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Abstract
Several experimental strategies of radiation-induced central nervous system toxicity prevention
have recently resulted in encouraging data. The present review summarizes the background for this
research and the treatment results. It extends to the perspectives of tissue regeneration strategies,
based for example on stem and progenitor cells. Preliminary data suggest a scenario with
individually tailored strategies where patients with certain types of comorbidity, resulting in
impaired regeneration reserve capacity, might be considered for toxicity prevention, while others
might be "salvaged" by delayed interventions that circumvent the problem of normal tissue
specificity. Given the complexity of radiation-induced changes, single target interventions might not
suffice. Future interventions might vary with patient age, elapsed time from radiotherapy and
toxicity type. Potential components include several drugs that interact with neurodegeneration, cell
transplantation (into the CNS itself, the blood stream, or both) and creation of reparative signals
and a permissive microenvironment, e.g., for cell homing. Without manipulation of the stem cell
niche either by cell transfection or addition of appropriate chemokines and growth factors and by
providing normal perfusion of the affected region, durable success of such cell-based approaches is
hard to imagine.

Background
The risk of permanent central nervous system (CNS) toxicity, which typically becomes detectable after an asymptomatic latency period, continues to influence clinical
treatment decisions. Interindividual differences in sensitivity result in a certain variability of the threshold dose
and preclude administration of a guaranteed safe dose,
even in the current era of high-precision image-guided
radiotherapy. The easiest and most effective way of avoiding CNS side effects is to minimize the dose of radiation.
This does, however, not solve the problem of normal tissue present within the target volume, for example due to
diffuse microscopic spread, which escapes current imag-

ing technology. For certain groups of patients, further
progress can only be expected from efforts directed at widening the therapeutic window between tumor and normal
tissue through specific modulation of their responses to
radiotherapy (e.g., toxicity prevention) or from delayed
intervention such as tissue regeneration strategies. Both
prevention and treatment of side effects have their specific
advantages and disadvantages. Importantly, they are not
standard clinical options at this time. To exploit potential
targets for intervention, we will discuss the pathogenesis
of radiation-induced CNS toxicity and review preclinical
data on prevention and tissue regeneration. We focus on
two types of damage, i.e. neurocognitive decline and radiPage 1 of 10
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ation necrosis. The latter is relevant to treatment of the
brain and the spinal cord.

Pathogenesis
Initial evaluations of radiation-induced CNS toxicity date
back at least 70 years ago. These historical data have been
summarized in previous reviews, for example by van der
Kogel [1] and Schultheiss et al. [2]. In brief, previous
experimental studies indicated that signs of diffuse demyelination develop in animals 2 weeks after CNS radiotherapy. After approximately 2 months, remyelination
processes were observed. These early changes correspond
to clinical symptoms such as Lhermitte's sign and somnolence in humans. After a variable latency period, and
dependent on total dose, white matter necrosis might
develop. The grey matter is less sensitive. Latency time
decreases with increasing radiation dose. The most important determinants of CNS tolerance are the volume of normal tissue exposed, dose per fraction and total dose.
Overall treatment time is less important. With multiple
fractions per day, incomplete repair needs to be taken into
account, especially when the interfraction interval is less
than 6 h. When high focal doses are combined with lower
doses to a large surrounding volume, tolerance decreases
compared to the same focal treatment alone.
Significant long-term recovery has been observed after spinal cord radiotherapy. Although not experimentally tested
in the same fashion, it can be assumed that the brain
recovers too. Especially with larger intervals of at least 1–
2 years and when the first treatment course was not too
close to tolerance, re-irradiation is now considered as a
realistic option. Experimental data from fractionated radiotherapy of rhesus monkeys suggest that up to 75% of initial damage recover within 2–3 years [3]. Increasing
clinical evidence supports the feasibility of re-irradiation
in selected patients [4].
The last years have witnessed a significant improvement
of techniques in cellular and molecular biology, resulting
for example in description of more and more radiobiologically relevant signalling pathways [5]. Advanced
methods for identification of stem and progenitor cells
were developed. Meanwhile, this progress has led to a better understanding of tissue responses to ionizing radiation. Obviously, radiation-induced reactions of the CNS
include death of both immature and mature parenchymal
and vascular cell populations, executed via different
mechanisms at different time points. Apoptosis induced
by sphingomyelinase-mediated release of ceramide has
been described as early reaction in endothelial cells within
the irradiated CNS [6,7] as well as in oligodendrocytes [8].
Current models of radiation-induced changes include a
cascade of complex and dynamic interactions between
mature parenchymal cells (oligodendrocytes, astrocytes,
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microglia, neurons), stem and progenitor cells and the
vascular system, also resulting in important alterations of
the local microenvironment [9]. The latent time preceding
the clinical manifestation of damage is viewed as an active
phase where chemokines, cytokines and growth factors
play important roles in intra- and intercellular communication.
CNS radiotherapy induces the production of inflammatory cytokines and mediators such as tumor-necrosis-factor-α (TNF-α), interleukin-1 (IL-1), and prostaglandin E2
by microglia and astrocytes [10-12]. Some of these facilitate transendothelial migration of immune cells. IL-1
release leads, via autocrine mechanisms, to further activation and proliferation of these glia cells. As shown in vivo,
this cascade results in astrogliosis [13]. Furthermore,
inflammatory microenvironmental changes can impair
the compensation of the radiation-induced cell loss. TNFα is also known to damage endothelial cells, leading to
increased vascular permeability. TNF-α and IL-1 induce
the expression of intercellular adhesion molecule-1
(ICAM-1) on oligodendrocytes and microvascular
endothelial cells [14,15]. Increased levels of ICAM-1
mRNA were detectable after midbrain irradiation with 2
Gy [16]. Results of localized single-fraction treatment
with 20 Gy confirm the presence of an early inflammatory
response, increased numbers of leukocytes, increased vascular permeability, altered integrity of endothelial tight
junctions and increased cell adhesion [17,18]. Injection of
an anti-ICAM-1 monoclonal antibody significantly
reduced leukocyte adhesion and permeability in this
model. The role and time course of inflammatory mediators varies with fraction size. Certainly, the cellular and
molecular events during the latent phase require further
research. The role of TNF, for example, might be more
complex than initially thought. In some models, this
cytokine mediates antioxidant defense mechanisms and is
able to induce antiapoptotic proteins such as Bcl-2. Furthermore, TNF-receptor-p75 knockout mice were more
sensitive against radiation-induced brain damage than
control mice and TNF-receptor-p55 knockouts [19].
Special aspects of neurocognitive deficits
Phenomena such as intellectual decline and memory loss
in the absence of gross perfusion disturbance suggest that
neuronal cells react to radiotherapy. Experimental studies
have demonstrated that neurons and precursor cells might
undergo apoptosis after radiotherapy [20]. Fractionated
brain irradiation inhibited the formation of new neurons
in the dentate gyrus of the hippocampus in rats [21]. Animals with blocked neurogenesis performed poorer in
short-term memory tests which are related to hippocampal function. The deficit in neurogenesis is based on both
reduced proliferative capacity of progenitor cells and alterations in the microenvironment that regulates progenitor
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cell fate (disruption of the microvascular angiogenesis,
activation of microglia) [22]. After higher doses of wholebrain radiotherapy (WBRT, 8 fractions of 5 Gy) in rats,
cognitive impairment arose after a significant loss of brain
capillaries [23], suggesting once more a multifactorial
pathogenesis. The latter might also include changes in
hippocampal glutamate receptor composition, as recently
suggest by Shi et al. [24].

