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A great deal of investigation with regard to the cytological and chemical effects of ionizing radiation

on the central nervous system has clarified the sensitivity of the interstitial cell svstem®?-91D18)14)22)84)

Effects of ionizing radiations on the ependyma cells, however, have been reported only by few investiga-

tors®1980, Brownson has indicated that the choroid plexus, ependymal and subependymal cells of 9 month

old rats receiving X-irradiation with doses between 1,000 and 5,000 R to the head underwent variable

changes in the structure and greater evidence of swelling and vacuoclization was noted at lower levels of
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X-irradiation®. The sensitivity of ependyma cells in vitro to X-irradiation was not observed in the pre-
vious investigations.

The technique of tissue culture offers a means of direct and continual observations of any experimental
manipulation on a group of living cells. Effects of ionizing radiations on the central nervous system seems
to be induced not only directly but also indirectly through the damage to vascular systems by irradiation.
Therefore, investigations with the tissue culture method is considered to be significant in order to observe
the direct disturbances of the central nervous system by irradiation excluding the factors of vascular systems.

In almost all of the previous investigations with regard to the effects of irradiation on the central ner-
vous tissues, studies have been restricted only to the organic changes of the tissues. Since, in most cases,
the central nervous tissues are remarkable in their ability to withstand a massive dose of radiation before
their organic changes are observed, the tissues have been considered to be radio-resistant. However,
possibility can not be excluded that the tissues are functionally radiosensitive. Therefore, studies are also
important in researching the radiosensitivity of the central nervous system. I'rom these considerations
the studies were designed. to investigate the radiation effects on the ciliary motility of ependyma cells.

Ependyma cells have been studied both in vivo and in vitro by several investigatorsD®®1910 Hild
has pointed out that cultured ependyma cells were astonishingly resistant to the action of some unphysio-
logical conditions!¥17,

This investigation (part 1) was undertaken to determine the sensitivity of ependyma cells in vitro to
the ~-irradiation. The ventricular linings obtained from kittens younger than 1 month of age were cul-
tivated in vitro and the tissue fragments containing the ependyma cells were exposed to y-irradiations after
7 days in culture. Then, observations on the ciliary activity of ependyma cells in culture were made and
the comparison with that of controls were performed in this experiment.

Radiation effects on the growth of cultured central nervous tissue have been studied by Levi et al and
Goldring20 1, However, no reports with regard to the inhibition of growth activity of the cultures from
the central nervous tissue of mammalian exposed to y-irradiation have presented. Therefore, the follow-
ing investigations (part 2) were undertaken to determine the effects of y-irradiation on the growth in tissue
culture of kitten cerebral cortices younger than 1 month of age and of cerebellar cortices of 3 day old ICR-
strain mice emphasizing the difference of radiosensitivity between in vitro and in vivo exposure. In order
to observe the direct as well as indirect effects of y-irradiation on the growth of cerebral and cerebellar
cortices in tissue culture, the experimental groups were classified roughly into two groups: Group 1)
Cerebral cortices were excised from normal kittens, irradiated in vitro. and then cultured. Group 2)
Kittens or ICR-strain mice were irradiated in vivo (total head irradiation) and cerebral or cerebellar cor-

tices were removed at 1 hour after irradiation and then cultured: Comparison on the growth activity of
both groups in culture was made.

Part 1 Effects of Ionizing Radiations on the Ciliary Activity of Ependyma
Cells in Tissue Culture

Materials and Methods

Culture Techniques: The method employed for culture was the primary culture by means of a roller

tube method similar to those in the previous reports!®19191928202D23DINM40. Tissue fragments of

cerebral cortices were obtained from the third and lateral ventricular linings of kittens in the first month
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of life. Three of such fragments, cut approximately 0.5-1 mm? in Gey's balanced salt solution, were set
upona l2 x 50 mm cover slip of No. 1 thickness in a clot of equal parts of heparinized rooster plasma and
tissue extract of 8 day old chick embryos. A cover slip was placed in a roller tube, and 2 ml of fluid nutrient
medium (509, human ascitic fluid, 459, Gey’s balanced salt solution, containing 300 mg9%, of glucose,
5%, embryonic extract) was added. Penicilline, 1,000 units par ml of nutrient, was also added to insure
against chance of contamination. The cultures were maintained at 37°C in a drum desigried to complete
8 revolutions par hour. At 7 days in culture a cover slip was removed from roller tube and mounted in
closed chambers and cultures were observed under a phase optics. After observation of the ciliary move-
ments the cultures were irradiated.

