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Studies of cellular hypersensitivity to ionising radiation in
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SUMMARY Skin fibroblasts from seven patients with Friedreich's ataxia showed a small but significant
increase in sensitivity to ionising radiation, as measured by post-irradiation clonal growth, when compared
with cells from ten age-matched control subjects and from eight patients with motor neuron disease.
Fibroblasts from three patients with Friedreich's ataxia also showed impairment of their ability to repair
potentially lethal damage after ionising radiation. These findings are consistent with the view that defective
DNA reparative mechanisms may be involved in the pathogenesis of Friedreich's ataxia.

The pathogenesis of many neurological system degenera-
tive diseases, of which Friedreich's ataxia is an archetype,
remains obscure. Amongst the casual factors that may be
involved in this group of disorders defective DNA repair
has been proposed.' 2 Several diseases affecting the
nervous system, including xeroderma pigmentosum,
ataxia telangiectasia and Cockayne's syndrome have been
found to display-or are suspected of having-
abnormalities of reparative DNA synthesis.3 The possi-
bility that ineffectual DNA repair might compromise the
function and viability of nerve cells has been raised,
though this hypothesis still lacks direct experimental
support.

Because of certain common clinical and pathological
features shared by Friedreich's ataxia and the DNA-
repair-defective disorders xeroderma pigmentosum and
ataxia telangiectasia, we initially examined skin fibro-
blasts from three patients with Friedreich's ataxia for
evidence suggestive ofDNA reparative abnormalities.4 5
In preliminary studies it was shown that Friedreich's
ataxia cells were more sensitive to ionising radiation than
control cells, as measured by the effect of graded doses of
radiation on clonal growth. This finding is suggestive of
defective DNA repair. It was further found that the pattern
of newly-synthesised DNA in Friedreich's ataxia cells was
abnormal.6
The present report describes studies of cellular

sensitivity to ionising radiation in an extended series of
experiments on skin fibroblasts from seven patients with
Friedreich's ataxia. Findings from parallel experiments on
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cells from eight patients with motor neuron disease and
from ten control subjects are also reported.

In further experiments an examination has been made
of the capacity of cells from three patients with
Friedreich's ataxia and four control subjects to repair
potentially lethal damage after exposure to ionising
radiation. It is known that the survival of cells post-
irradiation can be influenced by environmental factors
and is considerably enhanced if potentially lethal damage
repair has time to occur in cells before they divide.7

Cells held in the GI phase of the generative cycle are
able effectively to repair damage to DNA, thereby
normalising the subsequent S phase.8 Potentially lethal
damage repair can be demonstrated by maintaining
cultured cells in density- or growth-inhibiting conditions
for a period after exposure to ionising radiation (or other
DNA-damaging agent). Studies on potentially lethal
damage repair in ataxia telangiectasia, which shows
extreme hypersensitivity to X-rays, indicate deficient
repair in this disorder.9 10

Methods

Patients
Forearm skin biopsies were obtained with informed consent from
seven patients with clinically typical Friedreich's ataxia (three
male, four female, age range 15-34 years) and eight patients with
motor neuron disease (four familial and four sporadic; four male,
four female, age range 44-73 years). All patients were examined
neurologically and had biopsies taken by the senior author (PDL).
Ten control fibroblast lines were obtained from healthy subjects
(five male, five female, age range 12-40 years) without evidence
of any disease.

Cell culture
Cells were maintained in Eagle's medium supplemented by 10%
new-born calf serum, penicillin (25 iu/ml), streptomycin (25
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,ug/ml) and glutamine (2 mM). Cells were detached by means of
0-25% trypsin in Hank's basic salt solution (minus calcium and
magnesium) and resuspended at appropriate density in medium
with 15% fetal calf serum before X-irradiation at doses of 137-5,
275, 412 and 550 rads, using a 7 meV linear accelerator. Clonal
growth was then achieved in Eagle's medium supplemented with
15% calf serum, using the feeder layer technique, " feeder cells
having received a dose of 3000 rads. Fibroblasts from
Friedreich's ataxia and motor neuron disease patients were
irradiated and cloned in parallel with control cells. Cultures were
sealed in polystyrene boxes, incubated for 17 days and stained
with 2% Azur A. Colonies with more than 50 cells were counted
as survivors. Cloning efficiency varied between 10% and 40%.
The fraction of cells surviving each dose of radiation was
calculated taking into account the cloning efficiency of
unirradiated cells, and for each cell line semilogarithmic survival
curves were plotted. From these Do values (inverse of slope of
linear part of curve) were obtained. For each cell line between
one and seven replicate experiments were carried out.

Measurement of potentially lethal damage repair
Friedreich's ataxia and control cells were seeded at a density of
2-4 x 10' cells per flask in medium supplemented with 15%
newborn calf serum. After 24 hours the medium was replaced
with one containing 0 5% newborn calf serum and cells were
then incubated at 37°C for five days to establish plateau-phase
growth. After this time cells were irradiated with X-rays in the
dose range up to 550 rads as before. "Zero time" cells were
immediately plated out in medium supplemented with 15%
newborn calf serum in numbers appropriate to dose and cloning
efficiency, using the feeder layer technique as previously. Cells to
be held in a growth-inhibited state had their medium changed to
one containing 0 5% calf serum, and were incubated for a further
24 hours before being plated out in a 15% newborn calf
serum-supplemented medium. All cells were then incubated for
17 days at 37°C in an environment containing 5% carbon dioxide,
after which time clones formed from surviving fibroblasts were
stained as before and counted for calculation of cell survival
fractions and Do values.

