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SUMMARY

Lymphoblastoid lines from nine Usher's syndrome (recessively inherited retinitis pig-

mentosa and congenital sensorineural deafness) patients (representing eight kindreds) and from
ten Duchenne muscular dystrophy patients (representing seven kindreds) showed a small but
statistically significant hypersensitivity to the lethal effects of X-rays, as measured by the cellular
ability to exclude the vital dye trypan blue, when compared with lines from 26 normal control

subjects. Fibroblast lines from the Usher's syndrome patients, treated with X-rays or the
radiomimetic, DNA-damaging chemical N-methyl-N'-nitro-N-nitrosoguanidine, also showed a
statistically significant hypersensitivity when compared to normal fibroblast lines. These findings
are consistent with the possibility that defective DNA repair mechanisms may be involved in the
pathogenesis of these degenerative diseases.
The term " abiotrophy" was introduced by WR
Gowers in 1902 to signify the premature death of
excitable tissues occurring in the absence of any
histopathological evidence of the aetiology.' Gowers
included primary neuronal degenerations and the
muscular dystrophies among the abiotrophies. In
1919, E Treacher Collins classified retinitis pigmentosa, with its premature degeneration of photoreceptors, as an abiotrophy.2 The concept of abiotrophy has recently been reviewed.3
The cause of the premature death of excitable tissue in these genetic disorders has long been
unknown. We have suggested that the abiotrophic
degeneration of neural, retinal, and muscle cells
might result from the accumulation of damaged
DNA.4-'3 This DNA-damage hypothesis is based

primarily on information obtained from the study of
the autosomal recessive, sunlight-sensitivity disease
xeroderma pigmentosum, one form of which
involves a primary neuronal degeneration.4 Cultured cells from patients with xeroderma pigmentosum are hypersensitive to the lethal effects of
ultraviolet radiation and ultraviolet-mimetic chemicals because of inherited defects in the repair of
DNA.4 '4 Fibroblasts and lymphoblastoid lines from
xeroderma pigmentosum patients with an early
onset of neuronal degeneration are the most sensitive to the lethal effects of ultraviolet radiation,
while cells from patients with later onset
neurodegeneration or without neuronal degeneration are less sensitive.56 Cells from patients with
ataxia telangiectasia, another inherited primary
neuronal degeneration,'5 are hypersensitive to ionizAddress for reprint requests: Jay H Robbins MD, Building 10, ing radiation9 14 16-19 and to the radiomimetic
Room 12N238, National Institutes of Health, Bethesda, Maryland
chemical N-methyl-N'-nitro-N-nitrosoguanidine
20205, USA.
(MNNG)'820 because of a defect in either DNA
repair systems'4 1820 or some other system leading
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to secondary failure of DNA repair.2'23 More
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recently, cultured cells from patients with the following abiotrophic neurodegenerative diseases have
also been reported to be hypersensitive to the
X-ray-type of DNA-damaging agent: Huntington's
disease,9 16 1724 25 Friedreich's ataxia,26 familial
dysautonomia,"' Alzheimer s disease," and Parkinson's disease." We have also found hypersensitivity
to MNNG in a group of nine fibroblast lines from
patients with muscular dystrophy (one limb-girdle
dystrophy, two Becker's muscular dystrophy, three
myotonic dystrophy, and three Duchenne muscular
dystrophy lines).27 We now report that cells from
patients with Usher's syndrome (recessively inherited retinitis pigmentosa and congenital sensorineural deafness) are hypersensitive to X-rays and to
MNNG. We also report that lymphoblastoid lines

et

al.

from patients with Duchenne muscular dystrophy
are hypersensitive to X-rays.
Methods
Patients
In this study we evaluated lymphoblastoid lines from 26
apparently healthy normal control donors, nine patients
(representing eight kindreds) with Usher's syndrome, nine
patients (representing seven kindreds) with dominantly
inherited retinitis pigmentosa unassociated with any
neurological abnormalities, and ten patients (representing
seven kindreds) with Duchenne muscular dystrophy. Fibroblast lines were studied from 18 normal control donors,
seven patients (representing six kindreds) with Usher's
syndrome, and two patients with ataxia telangiectasia.
Identification and features of the cell donors are presented
in the legend of fig 1 and in table 1. Skin biopsy and

Table 1 Post-X-ray and post-MNNG survival parameters of fibroblast lines
Designation

Normal
CRL 1190
CRL 1220
CRL 1221
GM 969
GM 1652
GM 2149
GM 2987
GM 3349
GM 3468
GM 3651
RB 4087
RB 4436
RB 4468
RB 4470
RB 4492
RB 4494
RB 4581
RB 4582