mostly after 1–3 years [32]. The typical finding is coagulation necrosis in the white matter with largely normal
appearance of the cortex. Fibrinoid necrosis and
hyalinous wall thickening of blood vessels are commonly
observed. Therapeutic intervention with corticosteroids or
anticoagulants is sometimes successful. Often, surgical
resection is the only way to effectively improve the symptoms.

Special aspects of radiation necrosis of the brain and
spinal cord
Initial events are similar to those described in the pathogenesis section, including inflammatory changes and
increased vessel permeability. Studies of boron-neutroncapture therapy (BNCT) support the view that vascular
damage is one of the crucial components leading to radiation necrosis after higher doses. By choosing boron-compounds which are unable to cross the blood-brain barrier,
a largely selective irradiation of the vessel walls can be
accomplished with BNCT. Compared to conventional
non-selective radiotherapy methods, spinal cord lesions
with similar histological appearance were induced.
Latency time also was comparable between damage
induced by BNCT and conventional radiotherapy [25,26].
Additional evidence is provided by histological examinations of rat brains after radiotherapy with 22.5 or 25 Gy,
showing reduced numbers of blood vessels and endothelial cells before manifestation of necrosis [27]. A study in
rats (partial brain irradiation with 40 or 60 Gy or WBRT
with 25 Gy) showed a 15% reduction in endothelial cell
number between 24 h and 4 weeks after radiotherapy. A
further reduction was seen with even longer intervals [28].
Theses changes are accompanied by hyperpermeability,
resulting in perivascular edema and consecutive ischemic
damage [29].

Diffuse white matter changes are frequently observed in
imaging studies. Fluid-attentuated inversion recovery
(FLAIR) and diffusion-weighted MRI might improve visualization of white matter abnormalities, which are not
necessarily associated with clinical symptoms but often
present after fractionated doses of ≥ 30 Gy. Neuropsychological sequelae typically manifest within 4 years from
radiotherapy. Psychometric findings suggest greater vulnerability of white matter and subcortical structures
resulting in reduced processing speed, heightened distractability and memory impairment. Within the temporal lobe, the hippocampal formation plays a central role
in short-term memory and learning. These functions are
related to the activity of neural stem cells. The hippocampal granule cell layer undergoes continuous renewal and
restructuring. Radiotherapy can affect this sensitive cell
layer leading to impaired function without overt pathological changes.

Kamiryo et al. showed how the latency to development of
vascular damage after stereotactic radiosurgery (SRS) to
the parietal cortex of rat brain decreases from 12 months
to 3 weeks with an increase in radiation dose from 50 to
75 or 120 Gy [30]. The amount of vessel dilation,
increased permeability, thickening of the vessel wall, vessel occlusion and necrosis also increased with dose. Spinal
cord data suggest an increase in the release of vascular
endothelial growth factor (VEGF) as a result of impaired
perfusion and hypoxia signalling [31]. Obviously, the
clinically observed latent phase is characterised by persistent and increasing oxidative stress and active responses to
this factor.