Irradiation: a) y-irradiation to the cultures from Co-60 source: The distance from the source to
the cultures was 31 cm. The doserate was 240 R/min. Dosimery was carried out with the use of a Sie-
mens Universal Dosimeter. The culculation of the actual radiation exposure of ependyma cells was un-
certain because of their intimate contact with glass. The temperature of the cultures during irradiation
time of 40 minutes to 14 hours fell to between 21°C and 29°C. The cultures of control were set at the same
temperature exactly. b) y-irradiation to the cultures from Ra-226 source: A radium needle of 30 mg
with 1.5 ¢m active length was placed on the cover slip, so that the distance between the center of the radium
needle and the part of the ependyma cells is 3 mm. Dosage culculation was made by Quimby’s table.

89 In this condition R/hour was approximately 1,800 R.

Observations and Results

Before and after irradiation the cultures were observed under a phase optics. The general fteatures
of the growth pattern were almost the same as those described by Hild.!™ The ependyma cells showed
two types of outgrowth patterns, the first being in the form of an epithelial sheet in which the cells became
flattened to a considerable degree, attaching to the surface of the cover slip with what seems to be their ori-
ginal basal end. The free surface bearing the cilia was directed toward the culture medium. The second
manner in which ependyma cells established themselves in vitro was with the formation of pools or elon-
gated parallel double rows. The apical parts of such elements in one row faced the apical parts of those
on the opposite side. The cilia extended into the space between the two rows. The cilia were in constant
rapid motion which was apparently very well co-ordinated.

The cilia of ependyma cells in the second manner were mainly observed under a phase optics. The
speed of the ciliary motility was observed before and after exposure frequently until the arrest of the moti-
lity. The ratio of the speed of ciliary movement before irradiation to that after irradiation was measured.
The speed of ciliary movement was culculated by measurernent of time required to observe 100 pendel
movements of cilia. The continuation time of the motility from the completion of the exposure to the ar-
rest of the motion was also measured and compared with the non-irradiated controls. The temperature
of the cultures during observation time fell to between 20°C and 39°C. The ependyma cilia in this con-
dition were shown to be moving at a rate of 3 to 7 times per second before irradiation. The continuation
time of the ciliary motility of controls was approximately 70 to 140 hours. In the experiment of b) the
movements of cilia irradiated with 13,000, 17,000 and 22,000 R respectively were measured during irra-
diation from Ra-226 source and the ratio of the speed of these cilia to that of non-irradiated controls was

culculated.
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The changes in the ciliary motility of the ependyma cells in tissue culture was as follows. There were
no significant manifestations of the alteration both in the speed and continuation time at doses below
50,000 R. However, at 60,000 to 100,000 R shortening of continuation time of ciliary movements was
found and the rate of ciliary motility became reduced at the end of irradiation. In a few cases in which
irradiation was carried out with 60,000 to 90,000 R arrest of the motility was observed when irradiation
was completed. In most cases, the ciliary movement was arrested at the end of the exposure to 100,000
R and no observable ciliary motility was found with 200,000 R after completion of exposure. Under
microscopical observations during Ra-irradiation no marked alteration of ciliary movement was observed
at doses below 22,000 R.  Fig. 1. indicates the ependyma cells in the second manner from the third ventri-
cular linings of the kitten younger than 1 month of age. Fig. 2. shows the percentage of speed ratio of
ciliary motility before irradiation to that after irradiation. Fig. 3. indicates the percentage of continuation

time of ciliary motility of controls with that of experimentals after irradiation.

Fig. 1. Ciliated ependyma cells from third ventricle of kittens younger than 1 month old. 7
days in vitro. The cilia are some’ what blurred due to their rapid movement during

iII .

exposure time. Phase cotrast. x 200 (left) < 400 (rithg)

Fig. 2. 'I\_’Iefm "ay{e of . » Fig. 3. Percentage of continuation time of
speed of ciliary motility /speed of ciliary motility ciliary motility of controls with that of
of exp. after irr. of exp. before irr. . )
o e P —x 100 experimentals after irr.
speed of ciliary motility /speed of ciliary motility
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Part 2 Effects of Ionizing Radiations on the Growth Activity of Cultures from

Central Nervous Tissue

Materials and Methods

Materials: The cerebral cortices obtained from the third and lateral ventricular linings of the vy-

— 40 —



WEFndd4£ 9 H25A 637

irradiated and non-irradiated kittens, which were younger than 1 month of age, and the cerchellar cor-
tices of the y-irradiated 3 day old ICR-strain mice were used as materials.