Sex
Age,
yr yr
77
15
40
2
11
54
19
10
5 days
25
55
57
30
49
69
71
33
39

F
M
M
F
F
F
M
M
M
F
F
F
F
M
M
F
M
F
Mean

(±SE)
Usher's syndrome
GM 3854
GM 3889t
GM 3891t
RB 5061
RB 5065
RB 5205
RB 5206

47

22
16
17
27
6
32

M
M
M
F
F
F
F

Mean

(±SE)
Ataxia telangiectasia
GM 3395
GM 3487

MNNG*

X-ray series l*

Repository data

13
8

M
M

Do

D,

Series V

Series IV

~~~~DoDo,
~~~~
154
132
146
143
104
127
175
125
141

138

322
319
357
341
302
319
409
331
367

342

(±6.6)

(±10-7)

120
113
109
107
125
133
99

291
273
273
247
296
324
201

115

272

(±4-4)
45
61

(±15-0)

3-2
2-5
2-3
3-4
2-6

2-8

(±0.2)

1-8

Do

D

3-1
2-3
2-6
2-7
3-0
2-8
2-1
3-0

16-4
13-6
14-1
12-5
15-4
15-4
12-3
13-8

18-5
15-0
13-8
18-9
14-6

14-2

16-1

2-7

(±1-0)

(±0-1)

(±0.5)

2-5

12-4

2-2

12-1

11.0
2-3

12-6

2-3

12-4

(±0-2)

(±0-1)

126
149

*The Do is the dose in rads of X-rays or the ,uM concentration of MNNG reducing survival from any point on the exponential portion of the
survival curve to 37% of that point. The D.o and D0 are the doses reducing colony-forming ability to 10% and 1%, respectively. The D0
values in series IV and V for the normal lines have been published previously.2"
tLines GM 3889 and GM 3891 are from brothers.
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Survival of lymphoblastoid lines
Epstein-Barr virus-transformed peripheral blood lymphocytes were cultured, irradiated with X-rays, and evaluated
as described previously9' except that the lymphoblastoid
lines were not centrifuged prior to treatment with X-rays
but were simply diluted with culture medium to the
required cell concentration. The post-irradiation viability
ratio of a cell line was calculated by dividing the concentration of viable (trypan-blue-excluding) cells in an irradiated
culture on the third day after irradiation by the concentration of viable cells in an unirradiated culture of the same
line on the same day.9' A limitation of this dye exclusion
assay is that it is not automated and requires visual scoring
of viable cells. Therefore, to avoid observer bias, counting
of viable cells was performed using coded samples, and at
least six replicate experiments were done on each line
except that one normal line had only five replicate experiments. Even though the dye exclusion assay involves scoring single cells, results with the assay9 28 correlate well with
colony-forming ability of the lymphoblastoid lines.'7 28 For
the 26 normal control lines used in this study and for the 16
genetic control lines reported on previously," there was no
correlation between the post-irradiation viability ratio and
either donor age or growth rate of unirradiated lines. For
the statistical comparison of groups of lines, analysis of
vanance methods were used.29 One-sided p values are

7
lireported.

0-030
0 28

Fig
Survival of lymphoblastoid lines treated with 100
rads of X-rays. Each symbol represents the mean viability
ratio of at least six replicate experiments on a line with the
exception of three Duchenne muscular dystrophy, one
Usher's syndrome, and two dominant retinitis pigmentosa
symbols each of which represents the average of the viability
ratios of lines derived from a pair of afflicted family
members. The viability ratio of each afflicted member of a
pair from a kindred was within 2 % of the average ratio of
the pair. Each horizontal bar represents the mean ratio for
its group. The p value is for comparison with the 26 normal
control lines. Omission of the highest normal control line,
whose viability ratio of 0-73 increases the variance of the
normal control group, would result in a mean ratio for the
normal control lines of 0.528 and in lower p values for the
hypersensitive patient groups (p = 0-003 for the eight
Usher's syndrome and 0-004 for the seven Duchenne
dystrophy kindreds). Duchenne dystrophy lines: AG 3929,
GM 3780, 3782, RB 4100, 5014, 5113, 5115, 5124, 5126
and NIH line C. Usher's syndrome lines: GM 3853, 3892,
RB 4361, 5062, 5064, 5204, 5207, 5333 and 5360.
Dominant retinitis pigmentosa lines: GM 3823, 3834,
3836, 3894, 3907, 3911, RB 4562, 5058 and 5060.

venepuncture were performed after obtaining informed
consent of the donors. Lines with "GMN' and "'RB"

prefixes were obtained from the Institute for Medical
Research, Camden, NJ. Lines with "'CRL" prefixes were
from the American Type Culture Collection, Rockville,
MD.