There is increasing evidence that partial brain radiotherapy alone rarely causes significant neurocognitive decline
[33,34]. One of the largest comparative studies in lowgrade glioma showed poorer cognitive function in irradiated patients [35]. However, cognitive disability was associated to fraction doses exceeding 2 Gy. In addition,
antiepileptic drug use was strongly associated with disability in attentional and executive function. The risk of
toxicity might also increase with age, probably as a result
of impaired tissue reserve capacity and perfusion.
Increased sensitivity of children might be related to conditions in the immature CNS, e.g., increased proliferation.
Neurocognitive dysfunction was reported to stabilize
spontaneously [36] or to progress over time [37]. In
extreme cases, subcortical dementia might result which
often is associated with gait disturbance and incontinence. Due to the lack of effective treatment, most
patients with this severe complication die after several
months or a few years. Histopathologic findings include
diffuse spongiosis and demyelination as well as dissiminated miliar necrosis.

Clinical confirmatory data

Prevention strategies

Sustaining toxicity that may impair the patients' lifestyle
significantly can be observed several years after radiotherapy in form of radionecrosis and cognitive dysfunction
associated with leukoencephalopathy. Necrosis develops

At present, pharmacologic or biologic prevention
approaches are still considered experimental, despite of
some non-randomized trials, e.g., of SRS for arteriovenous malformations where patients treated with gamma
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linolenic [omega-6-] acid had less permanent complications than those who did not receive this medication [38].
However, several rational experimental interventions
based on the pathogenetic models reviewed earlier have
been studied or are currently under investigation. The
clinical effectiveness of these putative prevention strategies has yet to be established.
On the one hand, the multifactorial pathogenesis offers
many different targets for intervention [39], on the other
hand targeting just one of these complex cascades might
not be sufficient to effectively inhibit tissue degeneration.
Figure 1 illustrates that early intervention has to deal with
functional rather than structural and clinically manifest
damage. While early-stage damage might be easier to
treat, any intervention faces the challenge of selectivity or
the risk of tumor protection. Among the earliest events
that might be targeted are direct and indirect radiation
effects leading to DNA damage. Indirect effects, mediated
via reactive oxygen species, can be counteracted by radical
scavengers such as amifostine. Several independent experiments with different endpoints, illustrated in Table 1,
provided preliminary evidence that modulation of the
radiation response of the CNS in vivo by systemic administration of amifostine appears possible. However, additional studies are warranted to investigate the protective
effect with differing regimens of administration, more
clinically relevant fractionation regimens, and longer follow-up. Various other compounds are also able to interact
with free radicals, for example glutathione. With any of
these agents, complete dose-effect curves have yet to be
generated to firmly establish their role in prevention.
DNA damage repair can be enhanced by several compounds, including the growth factor insulin-like growth
factor-1 (IGF-1) [40]. As demonstrated by our group, s.c.
IGF-1 treatment for few days concomitant to irradiation
significantly increases the latent time to development of
spinal cord necrosis [41]. When combined with intrathecal basic fibroblast growth factor (FGF-2) or amifostine, a
better efficacy was observed [42,43]. Dose-effect curves
were generated only for the combination of s.c. IGF-1 with
intrathecal amifostine. They suggest an increase in the
long-term radiation tolerance by approximately 7% for
single fraction irradiation. Growth factors, however,
might also influence several other mechanisms. They were
shown to prevent radiation-induced apoptosis, influence
proliferation of stem cells, neurogenesis and angiogenesis. Pena et al. have shown that i.v. injections of FGF-2 5
min. before, immediately after and 1 h after total body
irradiation in mice (1–20 Gy or 50 Gy) significantly
reduced the number of apoptotic vascular and glial cells in
the CNS [6]. Spinal cord experiments suggest that other
growth factors, such as platelet-derived growth factor
(PDGF) can increase the long-term radiation tolerance by
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Schematic concept of the time course of radiation-induced
reactions in cancer patients treated with ionizing radiation
via portals exposing some part of the central nervous system
(CNS). The tumor is expected to become eradicated within
a few weeks. The severity and latency of CNS reactions are
dose-dependent. Three different levels are shown. Acute
CNS reactions often remain below the level of clinical detection and resolve early. A second wave of so-called late reactions might develop after several months or years and after
higher radiation doses. The upper curve with or without
additional comorbidity shows how certain factors might influence damage progression or make intervention more difficult. The dotted line below the threshold level represents
succesful therapeutic intervention, which was started at the
time indicated by the arrow.