Culture Techniques: The culture method employed was the same as that described in part 1.

Irradiation:  Co-60 source was used for y-irradiation of the kittens, the mice and the cultures. The
«distance from the source to the cultures were 42.6 cm for the in vitro radiation studies and 60 ¢m for irra-
«diation to the head of the kittens and mice. The dosage of Co-60 irradiation was measured by a Siemens
Universal Dosimeter. The intensity for group 1 was 135 R/min. For group 2 the intensity was 69.5
R/min. The temperature of the cultures during irradiation time of 15 minutes to 6 hours fell to between
21°Cand 28°C. Cultures of the controls were set at the same temperature exactly. During the exposure
time of 15 to 86 minutes to the head of kittens and mice, controls were treated in all ways as the experi-

‘mental group but not irradiated.

Experimental Groups:

Group I—In vitro

In this series of experiments the cerebral cortices were removed from the third and lateral ventricular
linings of the kittens under 1 month of age, placed in a dish containing 10 ml of Gey’s balanced salt solu-
tion. Then three fragnents, cut approximately 0.5-1 mm? in the solution, were explanted on to a cover
slip of No. 1 thickness in a clot of equal parts of heparinized rooster plasma and tissue extract of chick em-
bryos. A cover slip was then placed in a dish. After this manipulation the cultures were irradiated with
‘doses ranging from 2,000 to 50,000 R. The cover slips with the cultures were then placed in a roller-tube
with the fluid nutrient medium, described in part 1. The cultures were maintained in the usual manner.
At 7 days in vitro cover slips with cultures were mounted in closed chambers and the growth patterns of
the cellular proliferation, migration of cerebral cortices were compared with controls. Controls were
‘of non-irradiated cerebral cortices in all other ways as experimentals.

Group 2-In vivo

Series 1. These experiments were concerned with thd determination of the effects of Co-60 radiation
‘on cerebral cortices in vivo. Kittens in the first month of age were used. They were set in the holder to
prevent them from moving, and irradiated with a series of doses ranging from 1,000 to 6,000 R. Then
‘they were sacrificed one hour after irradiation. The cerebral cortices were removed from the third and late-
ral ventricles and cultured in the usual manner. At 7 days in vitro cover slips with cultures were mounted
as described in group 1 and the growth and development was compared with controls.

Series 2. In this experiment the effect of radiation on central nervous system was quantitatively
-examined. ICR-strain mice of 3 days of life employed. The mice were set in the holder made of paraffin
and irradiated in the same way as series 1. The cerebellar cortices were removed and cultured in the usual
manner. The culturegrowth was estimated according to the method which was similar to that described
by previous author®”.  On the Ist and the 5th day of culture, the outline of the cutures were drawn by
means of a projectoscope. Then the surface areas enclosed by each successive outline were measured with
a planimeter and the increase in the surface area of cultures was estimated as follows. The surface areas
of the cultures were measured on the Ist (A) and the 5th (B) day and their increase were determined by
B/A and compared with that of non-irradiated controls. At 7 days in vitro a part of cover slips with cul-

tures were mounted and others were mounted at 16 days in culture as described in group | and their pat-
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terns of cellular proliferation and migration of the cerebellar cortices in culture were compared with con--

trols.

Observations and Results

Group 1. Irradiation in vitro.

The doses chosen arbitrarily were 2,000, 3,000, 4,000, 5,000, 6,000, 8,000, 10,000, 30,000 and 50,000
R. A total of 15 tissue fragments of cerebral cortices were used at each level, with the same number of
controls.