Survival offibroblast lines
With the exception of the two ataxia telangiectasia fibroblast lines used in the X-ray experiments, all fibroblast
lines were coded so that the personnel performing and
evaluating the experiments did not know the identity of the
lines. There was no correlation between the post-treatment
survival parameters of the fibroblast lines and either donor
age or plating efficiency of the untreated lines. Fibroblast
lines for X-ray treatment

were

cultured6 and irradiated9 as

described previously. Fibroblast lines for the Nmethyl-N'-nitro-N-nitrosoguanidine experiments were
cultured and treated with MNNG after the method of
Scudiero20 and exactly as in the previous MNNG series
I-I11.'° The serum concentrations referred to therein'0 as
10% and 20% were actually 8½/2% and 162/3%, respectively. We present here the results on all the coded normal
and Usher's syndrome lines studied in MNNG series IV
and V.
Fibroblast colony-forming ability after treatment was
calculated by dividing the colony-forming efficiency (that
is, "plating efficiency") of a line at a given treatment dose
by the colony-forming efficiency of that line's untreated
cells in the same experiment. If the latter was less than 1 %,
the experiment was discarded. At least four colonies had to
be present at a given treatment dose for tabulation. The
average plating efficiency of the Usher's syndrome lines
when untreated was not significantly different from that of
the normal lines. Two to ten replicate experiments were
performed with each cell line for X-rays, and at least four
with each cell line for MNNG (except that one normal line
from MNNG series V had only one experiment and
another had three). In each experiment a straight line was
fit to the logarithms of the colony-forming ability at all
X-ray doses and at 6 ,uM and higher MNNG doses using
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the method of least squares. From each straight line the
Y-axis intercept and the D0,, D,O, and Do, survival parameters were obtained by computer as described in detail
previously.27 The Do is the negative inverse of the slope of
the exponential portion of the survival curve and is the
treatment dose which reduces the colony-forming ability
from any point on the exponential portion of the survival
curve to 37% of that point. The D,0 and Doi values are the
doses which reduce the colony-forming ability to 10% and
1 %, respectively. The methods used to estimate survival
curves and to compare lines and groups of lines have been
described previously.27 One-sided p values are reported.
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from that of 0-55 (+0.030) for the seven dominant
retinitis pigmentosa kindreds (last column). The
mean viability ratio of 0-49 (±0-010) for the eight
Ushef's syndrome kindreds (third column) was
significantly less than the mean ratio of the normal
control lines (p = 0.009) and of the seven dominant
retinitis pigmentosa lines (p = 0.029). The mean
viability ratio of 0-49 (±0.009) for the seven
Duchenne muscular dystrophy kindreds (second
column) was significantly less (p = 0-012) than the
mean ratio of the normal control lines.

Results

SURVIVAL OF FIBROBLAST LINES

SURVIVAL OF LYMPHOBLASTOID ILINES

Figure 2 shows the post-X-ray survival of the nine
normal fibroblast lines (shaded area), seven Usher's
syndrome lines (open symbols), and the two ataxia

Figure 1 shows the post-X-ray viabiility ratios of the
lymphoblastoid lines. The mean viability ratio
(±SE) of 0-54 (+0-010) for the 26 normal control
lines (first column) was not signifiicantly different