approximately 5% (two fractions of 16–20 Gy 24 h apart,
PDGF given intrathecally for 4 days starting 24 h before
the first fraction of radiation) [44]. It has recently been
suggested that i.p. injections of carbamylated erythropoietin, which does not stimulate the bone marrow, reduce
the extent of brain necrosis in rats exposed to a single dose
of 100 Gy (administration for 10 days starting immediately before radiosurgery [45]). Thus, several experiments
demonstrated that delayed toxicity can be prevented by
early intervention at the time of radiation treatment. This
offers new strategies of toxicity prevention. It was also suggested that growth factors have bell-shaped dose-effect
curves, i.e. high doses do not exert the best effects. Moreover, high doses of PDGF or VEGF might even cause acceleration of damage expression, most likely via cell-cycleactivating signals [46]. Usually, many cell types undergo
p53-induced G1-arrest after radiotherapy to allow for
repair of treatment-induced lesions. By overriding this
mechanism with high doses of growth factors, such cells
might be forced to die, resulting in early tissue breakdown
and manifestation of damage. With delayed treatment
after 12 weeks or more, acceleration was no longer
observed, suggesting that the damage cascade might
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Table 1: Overview of experimental studies of central nervous system (CNS) radioprotection
Reference

Animals

CNS region

RT schedule

AF schedule

Follow-up

Results

Guelman et al. [88]

Neonatal Wistar rats

Cephalic end

1 × 5 Gy

Whole body (brain)

1 × 2.5 Gy

Lamproglou et al. [90]

Young SpragueDawley rats
Young Wistar rats

30 days (90 days for 1
endpoint)
6 hours

Sign. protection

Alaoui et al. [89]

Whole brain

10 × 3 Gy

Subcutaneously 100
mg/kg
Intraperitoneal 75 mg/
kg
Intraperitoneal 37.5,
75 and 150 mg/kg

Plotnikova et al. [91, 92]

Adult Wistar rats

Whole brain

1 × 25 Gy (earlier
study with 40 or 60
Gy)

Intraperitoneal 300
mg/kg

18 months

Spence et al. [93]

Adult F-344 rats

Spinal cord

1 × 20–38 Gy

Intrathecal 0.33 mg

36 weeks

Nieder et al. [94]
Nieder et al. [94]

Adult F344 rats
Adult F344 rats

Spinal cord
Spinal cord

2 fractions, high dose
2 fractions, high dose

12 months
12 months

Nieder et al. [43]

Adult F344 rats

Spinal cord

Andratschke et al. [44]

Adult F344 rats

Spinal cord

Single fraction, high
dose
2 fractions, high dose

Intrathecal 0.3 mg
Subcutaneous 200 mg/
kg
Intrathecal 0.3 mg
plus s.c. IGF-1
Intrathecal PDGF as
sole treatment

7.5 months

12 months
12 months

No sign. protection
37.5 mg/kg not
effective; 150 mg/kg
caused 34% mortality;
75 mg/kg reduced
memory dysfunction
Protection against
vascular damage,
necrosis and death
after 25 Gy only
Protection with DMF
1.3
No sign. protection
Protection at 36 Gylevel
Protection with DMF
1.07
Protection with DMF
1.05

RT: radiotherapy; AF: amifostine; IGF-1: insulin-like growth factor-1; PDGF: platelet-derived growth factor; DMF: dose modification factor

already have reached a stage where additional manipulation can not influence the outcome anymore.
Whether growth factors influence pathways leading to
neurocognitive deficits is less well studied. Fukuda et al.
suggested that erythropoietin (EPO) did not influence single-dose irradiation-induced cell death in the dentate
gyrus of immature rodents [47]. However, neurocognitive
testing was not performed. Hossain et al. confirmed that
EPO did not modify the apoptotic response in this region
in adult mice treated with single-dose WBRT [48]. EPO
also did not reverse the inhibition of neurogenesis. However, reduced expression of inflammatory genes such as
COX-2 and ICAM-1 in the hippocampus was observed.
Several other examples of inhibition of inflammatory
reactions are available. The prophylactic use of dexamethasone 24 and 1 h before radiation exposure reduced the
expression of TNF-α, IL-1 and ICAM-1 [16]. In vitro, corticosteroids influence the function of microglial cells and
inhibit their proliferation [49]. Kondziolka et al. irradiated rats with implanted cerebral glioma by SRS, either
with or without i.v. administration of U-74389G, a 21aminosteroid which is largely selective for endothelium
[50]. The compound reduced the development of peritumoral edema and of radiation-induced vascular changes
in the parts of the brain which were within the region of
the steep dose gradient outside of the target volume. Injection of an anti-ICAM-1 monoclonal antibody significantly reduced leukocyte adhesion and vessel
permeability in a different rat model [18]. Monje et al.
observed a decrease in activated microglia and proliferating peripheral monocytes and an increase in newborn
hippocampal neurons in adult rats treated with a single

dose of 10 Gy and daily indomethacin for 2 months
beginning 2 days before brain irradiation [51]. Compared
to animals that did not receive radiation, neurogenesis
was still limited to 20–25%. No functional endpoints
were reported. Recently, Zhao et al. described a rat model
of fractionated WBRT with or without pioglitazone, an
anti-inflammatory peroxisomal proliferator-activated
receptor gamma agonist [52]. The WBRT-induced cognitive impairment was best prevented by drug administration before, during, and after WBRT. Thus, preliminary
data suggest protection from neurocognitive damage or
necrosis with anti-inflammatory drugs, but dose-modification factors have not been generated yet.

