively, depending on the histological response, either HDMTX-CDP-doxorubicin (ADM) or 
ADM-“BCD”. With the second protocol patients were preoperatively treated with HDMTX-CDP-ADM and 
postoperatively either with the same drugs or with the same drugs plus ifosfamide and VP-16. Preoperatively, 
CDP was delivered intraarterially. A good histological response (tumour necrosis >90%) was observed in 25 
patients (89%) and at a mean follow-up of 5 years (2-9 years) 23 patients (82%) remained continuously disease- 
free and 5 developed lung metastases. These results are better than those obtained in 272 contemporary cases of 
conventional osteosarcoma of the extremities treated with the same protocols (62% good histological responses 
and 61% continuously disease-free survival). 
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INTRODUCTION 
TELANGIECTATIC os~~os~~co~~s represent a rare subtype of 
high grade osteosarcoma with distinctive radiological gross and 
microscopic features, and certain prognostic implications [ 1, 21. 
According to several authors [ 1, 3, 41, the prognosis of telangiec- 
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tatic osteosarcoma, when treated with surgery alone, is worse 
than that of conventional high grade osteosarcoma. In a series 
from a major centre where large numbers of patients with bone 
tumours were seen, only 1 of the 25 patients treated with surgery 
alone survived for more than 5 years [4]. 

In the last few years, many papers have demonstrated that 
adjuvant and neoadjuvant chemotherapy dramatically improve 
prognosis of conventional osteosarcoma [6-lo]. There are only 
two conflicting reports in the literature concerning the efficacy 
of adjuvant and neoadjuvant chemotherapy in telangiectatic 
osteosarcoma. In fact, while Rosen and colleagues [ll], in a 
series of 16 patients treated according to two different protocols 
of neoadjuvant chemotherapy, found that this rare variant of 