Growth pattern of cerebral cortices from kittens in tissue culture: The general features of the growth
pattern and the grown cellular elements were similar to those described by the previous inves--
tigators!»10202889 Glial elements have migrated usually in this stage of culture. Most glial elements.
were astrocytes provided with so many slender processes which had little membranous structure along thern,
so that the feltworks of the fibers gave the appearances of loosely knittend meshes of fine laces. Besides.
these active elements there were a large amount of cells which showed less tendency to migrate and remained.
in the original explants. These cultures contain the true nervous elements and non-nervous eleraents
composed of fibroblasts and perineuronal glial elements. Since it is not always possible to distinguish
exactly between fibroblasts and glial satellite cells in tissue culture these two cell types were not classified.
and considered as perineuronal satellite elements in this investigation. Most of neurons remained in the:
center of the explants.

Growth pattern of cerebral cortices from kittens irradiated in vitro: The outgrowth of perineuronal
satellite elements of cerebral cortices from kittens were unaffected by irradiation with daoses below 10,000
R. At a dose of 30,000 R the outgrowth was significantly less extend and dense than those of controls.
Marked changes were observed at 50,000 R level and neither growth nor cellular migration of any type
was observed. The outgrowth was completely inhibited. Fig. 4. shows the cell types and growth densities.
of typical cultures that were present in 7 day culture.

Group 2. Irradiation in vivo.

Series 1. The doses chosen were 1,000, 2,000, 3,000, 4,000, 5,000 and 6,000 R. A total of more than
20 tissue fragments of cerebral cortices were used at each level with approximately the same number of’
those to act as controls.

Growth pattern of cerebral cortices from kittens irradiated in vivo and cultured: At doses below
2,000 R the perineuronal satellite elements grew out of the explants and attained the same density as con-
trols. At 3,000 R there was marked decrease in extent and density of cell populations. At 4,000 R there
found almost complete inhibition in the outgrowth. Cerebral cortices removed from kittens having re-
ceived 5,000 R and 6,000 R were incapable of any growth or of cellular migration in these conditions of
culture. They appeared completely necrotic and there were some of cellular debris surrounding each co-
lony. Fig. 5. indicates the degree of growth and the cellular types that were present in 7 day culture.

Series 2. Since marked inhibition of growth activity of the cultures of cerebral cortices from kittens
receiving irradiation were found at doses of more than 3,000 R, the dose of 3,000 R was chosen. A total
of 33 tissue fragments of cerebellar cortices were used with 39 of those to act as non-irradiated controls.

Growth pattern of cerebellar cortices from ICR-strain mice in tissue culture: The general features

of the growth pattern and grown cellular elements were almost the same as those reported by the previous
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Fig. 4. The outgrowth of the cultures of the cerebral cortices from kittens younger than 1
month old irradiated in vitro after explantation. Phase contrast photographs of living

unstained cerebral cortices. 3 100

50,000 R Control

investigators® 2920 2D8040),

Outgrowth of cerebellar cortices from ICR-strain mice irradiated in vivo and cultured: the out-
growth of perineuronal satellite elements was less extend and dense than those of controls.

The culture-growth was estimated according to the method described previously. The increase in
the surface areas was compared statistically with that of controls. ~ Statistical analysis of the 5th day growth
rate in cultures of cerebellar cortices obtained from ICR-strain mice having received 3,000 R to the head
showed that the increase in extent and density of cellular populations in the outgrowth of an experimental
group was significantly less than that of controls. Tig. 6. shows the degree of growth and the cellular types
that were present in 7 day culture. Tig. 7. indicates the neurons of cerebellar cortices from 3 day old ICR-
strain mice irradiated to the head with 3,000 R, living 16 days in vitro. Fig. 8. shows the mean value of

the growth rate at 5 days in vitro of cerebellar cortices removed from the mice irradiated with 3,000 R.
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Fig. 5. The growth densities of cerebral cortices from kittens irradiated to the head with
2,000, 3,000, 4,000 and 5,000 R and then cultured.
Phase contrast photographs of living unstained cerebral cortices. x 100

2,000 R

- 7

5,000 R Control

Fig. 9. indicates the frequency distribution of the growth rate at 5 days in culture of cerebellar cortices

removed from the mice irradiated with 3,000 R.

