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Review

Radiation induced CNS toxicity - molecular and cellular
mechanisms
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Summary Radiotherapy of tumours proximal to normal CNS structures is limited by the sensitivity of the normal tissue. Prior to the
development of prophylactic strategies or treatment protocols a detailed understanding of the mechanisms of radiation induced CNS toxicity
is mandatory. Histological analysis of irradiated CNS specimens defines possible target structures prior to a delineation of cellular and
molecular mechanisms. Several lesions can be distinguished: Demyelination, proliferative and degenerative glial reactions, endothelial cell
loss and capillary occlusion. All changes are likely to result from complex alterations within several functional CNS compartments. Thus, a
single mechanism responsible cannot be separated. At least four factors contribute to the development of CNS toxicity: (1) damage to vessel
structures; (2) deletion of oligodendrocyte-2 astrocyte progenitors (O-2A) and mature oligodendrocytes; (3) deletion of neural stem cell
populations in the hippocampus, cerebellum and cortex; (4) generalized alterations of cytokine expression. Several underlying cellular and
molecular mechanisms involved in radiation induced CNS toxicity have been identified. The article reviews the currently available data on the

cellular and molecular basis of radiation induced CNS side effects. © 2001 Cancer Research Campaign http://www.bjcancer.com
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Toxicity to CNS tissues is a constraint to radiotherapy in several
locations. Complex therapy planning employing three-dimensional
planning or intensity modulated radiotherapy may help to prevent
damage to critical neura structures. Nevertheless, the effective-
ness of radiotherapy is frequently limited by the tolerance of CNS
structures.

Understanding the cellular and molecular mechanisms may help
to develop strategies to either increase the radiation tolerance or to
treat CNS alterations induced by irradiation.

Clinical responses of normal CNS tissues to whole brain irradi-
ation of larger brain volumes may be classified as acute, subacute
and late. Acute effects occur within 48 h or during the first week
after single dose or fractionated irradiation respectively and are
characterized by drowsiness, headache and emesis. Subacute
effects occur after 6-10 weeks and are characterized by fatigability
and somnolence and are mostly reversible. Findings resulting from
late changes of the brain include a diffuse declinein cerebral func-
tion, with cognitive impairment being most prominent. In contrast
to that, late radiation necrosis may be associated with focal neuro-
logical signs, seizures or symptoms of increased intracranial pres-
sure and is more frequently seen after high dose irradiation of
limited CNS volumes.

The precise delineation of pathomechanisms within the
complex CNSis hampered by several problems:

1. Pathological datafrom humans are limited to cases with exten-
sive clinical problems.

2. Data from animals cannot be correlated to clinical problems
in humans.
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3. Invitro systems only allow conclusions regarding asingle cell
system or at best two interacting cell systems.

4. Thetime course of late toxicity cannot be simulated using in

vitro systems.

. Feedback mechanisms may generate hen and egg problems.

6. The treated volume and the dose determine the pattern of late
toxicity. Volume and dose effects cannot be simulated
adequately in vitro.

[

The distinction of certain functional compartments in the brain
helps to cope with severa of the above mentioned problems. In
this regard, three different target compartments within the CNS
tissues may be separated:

1. Neurons
2. Glid cells
3. Vasculature.

The distinction is somewhat arbitrary since al compartments
display strong interactions and other, alternative, compartments
may also be discerned. However, since most data currently avail-
able deal with changes within one of these compartments the
distinction allows a comprehensive review of the data.

The interaction between different compartments is underlined
by pathological models distinguishing three different types of
aterations within the spina cord (Schultheiss et al, 1995): Type 1
lesions involve only white matter parenchyma. Type Il lesions are
predominantly vascular with al other changes judged to be
secondary. Type Ill lesions display alterations to both, white
matter and the vasculature.

A disadvantage of any attempt to explain CNS toxicity based on
functional compartments is the fact that neither possible interac-
tions nor the sequences become evident. Furthermore, some obser-
vations are not easily integrated in any compartment and can
therefore be only described as isolated findings. Nevertheless, we
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believe that bearing these shortcomings in mind, the use of
compartment models helps to integrate the available results from
molecular or cellular studies on radiation induced CNS toxicity.