telangiectasia lines (solid symbols). Table 1 presents
the post-X-ray survival parameters for these lines.
The normal lines had mean Do and D0 values of 138
(range 104-175) and 342 (range 302-409), respectively. The two ataxia telangiectasia lines (fig 2)
100
Usher's syndrome
were very sensitive to the X-rays and had mean D,,
O RB 5205
A RB 5065
and D,0 values of 53 and 138, respectively (table 1).
O GM 3854
The seven Usher's syndrome lines represented six
O GM 3889
kindreds, four of which had lymphoblastoid lines
R GM 3891
studied. These Usher's syndrome lines had survival
v RB 5206
curves which extended from the lowest part of the
normal zone to well below that zone (fig 2). Their
mean Do and D10 values (table 1) of 115 (range
99-133) and 272 (range 201-324), respectively,
Normal
were significantly less than the corresponding mean
Colony-forming
\2$zone2
values
for the nine normal lines (p = 0 007 and
ability
10
The two Usher's syndrome sib0-001,
respectively).
1% remaining)
lings, GM 3889 and GM 3891, had similar survival
curves (fig 2; table 1). With their average Do and D,0
values representing a single kindred, the mean Do
(116) and D,0 (272) values for the six Usher's syndrome kindreds were still significantly less than the
BE
\
corresponding values of the nine normal lines (p =
\\G 0-015 and 0-002, respectively).
The post-MNNG survival parameters of the five
Ataxia telangiectasia
normal lines in MNNG series IV (table 1) had mean
GM 3395
* GM 3487
Do and Do, values of 2-8 (range 2.3-3.4) and 16-1
(range 13-8-18-9), respectively, and were not
300
100
400
0
200
significantly different from those obtained for these
X-ray dose ( mrsdl
lines when they had been studied and presented
Fig 2 Post-X-ray survival of normal an d Usher's
previously in series 111.10 The Usher's syndrome line
syndrome fibroblast lines. Each plotted p oint for a cell line
RB 5205, from one of the lymphoblastoid line
is the geometric mean of the post-X-ray coolony-forming
donors, had Do and Doi values of 1-8 and 11-0,
ability obtained at the indicated dose frorrn the replicate
respectively, which were significantly below those of
experiments performed. The straight line depicting the
the five normal lines (p = 0-02 and 0-05, respecexponential portion of each survival curv e corresponds to
tively). The eight additional normal lines of MNNG
the D 0 and Do estimates reported in the taxble. Identification
V had mean Do and Do, values, respectively,
of cell lines is presented in table 1. Usher' s syndrome lines
ser0es
GM 3889 and GM 3891 are from sibling 5s. The shaded
of 2-7 (range 2-1-3-1) and 14-2 (range 12.3-16-4)
normal zone encompasses the survival cu rves for the nine
(table 1). The three new Usher's syndrome lines of
series V were from three of the Usher's syndrome
normal lines.
..........