Discussion
The evaluation of the effects of radiations on any norma tissues is difficult, and this is particularly so
for the central nervous system. Many of investigators have studied the effects of ionizing radiations on
the central nervous system both in vivo and in vitro.
Clemente et al concluded that in an evaluation of neurological disorders resulting from ionizing radia-
tions to the brain, it is apparent that consideration must be given to the degeneration of astrocytes and the
impairment of the blood-brain barrier as factors involved in producing neuronal injury®. The astrocyte

is a kind of neuroglia, Therefore, investigation with regard to the effects of jonizing radiations on neurc-
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Fig. 6. The growth densities of cerebellar cortices from ICR-strain mice irradiated to the head
with 3,000 R and then cultured. Phase contrast photographs of living unstained
cerebellar cortices. x 100

Control

Fig. 7. Neurons of cerebellar cortices from ICR-strain mice irradiated to the head with 3,000
R and then cultured. Note completely unaffected neruons. Phase contrast photographs
of living unstained cerebellar cortices. ¢ 400

Control

Table 1. Mean value of growth rate at 5 days in culture of cerebellar cortices removed
from 3 day old ICR-strain mice irradiated with 3,000 R.

number of mean value of

cultures of growth rate

control 3 9 4.39 4 0.141
irr. group 3 3 2.84 4 0.108
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Fig. 8. Frequency distribution of growth rate at 5 days in culture of cerebellar cortices
removed from 3 day old ICR-strain mice irradiated with 3,000 R.
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glia is important in researching the radiation-induced disturbances of central nervous system. A number
of investigators have reported the sensitivity of the neuroglia®?-910102230  Ependyma cells are con-
sidered to be a most primitive glial element'™. TIts ciliary motion may have some significant effect on the
movement of cerebrospinal fluid within the brain ventricles!”. Though the ciliary activity of the epen-
dyma cells was sensitive to lack of oxygen or marked changes in pH in the medium, the cells in culture were
found to be astonishingly resistant to some unphysiological conditions!®!”, Their tolerance was ob-
served to be far greater than neuron to adding a chemical substance such as alcohcl to the medium?!®1%,

In this investigation the sensitivity of ciliary activity of ependyma cells to y-irradiation was studied
and it was found that no marked alteration of the ciliary movements were produced below 50,000 R.
Surprisingly the ciliary movements of a part of ependyma cells were still observed at a dose of 100,000 R,
though they were retarded and the continuation time was shorter than that of controls. Possibility was
considered in this experiment that the rapid recovery of the ciliary activity might occur in the period
between the end of exposure and observation. In order to resolve the question whether the ciliary acti-
vity was unaffected during exposure or affected during irradiation but recovered rapidly before observa-
tion, the under microscopical observation during Ra-226-irradiation was made and no manifestation of
alteration in ciliary activity was found during exposure below 22,000 R. Thus the ependyma cells in
culture were found to be astonishingly resistant to y-irradiation.

Hild pointed out the ability of rapid recovery of zffected ciliary activity of the ependyma cells'™.
In this experiment, however, the ciliary activity was unaffected not only at the time of observation but
also during irradiation at least below 22,000 R.

Pomerat et al reported that characteristic of the neuronal response to radiation was the individual
variation of sensitivity and at 41,000 R some neurons were found to be ffected®®. It seerns, therefore,
that a comparison of these results reveals the greater resistance of ependyma cells than some neurons to
y-irradiation in vitro.

Though the ependyma cells in culture were observed to be resistant to irradiation, it was demonstrated
by Brownson that they were not so resistant to irradiation in vivo®. As described above, the ependyma
cells in vitro are sensitive to lack of oxygen or marked changes in pH in the medium!®!™. This unphy-
siological condition in vitro seems to be equivalent to that induced by disturbance of blood supply in vivo

Therefore, in an evaluation of neurological disorders resulting from irradiation, it seems that consideration
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must be given to the circulatory disturbance as a great factor involved in producing injury of ependyma
-cells.

In this experiment (part 2) the observation was made of the growth activity of cultures of cerebral and
.cerebellar cortices from kittens and ICR-strain mice exposed both in vivo and in vitro with doses ranging
from 1,000 to 50,000 R. The inhibition in the growth activity of the cultures from kittens irradiated with
-doses ranging from 3,000 to 6,000 R was observed on the 7th post irradiation day. This phenomenon was
.also observed on the 5th post irradiation day in the cultures from ICR-strain mice exposed with 3,000 R.
‘It appears, therefore, that the early effect of radiation on the perineuronal satellite elements is suppression.
In the experiments of series 2 in group 2, at a dose of 3,000 R, the inhibition in the growth activity of peri-
‘neuronal satellite elements of cultures from the mice cerebellar cortices was observed, while no marked
alteration was found in neurons. These results may lead to conclution that the sensitivity of perineuronal
:satellite elements is generally greater than that of neurons to in vivo irradiations.