Delayed intervention/treatment of side effects/
tissue restoration
As suggested in Figure 1, delayed intervention during the
latency time circumvents the problem of tumor protection. However, trying to reverse or ameliorate side effects
will only be possible before a certain threshold level of
damage is exceeded. Higher radiation doses might require
either earlier or more efficacious interventions. In addition, comorbidity associated with perfusion disturbance
might modify damage progression. A few case reports
described successful treatment of late CNS toxicity by
hyperbaric oxygen treatment (HBO). For example, one
out of 7 patients with cognitive impairment at least 1.5
years after radiotherapy improved after 30 sessions of
HBO [53]. Patients with leukencephalopathy and moderate hydrocephalus (diagnosed by intracranial pressure
monitoring) might profit from ventriculoperitoneal shunt
insertion [54]. Quality of life can be improved by supportive measures (cognitive training, rehabilitation, special
education etc.) and possibly by drugs prescribed for other
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neurodegenerative diseases or depression [55]. Some of
these compounds such as fluoxetine increase neurogenesis [56]. For radionecrosis of the brain, therapeutic intervention with corticosteroids or anticoagulants is
sometimes successful. They should be administered early
before the stage of cystic liquefaction. Often, surgical
resection is the only way to effectively improve the symptoms. Very recent, preliminary data suggest that VEGF
pathway inhibition with bevacizumab might be able to
reduce both the MRI abnormalities associated with necrosis and the dexamethasone requirement [57]. These findings lend support to the preclinical spinal cord
radionecrosis data [31].
Ramipril, an inhibitor of angiotensin-converting enzyme,
was studied in a rat model of optic neuropathy 6 months
after irradiation with both functional and histological
endpoints [58]. Continuous daily drug treatment started
already 2 weeks after irradiation. Encouraging results for
both endpoints were reported. However, only a single
radiation dose level was examined. Hornsey et al. evaluated vasoactive drugs administered from 17 weeks
onwards after single-dose irradiation of rat spinal cord
[59]. Dipyridamol increased the median latent time from
167 to 195 days at the level of the ED100 and from 193 to
240 days at the ED80. Moreover, the better effectiveness at
lower radiation doses led to an increase in ED50 by 2–3 Gy
(approximately 10%).
Transplantation of stem cells or stimulation of the endogenous stem cell compartment, e.g., by growth factor application might also offer exciting prospects. In principle,
mature functional cells can be generated by proliferation
and differentiation from stem, progenitor, and precursor
cells or by recovery and repair of damage in already existing cells which then continue to survive. Important differences exist between embryonic, umbilical cord blood, and
various types of adult stem cells. All of these, however, are
capable of self-renewal, a process by which stem cells
divide to generate one (asymmetric division) or two (symmetric division) daughter stem cells, are proliferative, and
are multipotent for the different cell lineages. Besides of
killing stem cells, ionizing radiation could also exert
adverse effects if it would directly or indirectly change the
programming and behaviour of these cells, e.g., by triggering generation of glial cells only or by maintaining their
own stem cell pool without generation of differentiated
progeny. Stem cell maintenance, prevention of premature
senescence and apoptosis, and differentiation in the
mammalian CNS are complex and well regulated, e.g., by
Sonic Hedgehog, Polycomb family members, cell cycle
regulators, and environmental factors in the stem cell
niche [60,61].

http://www.ro-journal.com/content/2/1/23

Both hematopoietic and neural stem cells might be beneficial for CNS regeneration. Neural stem cells can be
divided into two different subsets, i.e. CNS stem cells and
neural crest stem cells. The latter give rise to neurons and
glia of the peripheral nervous system and other connective
cell types. The subventricular zones (SVZ) adjacent to the
lateral ventricles contain a mosaic of immature multipotential, bipotential, and unipotential neural CNS stem
cells as well as progenitors at different stages of lineage
restriction (Figure 2). Other regions in the adult CNS, incl.
hippocampus, optic nerve and spinal cord, contain at
least certain types of precursors (reviewed by Emsley et al.
[62]). Several growth factors instruct lineage differentiation. In addition, there are switches, such as Notch activation, that determine neurogenesis, which normally occurs
first, and initiate gliogenesis. Some of these CNS precursor
cells are highly sensitive to ionizing radiation and
undergo apoptosis, as already discussed. Interestingly,
neural stem cells are less prone to apoptosis as progenitors, e.g. late oligodendrocyte progenitors (reviewed by
Romanko et al. [63]). Tada et al. showed that 24 h after
irradiation of rat brains significant reductions occur in
total cell number, and in the number of proliferating cells
and immature neurons in the SVZ [64]. With higher radiation doses no relevant repopulation of the SVZ was
observed for at least 6 months. Obviously, surviving stem
cells do not receive the proper signals to initiate tissue
recovery after irradiation or maybe surrounding supportive elements are lost (see inflammatory and vascular
changes reviewed earlier). Another limiting factor for
endogenous stem cells is the fact that they undergo cellintrinsic changes in developmental or neuronal subtype
potential over time [65], possibly reducing their capacity
to form neurons and biasing the types of neurons they can
make. It can not be excluded that radiation-induced gliosis might prevent generation of the required cell types
[61]. Furthermore, activation of both neural and endothelial/vascular cell lineages might be required to achieve
durable success. Neural stem cells grown with endothelial
cells in vitro underwent symmetric, proliferative divisions,
in contrast to the asymmetric pattern seen in control conditions [66]. Endothelial cells secrete factors such as FGF2 that influence self-renewal and neurogenic potential.
While the stem cells generated neurons, astrocytes, and
oligodendrocytes upon endothelial cell removal, no
endothelial progeny was generated.
Immature cells are able to migrate tangentially and radially within the CNS for a limited distance, possibly leading to regeneration of small lesions from the surrounding
healthy tissue [67]. Astrocytes and endothelial cells upregulate chemokines such as stromal cell-derived factor
(SDF)-1α after injury. As shown by Imitola et al., neural
stem cells by virtue of their expression of chemokine
receptors migrate to sources of SDF-1α and home to the
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Figure 2factors influence several steps of neurogenesis
Growth
Growth factors influence several steps of neurogenesis. NSC:
neural stem cell, NPC: neural progenitor cell, GPC: glial progenitor cell, FGF-2: basic fibroblast growth factor, EGF: epidermal growth factor, CNTF: ciliary neurotrophic factor,
EPO: erythropoietin, PDGF: platelet-derived growth factor,
IGF-1: insulin-like growth factor-1, BMP-2: bone morphogenetic protein-2, BDNF: brain-derived neurotrophic factor,
T3: thyroid hormone