A
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irradiated normal fibroblast lines are similar to the
values reported for normal lines by Chamberlain
and Lewis26 (mean 150; range 125-168) and by Cox
and Masson36 (mean 122; range 98-160). It is of
interest that the mean post-irradiation Do value for
the Friedreich's ataxia fibroblasts reported by
Chamberlain and Lewis26 was 83% of the mean
value for their normal lines, while the mean postirradiation Do of our Usher's syndrome fibroblast
lines also was 83% of the mean of our normal lines
(table 1). If Usher's syndrome and Friedreich's
Discussion
ataxia are disorders with defective repair of DNA, it
should be possible to find other DNA-damaging
Ushers syndrome is the first disease with retinitis agents which will induce a relatively larger differenpigmentosa demonstrated to have enhanced sen- tial in post-treatment survival than that induced by
sitivity to ionising radiation or to a radiomimetic ionising radiation or MNNG. We have used X-rays
chemical. Usher's syndrome cells are hypersensitive and MNNG because of the hypersensitivity of ataxia
in the lymphoblastoid (fig 1) and fibroblast-X-ray telangiectasia fibroblasts to these agents;'4 16 18-20
(fig 2; table 1) assays and the fibroblast-MNNG however, for the reasons discussed by Chamberlain
assay (table 1). While there is overlap in all three and Lewis,26 the molecular abnormality of ataxia
assays between the post-treatment survival of the telangiectasia is probably different from that of
Usher's syndrome lines and that of the normal lines, Friedreich's ataxia and, therefore, of Usher's synthe hypersensitivity found is statistically significant. drome. In this regard, it is important to note that
A similar degree of overlap with the lower normal neither deafness nor retinitis pigmentosa occurs in
limit has been reported in ionising-radiation survival ataxia telangiectasia.'3 15
assays for the following radiosensitive disorders:
Many patients with the ultraviolet-sensitive
Huntington's disease,'72425 Alzheimer's disease," disorder Cockayne's syndrome have a retinitis pigParkinson's disease," Friedreich's ataxia,26 and the mentosa,3' and Cockayne' s syndrome cells are
heterozygous state of ataxia telangiectasia.'618 A hypersensitive to the lethal effects of ultraviolet
possible reason for such overlap is that the lethal radiation'430 3' and have abnormal host-cell reactidamage responsible for the hypersensitivity repre- vation of ultraviolet-irradiated viruses.'2 33 34 In consents but a small portion of the total lethal lesions trast, cells from patients with Usher's syndrome,
induced by the ionising radiation. A more detailed which is not clinically a sunlight sensitive disorder,
discussion of this possible mechanism and of its can repair ultraviolet-radiation-induced DNA damrelationship to defective processes for repairing age normally: the three Usher's syndrome lymphodamaged DNA is presented below.
blastoid lines we tested had normal post-ultraviolet
Several diseases with sensorineural deafness other irradiation survival (unpublished data), and Usher's
than Usher' s syndrome are also associated with syndrome fibroblasts have normal host-cell reactivahypersensitivity to DNA-damaging agents: tion of ultraviolet irradiated H simplex virus.'2 Thus,
xeroderma pigmentosum6 '4 and Cockayne' s syn- Usher's syndrome is the first retinal dystrophy
drome'4 30 3 cells are hypersensitive to the shown to have hypersensitivity to the X-ray-type of
ultraviolet-type of DNA-damaging agent, and DNA-damaging agent. However, not all diseases
Friedreich's ataxia26 cells to the ionising-radiation- with retinitis pigmentosa are associated with
type of DNA-damaging agent. Both xeroderma hypersensitivity to these DNA-damaging agents.
pigmentosum and Cockayne' s syndrome are dis- The group of lymphoblastoid lines from patients
eases with demonstrated inherited defects in DNA with dominantly inherited retinitis pigmentosa had
repair-fibroblasts from these diseases are unable to normal survival after treatment with X-rays (fig 1),
repair normally ultraviolet-irradiated viruses in and the one dominant retinitis pigmentosa lymphohost-cell reactivation experiments.'2 32-34 Fried- blastoid line tested had normal survival after treatreich's ataxia may also be a disease with defective ment with ultraviolet radiation (unpublished data).
DNA repair; recently, Lewis and coworkers have Similarly, not all primary neuronal degenerations
shown that Friedreich' s ataxia fibroblasts have have a hypersensitivity to the X-ray-type of DNAhypersensitivity to ionising radiation,26 moderately damaging agent: groups of fibroblast lines from
impaired potentially lethal DNA damage repair,26 eight patients classified as having motor neuron disand inhibition of post-irradiation DNA synthesis.35 ease26 and from five patients with spinal muscular
The Do values (mean 138; range 104-175) of our atrophy38 had normal survival after treatment with
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lymphoblastoid line kindreds. Their mean Do and
Doi values of 2-3 and 12-4, respectively, were
significantly less than the corresponding mean values of the normal lines (p = 0-023 and 0-006,
respectively). The summary p values for the mean
Do and Doi values of these three Usher's syndrome
lines and the Usher's syndrome line of series IV
were p = 0013 and 0-009, respectively, demonstrating that these four Usher's syndrome lines were
hypersensitive to MNNG.

ionising radiation and MNNG, respectively, and a
group of five lymphoblastoid lines from patients
with amyotrophic lateral sclerosis had normal
post-X-ray survival (unpublished data).
It is important to note that the absence of
hypersensitivity to the lethal effect of a specific
DNA-damaging agent does not necessarily indicate
that the disease in question has no inherited defect
in the repair of DNA. Thus, the lymphoblastoid line
tested from one member of the xeroderma pigmentosum complementation group E kindred,39 as well
as the fibroblast line from the other member,40 had
post-ultraviolet irradiation survival in the normal
range despite the fact that this kindred has welldocumented defects in nucleotide excision repair4'
and in host-cell reactivation of ultraviolet irradiated
virus32 and purified viral DNA.42 Therefore, before
concluding that dominantly inherited retinitis pigmentosa has no abnormal responses to DNAdamaging agents, other types of agents and tests will
have to be utilised.
The presence of hypersensitivity to X-rays in the
Duchenne muscular dystrophy lymphoblastoid lines
(fig 1) is consistent with our finding of low postMNNG survival in three Duchenne muscular dystrophy fibroblast lines.27 Thus, the association between hypersensitivity of fibroblasts to MNNG"' 18 20
and hypersensitivity of lymphoblastoid lines to
X-rays9 1" demonstrated for neurodegenerations and
for Usher's syndrome is applicable also to the
Duchenne form of muscular dystrophy.
We have demonstrated in Huntington's disease,9'
Alzheimer disease," Parkinson's disease," Usher's
syndrome, and Duchenne muscular dystrophy that
the hypersensitivity is specific for the ionisingradiation type of DNA-damaging agent, since there
is normal survival after treatment with 254-nm
ultraviolet radiation in fibroblasts and/or lymphoblastoid lines from patients with these disorders.
Although the molecular basis for the in vitro
Table 2 Degenerative disorders of excitable tissue with
cellular hypersensitivity to DNA-damaging agents
Classification