CELL BIOLOGY OF RADIATION INDUCED BRAIN
TOXICITY

Neuronal cells

Recent studies have shown that radiation can induce apoptosis in
neuronsin vivo in newborn animals (Gobbel et al, 1998). Since no
such event was found in the CNS of adult rats (Li et al, 1996) a
direct contribution to the radiation induced CNS toxicity is
unlikely. Therefore, current models do not favour arole of direct
damage to neuronal cellsfor the pathogenesis of radiation induced
CNS toxicity.

Glial cells and Demyelination

Oligodendrocyte brain stem cells are essential for the under-
standing of some models of radiation induced demyelination. The
key cell for the generation of mature oligodendrocytesisthe oligo-
dendrocyte type 2 astrocyte cell (O-2A) (Raff et al, 1983). O-2A
cells give rise to mature oligodendrocytes, required for the forma-
tion of myelin sheaths. O-2A cells aso differentiate into type 2
astrocytes which are involved in the generation of the unique elec-
trical properties at the ranvier nodes (Ffrench-Constant and Raff,
1986). The pattern of O-2A cell differentiation is regulated by a
complex interplay of cytokines. A simplified model of O-2A
differentiation is as follows (Figure 1): Embryonal O-2A cells

which are transferred into serum free media are forced to differen-
tiate prematurely into oligodendrocytes. However, if those cells
are kept in PGDF medium or astrocyte conditioned medium they
differentiate into oligodendrocytes following the same time
schedule as they would do in the embryo (Noble et al, 1988; Raff
et a, 1988). Adding serum and bone morphogenetic factor induces
the differentiation into astrocytes (Mabie et a, 1997). The comple-
mentation of serum free media with PDGF and bFGF keeps the
cell cycling in an undifferentiated progenitor stage. Most of the
data on the differentiation pattern of O-2A cells are derived from
embryona O-2A cells. However, the adult brain aso contains
numerous O-2A cells which display only slight differences when
compared to embryonal O-2A cells. Thus, the adult brain also
contains an active glial stem cell compartment which might be a
radiation target as well as an important source for CNS repair.

Only very limited data are available describing the behaviour of
those cells during radiotherapy. Studies using rat optical nerves
showed a decreased number of clonogenic O-2A cells after irradi-
ation. In addition, the size of the colonies was found to be reduced,
indicating a reduced clonogenic capacity of the surviving O-2A
cells (van der Maazen et al, 1991a, 1991b).

Independently from the effects of radiation on progenitor cells,
oligodendrocytes are deleted by radiation. In vitro studies showed
that oligodendrocytes but not O-2A stem cells undergo apoptosis
when being irradiated (Vrdoljak et a, 1992). A follow-up study
showed that oligodendrocyte apoptosis also occurs in vivo after
irradiation of rat spina cord (Li et al, 1996). Furthermore, using
p53 negative mice it was shown that radiation induced oligoden-
drocyte apoptosis in vivo is p53 dependent and executed by
caspases (Chow et al, 2000).

O-2A Progenitor

(Serumstarvation)

Self renewal
(no differentiation)
PDGF & bFGF

Premature differentiation

v

Oligodendrocyte

Oligodendrocyte

Astrocyte Type 2

Figure 1 Incubation of O-2A progenitor cells with platelet derived growth factor (PDGF) and basic fibroblast growth factor (bFGF) keeps the cells cycling in an
undifferentiated stage. If O-2A cells are transferred into serum free medium they are forced to differentiate prematurely into oligodendrocytes. The addition of
PDGF or astrocyte conditioned medium (ACM) induces differentiation into oligodendrocytes. In contrast, incubation of O-2A cells with fetal bovine serum (FBS)

and bone morphogenetic factor (BMP) induces differentiation into type 2 astrocytes
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In addition to direct effects, radiation induced relesse of
cytokines like TNF-o may exert additional toxicity to oligoden-
drocytes since it was shown that TNF-a induces cell death in those
cells (Cammer, 2000).