injury-induced stem cell niches [68]. Migration also
depends on adhesion and extracellular matrix molecules.
Without manipulation, there appears to be limited
directed cell migration and replacement from endogenous cell pools, e.g., in the SVZ. Growth factors might
represent potential tools for manipulation. Different
experimental CNS damage models suggest that IGF-1
causes an increase in oligodendrocyte numbers in previously damaged areas of the rat spinal cord [69]. IGF-1
reduces the permeability of the blood-brain barrier and
has been found to influence the restoration of neurogenesis in the adult and aging hippocampus [70]. Granulocyte colony-stimulating factor (G-CSF) also induced
proliferation and differentiation of neural precursors and
endothelial cell proliferation in adult rat brain in vivo,
most likely via VEGF interaction [71]. Brain-derived neurotrophic factor (BDNF) also leads to recruitment of
endothelial cells and increase of capillary density [72].
However, even in theory finding the right dose, timing
and maybe combination and sequence of different growth
factors in an individual patient appears very challenging,
not to mention that growth factor doses in some experimental conditions are too high for human application.
Limited time intrathecal administration of VEGF or PDGF
for two weeks starting 8–16 weeks after rat spinal cord
irradiation was not effective in preventing necrosis (own
unpublished data), underlining that relatively simple
interventions aiming at the surviving endogenous cell
population might not be the preferable approach in a
complexly altered CNS environment.

As an alternative, exogenous neural stem cells might
induce tissue regeneration. Such cells can even be engineered to manipulate their own microenvironment, as
shown for example by Zhu et al. who transfected fetal neural stem cells with VEGF gene [73]. After transplantation,
the stem cells migrated and expressed VEGF during the
early time after transplantation. Later, some of them differentiated to neurons. If precursor cells rather than stem
cells are transplanted into neurogenic regions, they can
differentiate into neurons in a region-specific manner
[74]. When transplanted outside the neurogenic regions,
they might generate only glia [62]. Thus, neurogenesis is
dependent on a permissive microenvironment. This again
leads to the question of how neurogenic permissiveness
can be induced or modified because donor cells, whatever
their source, must interact with an extremely complex
CNS environment in order to integrate appropriately. The
same holds true for the other main endpoint, i.e. radiation
necrosis. O-2A progenitor cells transplanted into irradiated rat spinal cord were shown to divide, migrate and
contribute to remyelination [75]. Rezvani et al. used neural stem cell transplantation to protect rats against spinal
cord necrosis [76]. Their results were encouraging, however, follow-up was shorter than 12 months. Furthermore,
they conducted the study in younger rats whose immature
spinal cord might react differently.
What results can be expected from transplanted non-neural cells? A detailed description of this issue is beyond the
scope of this paragraph, as recent reviews provide a lot of
background information, e.g. [77]. Umbilical cord bloodderived cells have been identified in the CNS and
endothelium [78] and were beneficial in a mouse model
of amyotrophic lateral sclerosis [79]. It has been suggested, however, that hematopoietic stem cells maintain
lineage fidelity in the brain and do not adopt neural cell
fates [80] or transdifferentiate [81]. We are not aware of
studies having addressed this question specifically in irradiated CNS. A French group transplanted human mesenchymal stem cells into mice subjected to sublethal total
body irradiation (TBI) with or without superimposed
local fields [82,83]. Without irradiation, these stem cells
did not engraft in the brain within 15 days (maximum
observation time). After TBI increased engraftment was
detected. In a model of mouse skin irradiation, beneficial
effects of cultured bone marrow mesenchymal stem cells
on lesion healing were suggested too [84]. With regard to
experimental conditions, it has to be emphasized that
observations in precursor research in general might be
site- and condition-specific and thus hard to generalize.
Some of the observations still create considerable controversy (fact or artifact, as reviewed by Krabbe et al. [85]). It
should also be mentioned that stimulation of precursor
cell proliferation does not necessarily lead to sufficient
numbers of those differentiated cells that keep the organ
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functional. This is emphasized by observations of lack of
differentiation of O-2A cells into oligodendrocytes [86]
and differentiation of endothelial progenitors into
smooth muscle cells, potentially increasing the thickness
of the blood vessel wall [87] after treatment with PDGFBB. It is also clear that true neuronal integration depends
on many complex variables and progressive events.
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Conclusion
Although a large body of research on radiation-induced
CNS toxicity is still necessary, one can envision a scenario
with individually tailored strategies where patients with
comorbidity resulting in impaired regeneration reserve
capacity might be considered for toxicity prevention,
while others might be "salvaged" by delayed interventions
that circumvent the problem of normal tissue specificity.
Given the complexity of radiation-induced changes, single target interventions might not suffice. Intervention
might vary by patient age, elapsed time from radiotherapy
and toxicity type. Potential components include drugs
that target neurodegeneration or perfusion/hypoxia, cell
transplantation (into the CNS itself, the blood stream, or
both) and creation of reparative signals and a permissive
microenvironment, e.g., for cell homing. Without manipulation of the stem cell niche either by cell transfection or
addition of appropriate chemokines and growth factors
and by providing normal perfusion of the affected region,
durable success of cell-based strategies is hard to imagine.