Reference

UV-radiation-type:
Xeroderma pigmentosum
(6, 14)
Cockayne's syndrome*
(14, 30, 31)
X-ray-type:
Ataxia telangiectasia
(9, 14, 17, 19, 20)
Friedreich's ataxia
(26)
Huntington's disease
(9, 10, 16, 17, 24, 25)
Familial dysautonomia
(10)
(11)
Alzheimer's disease
Parkinson's disease
(1i)
(Current study)
Ushee's syndrome
Duchenne muscular dystrophy
(Current study)
'While Cockayne's syndrome is primarily a demyelinating disease,
the degeneration of photoreceptors in Cockayne's syndrome
appears to be a primary retinal degeneration.'3 37
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hypersensitivity to X-rays and MNNG of these cells
is unknown, we hypothesise that X-rays and MNNG
produce their lethal effect in vitro by damaging
DNA. Exposure of cells to either of these agents in
vitro results in a myriad of different types of lesions
in DNA.4344 Some are not lethal even if unrepaired;
others are potentially lethal lesions. In normal cells a
certain fraction of these potentially lethal lesions are
not repaired. The fraction of these lesions not
repaired by the patients' cells may be slightly higher
due, perhaps, to the inability of the patients' cells to
repair an infrequent type of normally repairable
lesion. The resulting slight increase in the number
of lethal lesions remaining in the patients' cells could
cause the small (but significant) hypersensitivity
we have demonstrated (figs 1 and 2; table 1). Presumably, greater differences between disease and
normal cells would be evident in vitro if more selective DNA-damaging agents were used.
In vivo, the DNA of post-mitotic excitable tissue
is constantly being damaged by intracellular metabolites45 and spontaneous hydrolytic reactions.46 Due
to differences in the intracellular or extracellular
environment,7 '13the types and quantities of this
DNA damage would differ among different excitable tissues and between different neuronal populations.'2 13 In normal cells the damaged DNA is readily repaired, but in these diseases characterised by
hypersensitivity (table 2) there is defective repair of
a type of potentially lethal lesion. The excitable tissue which undergoes premature death would be that
in which the unrepairable type of lesion represents a
relatively large proportion of the potentially lethal
lesions induced. The different clinical patterns of
these various disorders would result from different
defective repair processes or from different mutations in the same repair process.'2 '3 The ultraviolettype of DNA damage accumulates in xeroderma
pigmentosum,6 '3 while the X-ray-type of DNA
damage accumulates in radiosensitive neurodegenerations, Usher's syndrome, and Duchenne muscular dystrophy. Examination of the DNA from
Duchenne dystrophy muscle cells in various stages
of dystrophic change should reveal increasing levels
of accumulated DNA damage. Since samples of
skeletal muscle can be safely and abundantly
obtained, it should be possible to test our
hypothesis.
References
Gowers
2

WR. A lecture on abiotrophy. Lancet
1902;i: 1003-7.
Collins ET. IX. Diseases of the retina. 1. Abiotrophy of
the retinal neuro-epithelium or "retinitis pigmentosa". Trans Ophthal Soc UK 1919;39: 165-95.

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp.47.4.391 on 1 April 1984. Downloaded from http://jnnp.bmj.com/ on January 9, 2023 by guest.
Protected by copyright.