Based on the data presented above, a speculative model of radi-
ation induced demyelination could be as follows: Irradiation
reduces the number of mature oligodendrocytes. Reductions in
oligodendrocyte numbers trigger the recruitment of new oligoden-
drocytes from the O-2A compartment. In parallel, radiation
directly effects the O-2A compartment in so far that both, the
number of remaining O-2A cells and the capacity to form mature
offspring is reduced. This speculative model explains two phases
of the three phase time course of demyelination determined by the
content of myelin basic protein (MBP) within the irradiated brain
areas (Chiang et al, 1992). Guinea pig lumbar cords were irradi-
ated and the MBP ratio inside to outside of theirradiated field was
determined weekly. MBP was reduced at all time point after irradi-
ation. However, aclear nadir occurred after 2—4 weeks, 7-8 weeks
and around the onset of paralysis (11 weeks). These findings
suggest that two reductions in myelin production are followed by
an intermittent recovery and afina breakdown of myelin produc-
tion. Assuming that myelin production reflects the numbers of
oligodendrocytes this pattern suggests that two declines of myelin
producing cells are counteracted by increased recruitment of new
cells. However if the damage exceeds the stem cell reserve
capacity toxicity results.

Nevertheless, several key issues remain unclear:

1. The contribution of the radiation mediated toxicity to O-2A
cells and oligodendrocytes to the full picture of demyelination
is unknown.

2. The contribution of secondary effects (i.e. altered cytokine
expression or vascular damage) to demyelination is uncertain.

3. Therelevance of demyelination for the clinical pictures of
CNS toxicity is not defined.

4. The models derived form O-2A and oligodendrocyte responses
in vitro are not fully compatible with the time course of
demyelination in vivo.

Toxicity to the vasculature

Alterations of the vasculature are of crucial importance for the
development of CNS alterations in response to irradiation.
Histological studies help to discern mechanisms of radiation
induced vessel changes. Lifting of endothelia from the basement
membrane, vacuolation of the cytoplasm and nuclear swelling are
among the first effects seen and indicate that death of endothelial
cellsis an early event in small vessels which may be responsible
for the initial oedema (Phillips, 1966; Zollinger, 1970). A speciali-
zed apoptosis mechanism with generation of intracellular ceramide
via acidic sphingomyelinase may be crucial for endothelial cell
apoptosis. Interestingly, the generation of ceramide can be abro-
gated by bFGF making bFGF a potential modulator of radiation
induced vessel toxicity. (Pena et a, 2000). An aternative mecha-
nism involves adhering, irradiated leukocytes which cause
endothelial cell apoptosis through TNF (Eissner et al, 1995).
Neverthelessit is not clear whether apoptosis or postmitotic death
is the key mechanism for the denudation of vessels.

Early changes are followed by progressive loss of endothelia.
Platelets adhere to exposed matrix leading to the formation of
platelet clusters and thrombi (Verheij et al, 1994). This phase
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occurs within weeks and months and is characterized by vessels
partially or fully occluded by thrombi. Subsequently, abnormal
endothelial proliferation is observed. In parallel, thickening of the
basement membranes and replacement of the lumen by collagen has
been described (Adamson et a, 1970). However, the mechanisms
regulating endothelial cell proliferation, basement membrane thick-
ening and collagen production in response to ionizing radiation are
not analysed in greater detail.

Possible cellular mechanisms involved in the pathogenesis of
radiation induced vessel toxicity comprise the upregulation of
diverse adhesion molecules. In this regard, the upregulation of E-
selectin and ICAM-1 are of key importance (Quarmby et a, 1999).
Both adhesion molecules were shown to be upregulated in
response to radiation and mediate the adherence of leukocytes to
vessel walls (Hallahan & Virudachalam, 1997; Quarmby et al,
1999). The importance of radiation induced ICAM-1 expression is
underlined by the finding that inflammatory responses aong
vessels strictly require ICAM-1 (Hallahan and Virudachalam,
1997). Adhering leukocytes may increase the vessel toxicity via
TNF-a induced apoptosis (Eissner et al, 1995). Thusin addition to
direct vessel toxicity by irradiation, acomplex of secondary effects
may aggravate the initial vessel toxicity.