Competing interests
The author(s) declare that they have no competing interests.

Authors' contributions
CN and NA participated in the conception of the work.
NA and STA performed data acquisition and interpretation. CN drafted the manuscript. All authors read and
approved the final manuscript.

12.
13.
14.

15.

16.
17.

18.

19.
20.

21.

22.
23.

References
1.
2.
3.
4.
5.
6.

7.

Van der Kogel AJ: Radiation-induced damage in the central
nervous system: an interpretation of target cell responses.
Br J Cancer 1986, 53(Suppl 7):207-217.
Schultheiss TE, Kun LE, Ang KK, Stephens LC: Radiation response
of the central nervous system. Int J Radiat Oncol Biol Phys 1995,
31:1093-1112.
Ang KK, Jiang GL, Feng Y, Stephens LC, Tucker SL, Price RE: Extent
and kinetics of recovery of occult spinal cord injury. Int J
Radiat Oncol Biol Phys 2001, 50:1013-1020.
Nieder C, Grosu AL, Andratschke N, Molls M: Update of human
spinal cord reirradiation tolerance based on additional data
from 38 patients. Int J Radiat Oncol Biol Phys 2006, 66:1446-1449.
Raju U, Gumin GJ, Tofilon PJ: Radiation-induced transcription
factor activation in the rat cerebral cortex. Int J Radiat Biol
2005, 76:1045-1053.
Pena LA, Fuks Z, Kolesnick RN: Radiation-induced apoptosis of
endothelial cells in the murine central nervous system: protection by fibroblast growth factor and sphingomyelinase
deficiency. Cancer Res 2000, 60:321-327.
Li YQ, Chen P, Haimovitz-Friedman A, Reilly RM, Wong CS:
Endothelial apoptosis initiates acute blood-brain barrier dis-

24.

25.

26.

27.
28.