396

3Lewis PD. Abiotrophy Revisited. In: Rose FC, ed.
Motor Neurone Disease. New York: Grune and Stratton 1977:30-35.
4Robbins JH, Kraemer KH, Lutzner ML, Festoff BW,
Coon H. Xeroderma pigmentosum. An inherited
disease with sun sensitivity, multiple cutaneous neoplasms, and abnormal DNA repair. Ann Intern Med
1974;80: 221-48.
5Andrews AD, Barrett SF, Robbins JH. Relation of
DNA repair processes to pathological ageing of the
nervous system in xeroderma pigmentosum. Lancet
1976;i: 1318-20.
6 Andrews AD, Barrett SF, Robbins JH. Xeroderma pigmentosum neurological abnormalities correlate with
colony-forming ability after ultraviolet radiation. Proc
Natl Acad Sci USA 1978;75:1984-8.
7Robbins JH. Workshop summary: xeroderma pigmentosum. In: Hanawalt PC, Friedberg EC and Fox CF,
eds. DNA Repair Mechanisms. New York: Academic
Press 1978:603-7.
8 Robbins JH. Significance of repair of human DNA: evidence from studies of xeroderma pigmentosum. J Natl
Cancer Inst 1978;61:645-56.
9 Moshell AN, Tarone RE, Barrett SF, Robbins JH.
Radiosensitivity in Huntington's disease: implications
for pathogenesis and presymptomatic diagnosis. Lancet 1980;i: 9-11.
Scudiero DA, Meyer SA, Clatterbuck BE, Tarone RE,
Nto
Hypersensitivity
Robbins
JH.
methyl-N'-nitro-N-nitrosoguanidine in fibroblasts
from patients with Huntington disease, familial
dysautonomia and other primary neuronal degenerations. Proc Natl Acad Sci USA 1981;78:6451-5.
"Robbins JH, Otsuka F, Tarone RE, et al. Radiosensitivity in Alzheimer disease and Parkinson disease. Lancet 1983;i:468-9.
12 Lytle CD, Tarone RE, Barrett SF, Wirtschafter JD,
Dupuy J-M, Robbins JH. Host cell reactivation by
fibroblasts from patients with pigmentary degeneration of the retina. Photochem Photobiol
1983;37: 503-8.
3 Robbins JH. Hypersensitivity to DNA-damaging agents
in primary degeneration of excitable tissue. In: Friedberg EC, Bridges BR, eds. Cellular Responses to DNA
Damage. UCLA Symposia on Molecular and Cellular
Biology, New Series, Volume II. New York: Alan R
Liss 1983, 671-700.
4 Friedberg EC, Ehmann UK, Williams JI. Human diseases with defective DNA repair. In:- Lett JH, Adler
H, eds. Advances in Radiation Biology: Vol VIII. New
York: Academic Press, 1979:85-117.
Blackwood W, Corsellis JAN (eds). Greenfield's
Neuropathology. London: Edward Arnold, 1976.
16 Paterson
MC, Bech-Hansen NT, Blattner WA,
Fraumeni JF Jr. Survey of human hereditary and
familial disorders for gamma-ray response in vitro:
occurrence of both cellular radiosensitivity and
radioresistance in cancer-prone families. In: Nygaard
OF, Simic MG, Hauber JN eds. First Conference on
Radioprotectors and Anticarcinogens. New York:
Academic Press, 615-30.
7 Chen P, Kidson C, Imray FP. Huntington's disease:
10

397

implications of associated cellular radiosensitivity.
Clin Genet 1981;20:331-6.
18 Paterson MC, Bech-Hansen NT, Smith PJ, Mulvihill JJ.
Human hereditary and familial disorders linking
radiogenic neoplasia with altered cellular radiosensitivity and faulty DNA repair. In: Boice JD Jr,
Fraumeni JF Jr eds. Radiation Carcinogenesis:
Epidemiology and Biological Significance. New York:
Raven Press, in press.
9 Taylor AMR, Harnden DG, Arlett CF, Harcourt SA,
Lehmann AR, Stevens S, Bridges BA. Ataxiatelangiectasia: a human mutation with abnormal radiation sensitivity. Nature 1975;258:427.
20 Scudiero DA. Decreased DNA repair synthesis and
defective colony-forming ability of ataxia telangiectasia fibroblast cell strains treated with Nmethyl-N'-nitro-N-nitrosoguanidine. Cancer Res
1980;40: 984-90.
21 Edwards JE, Taylor AMR. Unusual levels of (ADPribose),, and DNA synthesis in ataxia telangiectasia
Nature
irradiation.
following y-ray
cells
1980;287:45-7.
22 Painter RB, Young BR. Radiosensitivity in ataxiatelangiectasia: a new explanation. Proc Natl Acad Sci
USA 1980;77:7315-17.
23 Jaspers NGJ, Bootsma D. Abnormal levels of UVinduced unscheduled DNA synthesis in ataxia telangiectasia cells after exposure to ionizing radiation.
Mutat Res 1982;92:439-46.
24 McGovern D, Webb T. Sensitivity to ionizing radiation
of lymphocytes from Huntington' s chorea patients
compared to controls. J Med Genet 1982;19: 168-74.
25 Arlett CF. Presymptomatic diagnosis of Huntington's
disease. Lantet 1980;i:540.
26 Chamberlain S, Lewis PD. Studies of cellular hypersensitivity to ionising radiation in Friedreich's ataxia. J
Neurol Neurosurg Psychiatry 1982;45: 1136-8.
27 Tarone RE, Scudiero DA, Robbins JH. Statistical
methods for in vitro cell survival assays. Mutat Res
1983; 111:79-96.
28 Chen PC, Lavin MF, Kidson C, Moss D. Identification
of ataxia telangiectasia heterozygotes, a cancer prone
population. Nature 1978;274:484-6.
29 Snedecor GW, Cochran WG. Statistical Methods. Ames
IO: Iowa State Univ Press 1967:258-312.
30 Schmickel RD, Chu EHY, Trosko JE, Chang CC.
Cockayne syndrome: a cellular sensitivity to
ultraviolet light. Pediatrics 1977;60:135.
31 Andrews AD, Barrett SF, Yoder FW, Robbins JH.
Cockayne's syndrome fibroblasts have increased sensitivity to ultraviolet light but normal rates of
unscheduled DNA synthesis. J Invest Dermatol
1978;70: 237.
32 Day RS. Studies on repair of adenovirus 2 by human
fibroblasts using normal, xeroderma pigmentosum and
xeroderma pigmentosum heterozygous strains. Cancer
Res 1974;34:1965.
33 Rainbow AJ, Howes M. A deficiency in the repair
of UV and y-ray damaged DNA in fibroblasts from
Cockayne syndrome. Mutat Res 1982;93:235.
34 Day RS, Zoilkowski CHJ, DiMattina M. Decreased host
cell reactivation of UV-irradiated adenovirus 5 by