Toxicity to defined structural compartments of the
brain

A second, more anatomically defined stem cell compartment in the
brain has been described as potential radiation target. The so-
called subventricular zone (SVZ) remains mitoticaly active into
adulthood. Studies have shown that cells from this area have self-
renewal capacity, differentiate into neurons or glia, migrate over
longer distances throughout the brain and may be essential for repair
processes after brain toxicity (Doetsch et al, 1999). Irradiation with
doses of 2 Gy induces apoptosis in the subependyma of young rats
(Hopewell and Cavanagh, 1972) (Bellinzona et a, 1996) and in
proliferating cells of the hippocampus (Peissner et a, 1999) leading
to a prolonged impairment of the repopulative capacity (Tada et al,
1999).

Similar to the situation with endothelial toxicity and glial cell
toxicity, the exact role of toxicity to the SVZ stem compartment to
the full picture of radiation induced CNStoxicity is unclear.

MOLECULAR MECHANISMS INVOLVED IN
RADIATION INDUCED CNS TOXICITY

Apoptosis

General apoptosis signal transduction
As stated above the induction of apoptosis seemsto be relevant for
some extent of the radiation induced CNS toxicity. Therefore, the
basic mechanisms of apoptotic signal transduction induced by
radiation or death ligands will be introduced. Up to now two major
apoptosis mediating cascades have been analysed in greater detail
(Fig. 2). The first pathway is activated by members of the death
ligand family including TNF-a, CD95-L, and TRAIL. The second
pathway mediates apoptosis induced by DNA toxicity. Although
an overlapping set of molecules is employed, the general signal
transduction principles are different (Belka et al, 2000).

After activation of a death receptor (i.e. TNFa-R1, CD95,
TRAIL-R1, TRAIL-R2) the adapter FADD mediates activation of
caspase-8 (Belka et a, 2000). In case of TNF-a an additional

British Journal of Cancer (2001) 85(9), 1233-1239



1236 C Belka et al

linker molecule denoted TRADD isrequired for the recruitment of
FADD (Hsu et al, 1996). In turn, caspase-8 triggers activation of
downstream caspases including caspase-3. In parallel, caspase-8
aso activates the pro-apoptotic BID molecule. BID triggers the
release of cytochrome c from the mitochondria thereby activating
caspase-9 via APAF-1. Similarly to caspase-8, caspase-9 activates
downstream caspases including caspase-3 (Li et al, 1997).

In contrast to receptor mediated apoptosis, radiation induced
apoptosis primarily relies on mitochondrial damage followed by
caspase activation (Belka et al, 2000). P53 mediated activation of
BAX may serve as paradigm for the stress activated mitochondrial
apoptosis pathway (Miyashita and Reed, 1995). BAX was shown
to associate with the permeability transition pore (PT pore)
complex and, upon binding to this complex, BAX can induce
release of pro-apoptotic molecules including cytochrome ¢ and
apoptosis inducing factor (AIF) (Narita et al, 1998) (Susin et al,
1999). The release of cytochrome c triggers the activation of
caspase-9 viaAPAF-1 and dATP as stated above.

Although it has not been shown for all components mentioned
above, several authors provided evidence that the key concepts of
apoptosis regulation are also relevant for the brain (Chow et al,
2000; Dowling et al, 1996).

ATM and apoptosis in the CNS

The product of the ATM gene (ATM) recently identified to be
responsible for the ataxia telangiectasia (AT) phenotype is required
for the regulation of apoptosis in some parts of the brain. ATM null
mice display a strongly increased resistance towards radiation-
induced apoptosis in certain anatomically defined regions of the
brain (hippocampa denta gyrus, external granular layer of the
cerebellum, retina). The lack of p53 conferred apoptosis resistance
to the same regions of the brain indicating a mutual dependency of
p53 and ATM for radiation induced apoptosisin the brain (Herzog
et al, 1998). Another observation form the same group extended
the knowledge regarding exact mechanisms of ATM regulated
apoptosis in the brain showing an overlapping requirement for
BAX and ATM in most regions of the brain. Furthermore the
authors provided evidence that caspase-3 is the crucial executor
caspase for radiation induced apoptosis in the brain (Chong et al,
2000).