In the experiment of group 1. no manifestation of alteration was found in the growth activity of cere-
‘bral cortices from kittens irradiated in vitro with doses below 10,000 R. This result reveals that the sen-
ssitivity of cerebral cortices from kittens to y-radiation is far greater in vivo than in vitro.

Arnold et al have pointed that initially there was inhibition of glia, recovery and terminally intense
gliosis and the degree of glial reaction was directly related to the rate of delivery and intensity of irradiati-
.on®, With regard to the early effects of radiation, their concludion is almost the same as that led from this
.experiments. Brownson reported that in the irradiated monkey no measureable alteration of neuron-neu-
roglial relationship of cerebral cortex was observed, while, in the controls a significant increase in percenta-
.ge of neurons with satellite cells was found with increasing agel of animal™. This evidence seems to co-
-rrespond to the results in this experiments which showed the greater sensitivity of the perineuronal sate-
llite elements to irradiation than neurons. .

Arnold et al concluded from their experiment used monkeys that the effects of X-rays on the central
nervous system are direct effects, and are not secondery to vascular occultion®. On the other hand, Gceld-
ring has pointed out that a comparison of the growth activity of spinal ganglia in tissue culture from chick
.embryos irradiated both in vivo and in vitro revealed the greater sensitivity of spinal ganglia to X-irradia-
-iton in vivo than in vitro'®. He suggested that the factor of the circulatory system is involved in the effects
.of radiations on the central nervous system.

In this experiment the changes in growth pattern of cerebral cortices in group 1 irradiated in vitro
.after explantation may be considered the direct effects of the irradiation. The perineuronal satellite ele-
“ments of the cultures of the cerebral cortices were remarkable in their ability to withstand a massive dose
.of radiation before their growth pattern was significantly changed. The inhibition in the growth activity
.of the cultures of cerebral cortices from kittens and of cerebellar cortices from ICR-strain mice in group
‘2 irradiated in vivo suggested a systemic effect containing not only direct effect but also indirect effect of
the irradiation.

The indirect effect was reported to be produced as a result of injury to the blood supply by Spear®®.
:Such results were described by Strangeways et al and were also agreed with this investigation®®.

The experimental results using cerebral cortices of kittens and cerebellar cortices of ICR-strain mice
:suggest, as Goldring pointed out, that the indirect effect of radiation involving the disturbance of the

«circulatory system play a role in the occurrence of injury to the central nervous system.
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Summary

1) Radiosensitivity of the central nervous system in tissue culture was studied in young kittens by
measurement of radiation-induced alteration of the ciliary motility of their ependyma. cells.

No alteration of the ciliary activity of ependyma cells was observed in tissue culture irradiated with less:
than 50,000 R, while, various degrees of alterations were found at doses ranging from 60,000 to 100,000 R..
At a dose of 200,000 R arrest of ciliary motility and ependyma cell necrosis were observed. Under micro--
scopical observation during Ra-226-irradiation no alteration of the ciliary activity was found below 22,000
R.

2) Radiosensitivity of the central nervous system in tissue culture was studied by periodic measure-
ments of surface areas and of the extent as well as density of cell populations in the outgrowth of the cul-
tures. Changes in extent and density in the outgrowth of the cultures of cerebral cortices from non-irra-.
diated young kittens irradiated in vitro with 2,000-10,000 R after explantation were not observed at 7
days in culture. However, the marked decrease was found in the cultures irradiated with more than 30,000
R

3) Inhibition of the growth activity was observed in cultures of cerebral cortices from young kittens:
irraciated to the head with more than 3,000 R.

4) Statistically significant decrease was observed in the growth rate of the cultures of cerebellar
cortices from young ICR-strain mice irradiated to the head with 3,000 R.

In this experiment it was demonstrated that cerebral cortices are astonishingly radioresistant in vitro,,
while they are not resistant to in vivo irradiation. It is apparent, therefore, that the indirect factors are
much more important as compared with direct effect of radiation in the occurrence of disturbance of the-
cerebral cortices. It seems that consideration must be given to the vascular darnage as an indirect factor

involved in producing radiation injury in the central nervous system.
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