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp.47.4.391 on 1 April 1984. Downloaded from http://jnnp.bmj.com/ on January 9, 2023 by guest.
Protected by copyright.

Hypersensitivity to DNA-damaging agents in cultured cells

Robbins, Scudiero, Otsuka, Tarone et al.
mentosum group G strain. J Invest Dermatol

1981;76:59.

42

4
4

4
46

de Weerd-Kastelein EA, Keijzer W, Sabour M, Parrington JM, Bootsma D. A xeroderma pigmentosum
patient having a high residual activity of unscheduled
DNA synthesis after UV is assigned to complementation group A. Mutat Res 1976;37:307-12.
Abrahams PJ, Eb AJ van der. Host-cell reactivation of
ultraviolet-irradiated SV40 DNA in five complementation groups of xeroderma pigmentosum. Mutat Res
1976;35: 13-22.
Huttermann J, Kohnlein W, Teoule R, eds. Effects of
Ionizing Radiation on DNA. Berlin: Springer-Verlag
1978:312-71.
Singer B. N-nitroso alkylating agents: formation and
persistence of alkyl derivatives in mammalian nucleic
acids as contributing factors in carcinogenesis. J Natl
Cancer Inst 1979;62: 1329-39.
Barrows LR, Magee PN. Nonenzymatic methylation of
DNA by S-adenosyl-methionine in vitro. Carcinogenesis 1982;3: 349.
Lindahl T. DNA repair enzymes acting on spontaneous
lesions in DNA. In: Nichols WW, Murphy DG, eds.
DNA repair processes. Miami: Symposia Specialists
Inc., 1977:225-40.

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp.47.4.391 on 1 April 1984. Downloaded from http://jnnp.bmj.com/ on January 9, 2023 by guest.
Protected by copyright.

398
fibroblasts from Cockayne's syndrome patients.
Photochem Photobiol 1981;34:603.
35 Chamberlain S, Cramp WA, Lewis PD. Defects in
newly synthesized DNA in skin fibroblasts from
patients with Friedreich's ataxia. Lancet 1981j;i: 1165.
36 Cox R, Masson WK. Radiosensitivity in cultured human
fibroblasts. Int J Radiat Biol 1980;38:575-6.
37 Brumback RA, Yoder FW, Andrews AD, Peck GL,
Robbins JH. Normal pressure hydrocephalus. Recognition and relationship to neurological abnormalities
in Cockayne's syndrome. Arch Neurol 1978;37:33745.
36 Scudiero DA, Brumback RA, Tarone RE, Clatterbuck
BE, Robbins JH. Amyotrophic lateral sclerosis and
spinal muscular atrophy fibroblasts are not hypersensitive to killing by a DNA-damaging agent. Clin Res
1983;31: 292A.
39 Moshell AN, Tarone RE, Newfield SA, Andrews AD,
Robbins JH. A simple and rapid method for evaluating the survival of xeroderma pigmentosum lymphoid
lines after irradiation with ultraviolet light. In Vitro
1981; 17:299.
40 Barrett SF, Tarone RE, Moshell AN, Ganges MB,
Robbins JH. The post-UV colony-forming ability of
normal fibroblast strains and of the xeroderma pig-