Stress induced gene expression

Paralldl to the induction of apoptosis, the activation of gene
expression seems to be of key importance for the development of
CNS toxicity by ionizing radiation. As mentioned above, the
increased expression of pro-inflammatory cytokines including
TNF-a, INF-y and adhesion molecules like ICAM participate in
radiation induced brain toxicity. Thus, in order to understand the
molecular mechanisms involved in radiation induced brain toxi-
city it is necessary to focus on signaling pathwaysinvolved in regu-
lation of gene expression. Interestingly the regulation of TNF-a
and ICAM-1 seems to involve overlapping pathways. For the
purpose of comprehensibility the following paragraph will focus
on pathways required for increased TNF-a gene expression.
Several studies provided evidence that the expression of TNF-a
is directly activated by ionizing radiation (Hallahan et al, 1989).
Unfortunately, in contrast to other stimuli only limited data are
available describing pathways of TNF-a gene induction in response
to radiation. Nevertheless, most of the data on TNF-a gene regula-
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Figure 2 Death receptor activation (CD95, TNF-a, TRAIL) stimulates down-
stream caspases via FADD and TRADD and the activator caspase-8. Via BID
mitochondrial apoptosis may be activated. In contrast, DNA damage acti-
vates mitochondrial apoptosis pathways via p53 mediated BAX activation
and release of cytochrome c. Cytoplasmic cytochrome c together with Apaf-1
and dATP activates caspase-9 and subsequently caspase-3. The anti-apoptotic
protein Bcl-2 only interferes with the mitochondrial pathway

tion revealed from other stimuli may aso apply to radiation-induced
generegulation. Since the regulatory processesinvolved in TNF-a
gene expression are highly complex, only key elements will be
introduced.

Examination of the promoter region of the human TNF-a gene
revealed both cell type-and stimulus-specific regulatory elements
and potential binding sites for severa transcription factors,
including AP-1, NF-kB AP-2, NF-AT, SP-1, C/EBP, and cyclic
adenosine monophosphate (CAMP) response elements (CRE). All
of these transcription factors contribute to the complex regulation
of the TNF-a gene. Of special importance regarding the radiation
induced activation of the TNF-a gene as well as other genes are
the transcription factors NF-kB, AP-1 and SP-1 which were shown
to be inducible by ionizing radiation in general. A recent study
also provided evidence that the induction of most of these factors
also isdetectable in irradiated brain tissue (Raju et a, 2000).

The transcription factor NF-kB, initially identified as regulator
of the kB chain immunoglobulin gene, is crucial for the regulation
of a multitude of human genes especialy cytokine genes. In
unstimulated cells, NF-kB proteins are sequestered in the cyto-
plasm by binding to inhibitor proteins, denoted 1-kBs. Binding of
1-kB to NF-kB masks the nuclear localization signal causing cyto-
plasmic retention. In response to stimulation, 1kB is phosphory-
lated and subsequently degraded. (Finco and Baldwin, 1995). A
recently isolated kinase complex (IKK) which specifically phos-
phorylates 1kBs seems to be the key for activation of NF-kB.
Activation of IKK is mediated by upstream kinases belonging to
the stress activated kinase family for example MEKK1 (Lee et a,
1997) (Fig. 3).

The AP-1 transcri ption factor complex mainly consists of the c-jun
and the c-fos protein and is activated by phosphorylation of
cjun through the stress activated protein kinase family. These
kinases are part of a stress response network which is activated by
most cellular stresses including ionizing radiation (Verheij et al,
1996). The paradigmatic stress cascade starts with the activation of
the MEKK-1 kinase which phosphorylates the downstream kinase
SEK-1 on serine residues. Activated SEK-1 induces the
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Figure 3 Two basic mechanisms regulate gene expression in response to stress.