Results

RADIOSENSITIVITYOF FRIEDREICH S ATAXIA

CELLS

Table I summarises the findings in 67 experiments in
which the effect of X-irradiation on the clonal growth of
fibroblasts from patients with Friedreich's ataxia and
motor neuron disease and from control subjects was
measured. Friedreich's ataxia cells appeared to be
significantly more sensitive to radiation than control cells,
showing an overall mean Do value of 123-7 rads compared
with 150-3 rads in controls. Only two of the seven
Friedreich's ataxia cell lines had values falling within the
normal range, and the difference between the two groups
was significant at below the 1% level. In contrast motor
neuron disease cells showed a mean Do value of 147T1
rads, which was not significantly different from that
obtained for control cells.

Table I Effect ofX-irradiation on clonal growth offibroblasts
frompatients with Friedreich's ataxia (FA), motor neuron
disease (MND) and control subjects

Do in rads
Controls FA MND
132(3) 122(3) 150(3)
152(3) 115(2) 153(3)
145 (3) 104(3) 155(3)
168 (3) 133 (9) 145(3)
145 (3) 122(2) 150(3)
185 (2) 135 (2) 144(2)
125 (2) 120(1) 144(2)
128(2) 137(1)
165 (2)
158(2)

Overall mean
± SD 150 3 ± 19-2 123-7 ± 20-7* 147-1 + 5.91
Experimental results are given for each case. Figures indicate mean Do
values (inverse of slope of linear part of survival curve). Number of
replicate experiments for each case in parentheses.
*Significant difference from controls; p < 0-01.
tNon-significant difference from controls.

Table 2 Effect ofX-irradiation and subsequent 24 hour growth
restriction on clonal growth of fibroblasts from Friedreich's
ataxia patients (FA) and control subjects.

Do in rads
Controls

Zero time
112 (2)
114 5 (2)
93 (2)
122 (1)

24-h held DMF Z
142 1-27 1
142 1-24 1
135 1 45 H
148 1*21

iedreich's ataxia

Rero time 24-h held DMF
101 5 (3) 115 1*13
120 (2) 135 1 13
103 (2) 126 1-22

Mean ± SD 1-28 ± 0-06 1 15+0.05*

Cells were maintained in growth-inhibiting conditions, irradiated with
graded doses of X-rays up to 550 rads and either plated out immediately
into normal growth medium (zero time) or kept in a growth-inhibited state
for a further 24 hours (24-h held) to allow repair of potentially lethal
damage. Cell colonies were counted after a further 17 days of normal
growth. DMF = dose-modifying factor, or ratio of the mean Do
measurements obtained with these two treatments. Data from four control
and three Friedreich's ataxia cell lines are shown, with number of replicate
experiments in parentheses.
*Significant difference from controls; p < 0-02.

POTENTIALLY LETHAL DAMAGE REPAIR IN

FRIEDREICH'S ATAXIACELLS

Table 2 summarises findings in 14 experiments in which
recovery after induction of potentially lethal damage by
X-irradiation in control and Friedreich's ataxia fibroblasts
was measured. "Zero time" values for Do obtained under
growth-inhibited conditions are not comparable to those
obtained previously for cells maintained continuously in
logarithmic growth. However it is apparent that Fried-
reich's ataxia cells are able to recover from irradiation less
well than control fibroblasts, and that the difference
between the two groups in this measure of ability to repair
radiation-induced damage is significant.

Discussion

The present findings indicate that cells from patients with
Friedreich's ataxia show increased sensitivity to ionising
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radiation when compared with control cells. Although
mild, the hypersensitivity found is statistically signifi-
cant. In contrast, cells from patients with motor neuron
disease showed the same range of Do values as did
controls. It should be noted that while Friedreich's ataxia
and control subjects were age-matched, motor neuron
disease patients were all older. However any age effect in
the present findings can be discounted because there
appears to be no difference in Do values with normal cells
in the ranges three days to 46 years'2 and 23-35 years
versus 64-75 years.'3
The biological significance of apparent cellular

hypersensitivity to ionising radiation in Friedreich's
ataxia remains to be proven, but the implication is that
impaired capacity to repair DNA exists in this disease.
This view is supported by the observation that Fried-
reich's ataxia cells appear to recover from X-ray-induced
damage (presumed to be in DNA) less well than control
fibroblasts. Further studies of potentially lethal damage
repair in Friedreich's ataxia would seem necessary, as well
as cell survival experiments using a range of mutagens
with different effects on DNA 14, before it could be firmly
stated that Friedreich's ataxia is a DNA repair-deficient
disorder.
The degree of radiosensitivity seen with Friedreich's

ataxia cells is less than that found with other putative
repair-deficient disorders and much less than that seen in
ataxia telangiectasia,'5 16 and potentially lethal damage
repair, while apparently moderately impaired in Fried-
reich's ataxia, is known to be virtually absent in ataxia
telangiectasia. '° Furthermore we have shown inhibition in
post-irradiation DNA synthesis in Friedreich's ataxia cells
but not in ataxia telangiectasia cells.6 For these reasons it
would seem likely that the molecular abnormalities
present in these two disorders are dissimilar.
By altering genetic information, deficient repair of

damage induced in nuclear DNA by a wide range of
mutagens could result in the death of long-lived,
non-renewing and highly metabolically active cell popula-
tions, such as large neurons.2 Findings in fibroblasts in
Friedreich's ataxia could thus provide a speculative
explanation for the neurological changes seen in this
disorder. Although it has previously been proposed that
the loss of motor neurons in motor neuron disease might
have a basis in defective DNA repair, 17 the present
findings do not support this speculation, though further
studies using other mutagens would seem appropriate.
This work was supported by research grants from the
Friedreich's Ataxia Group and the Medical Research
Council.
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