Activation of NF-kB transcription factors is triggered by phosphorylation and

degradation of I-kB. Degradation of 1-kB damasks the nuclear localization sequence of NF-kB allowing nuclear import. The phosphorylation of I-kB is mediated
by a kinase complex (IKK) which is activated by kinases belonging to stress kinase pathway (MEKK-1). In parallel, stress activates the stress kinase pathway
resulting in the activation of the transcription factor AP-1. Hallmark of this pathway is the signal transmission via subsequent phosphorylations. The most
upstream kinase MEKK-1 activates SEK-1 which in turn phosphorylates and activates the jun-N terminal kinases (JNK1/2). These kinases phosphorylate the c-
jun part of the AP-1 transcription factor and thereby strongly increase the transcriptional activity

phosphorylation of INK1/2 thereby triggering the activation of
both kinases. Finally, INK1/2 connect the kinase cascade to the
activation of gene expression by phosphorylation of c-jun and
ATF-2 (Sanchez et a, 1994) (Fig. 3). Despite the proven increase
of SP-1 DNA binding activity in response to ionizing radiation, ho
data on the mechanisms of SP-1 regulation are available.

Only very few of the above mentioned regulatory processes
have been analyzed in the CNS after irradiation. However the
observation that key downstream elements of the stress response
pathway, namely AP-1, NF-kB and SP-1 are activated by irradia-
tion in vivo (Raju et al, 2000), suggests that the concept of the
above mentioned stress response system also applies to the stress
response in the CNS.

PROPHYLAXIS AND TREATMENT - STRATEGIES
AND OUTLOOK

A multitude of possible molecular targetsto intervene with radiation
induced CNS toxicity may be derived from the data presented (Fig.
4). However, only a few aspects have been experimentaly
approached yet. Thus it seems reasonable to believe that sooner or
later radiation induced CNS toxicity may be ameliorated or become
trestable.

Some of the most promising strategies are based on the use of
stem cells. A basic study showed principally that retransplantation
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of purified O-2A cells into demyelinated lesions induced by
ethidium bromide and radiation were remyelinated by O-2A cells
(Groves et al, 1993). A recently identified source of therapeutic
stem cells capable of myelinating lesionsin the brain are totipotent
embryonal stem cell which are differentiated into myelin-
producing cells using PDGF, EGF and FGF2 (Brustle et al, 1999).

A different set-up using of cytokines was analysed by ljichi
(ljichi et al, 1996). They tested in how far the transplantation of
syngenic PDGF producing fibroblasts would increase the number
of O-2A cellswithin the CNS and found that indeed the number of
O-2A stem cellsincreased.

In addition to cell based strategies, several pharmacological
approaches may prove effective for the prevention of radiation
induced CNS side effects. Given the fact that stress induced gene
expression is involved in the pathogenesis of CNS toxicity, any
measures to block effector molecules (i.e. TNF-a/ICAM) or
signaling molecules are suitable for the modulation of CNS toxi-
city. Severa drugs blocking kinases (SB202190 for the p38 stress
kinase), or transcription factors (MG-132 proteasome inhibitor for
NFkB) are currently available. However, none of these strategies
have been tested in animal models or patients.

Taken together, several molecular and cellular aspects of radia-
tion induced CNS toxicity have been elucidated. Nevertheless,
neither the precise role of individua mechanisms for the full
picture of radiation induced CNS toxicity nor the best approach for
treatment or prophylaxis have been determined yet.
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Figure 4 From the data being available several targets for an intervention may be delineated. Gene expression which is involved in both, stem cell depletion
and complex tissue responses may be influenced by kinase inhibitors, proteasome inhibitors, cytokines and cytokine inhibitors. Stem cell depletion may be
corrected by direct application of purified stem cells or by cytokine mediated recruitment of stem cells. Complex tissue responses may be directly ameliorated by

application of cytokines or cytokine inhibitors
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