ruption after ionizing radiation.
Cancer Res 2001,
63(18):5950-5956.
Larocca JN, Farooq M, Norton WT: Induction of oligodendrocyte
apoptosis by C2-ceramide. Neurochem Res 1997, 22:529-534.
Tofilon PJ, Fike JR: The radioresponse of the central nervous
system: a dynamic process. Radiat Res 2000, 153:357-370.
Chiang CS, McBride WH: Radiation enhances tumor necrosis
factor alpha production by murine brain cells. Brain Res 1991,
566:265-269.
Hayakawa K, Borchardt PE, Sakuma S, Ijichi A, Niibe H, Tofilon PJ:
Microglial cytokine gene induction after irradiation is
affected by morphologic differentiation. Radiat Med 1997,
15:405-410.
Moore AH, Olschowka JA, Williams JP, Okunieff P, O'Banion MK:
Regulation of prostaglandin E2 synthesis after brain irradiation. Int J Radiat Oncol Biol Phys 2005, 62:267-272.
Chiang CS, McBride WH, Withers HR: Radiation-induced astrocytic and microglial responses in mouse brain. Radiother Oncol
1993, 29:60-68.
Satoh J, Kastrukoff LF, Kim SU: Cytokine-induced expression of
intercellular adhesion molecule-1 (ICAM-1) in cultured
human oligodendrocytes and astrocytes. J Neuropathol Exp
Neurol 1991, 50:215-226.
Wong D, Dorovini ZK: Upregulation of intercellular adhesion
molecule-1 (ICAM-1) expression in primary cultures of
human brain microvessel endothelial cells by cytokines and
lipopolysaccharide. J Neuroimmunol 1992, 39:11-21.
Hong JH, Chiang CS, Campbell IL, Sun JR, Withers HR, McBride WH:
Induction of acute phase gene expression by brain irradiation. Int J Radiat Oncol Biol Phys 1995, 33:619-626.
Gaber MW, Sabek OM, Fukatsu K, Wilcox HG, Kiani MF, Merchant
TE: Differences in ICAM-1 and TNF-alpha expression
between large single fraction and fractionated irradiation in
mouse brain. Int J Radiat Biol 2003, 79:359-366.
Yuan H, Gaber MW, McColgan T, Naimark MD, Kiani MF, Merchant
TE: Radiation-induced permeability and leukocyte adhesion
in the rat blood-brain barrier: modulation with anti-ICAM-1
antibodies. Brain Res 2003, 969:59-69.
Daigle JL, Hong JH, Chiang CS, McBride WH: The role of tumor
necrosis factor signalling pathways in the response of murine
brain to irradiation. Cancer Res 2001, 61:8859-8865.
Gobbel GT, Bellinzona M, Vogt AR, Gupta N, Fike JR, Chan PH:
Response of postmitotic neurons to x-irradiation: Implications for the role of DNA damage in neuronal apoptosis. J
Neurosci 1998, 18:147-155.
Madsen TM, Kristjansen PE, Bolwig TG, Wortwein G: Arrested
neuronal proliferation and impaired hippocampal function
following fractionated irradiation in the adult rat. Neuroscience 2003, 119:635-642.
Monje ML, Mizumatsu S, Fike JR, Palmer TD: Irradiation induces
neural precusor-cell dysfunction. Nature Med 2002, 8:928-930.
Brown WR, Blair RM, Moody DM, Thore CR, Ahmed S, Robbins ME,
Wheeler KT: Capillary loss precedes the cognitive impairment induced by fractionated whole-brain irradiation: A
potential rat model of vascular dementia. J Neurol Sci 2007,
257(1-2):67-71.
Shi L, Adams MM, Long A, Carter CC, Bennett C, Sonntag WE,
Nicolle MM, Robbins M, D'Agostino R, Brunso-Bechtold JK: Spatial
learning and memory deficits after whole-brain irradiation
are associated with changes in NMDA receptor subunits in
the hippocampus. Radiat Res 2006, 166:892-899.
Morris GM, Coderre JA, Bywaters A: Boron neutron capture
irradiation of the rat spinal cord: histopathological evidence
of a vascular-mediated pathogenesis.
Radiat Res 1996,
146:313-320.
Coderre JA, Morris GM, Micca PL, Hopewell JW, Verhagen I, Kleiboer BJ, van der Kogel AJ: Late effects of radiation on the central nervous system: role of vascular endothelial damage and
glial stem cell survival. Radiat Res 2006, 166:495-503.
Calvo W, Hopewell JW, Reinhold HS, Yeung TK: Time- and doserelated changes in the white matter of the rat brain after single doses of X-rays. Br J Biol 1988, 61(731):1043-1052.
Ljubimova NV, Levitman MK, Plotnikova ED, Eidus LK: Endothelial
cell population dynamics in rat brain after local irradiation.
Br J Radiol 1991, 64:934-940.

Page 8 of 10
(page number not for citation purposes)

Radiation Oncology 2007, 2:23

29.

30.
31.

32.
33.
34.
35.

36.

37.

38.

39.
40.

41.
42.

43.
44.

45.

46.

47.

48.

Hopewell JW, van der Kogel AJ: Pathophysiological mechanisms
leading to the development of late radiation-induced damage to the central nervous system. Front Radiat Ther Oncol 1999,
33:265-275.
Kamiryo T, Kassell NF, Thai QA, Lopes MB, Lee KS, Steiner L: Histological changes in the normal rat brain after gamma irradiation. Acta Neurochir 1996, 138(4):451-459.
Nordal RA, Nagy A, Pintilie M, Wong CS: Hypoxia and hypoxiainducible factor-1 target genes in central nervous system
radiation injury: a role for vascular endothelial growth factor. Clin Cancer Res 2004, 10:3342-3353.
Keime-Guibert F, Napolitano M, Delattre JY: Neurological complications of radiotherapy and chemotherapy. J Neurol 1998,
245:695-708.
Torres IJ, Mundt AJ, Sweeney PJ, Castillo M, Macdonald RL: A longitudinal neuropsychological study of partial brain radiation in
adults with brain tumors. Neurology 2003, 60:1113-1118.
Duchstein S, Gademann G, Peters B: Early and late effects of local
high dose radiotherapy of the brain on memory and attention [German]. Strahlenther Onkol 2003, 179:441-451.
Klein M, Heimans JJ, Aaronson NK, van der Ploeg HM, Grit J, Muller
M, Postma TJ, Jolles J, Slotman BJ, Struikmans H, Taphoorn MJ: Effect
of radiotherapy and other treatment-related factors on midterm to long-term cognitive sequelae in low-grade gliomas:
a comparative study. Lancet 2002, 360:1361-1368.
Armstrong CL, Hunter JV, Ledakis GE, Cohen B, Tallent EM, Goldstein BH, Tochner Z, Lustig R, Jo MY, Than TL, Phillips P: Late cognitive and radiographic changes related to radiotherapy:
initial prospective findings. Neurology 2002, 59:40-48.
Johnson BE, Patronas N, Hayes W, Grayson J, Becker B, Gnepp D,
Rowland J, Anderson A, Glatstein E, Ihde DC: Neurologic, computed cranial tomographic, and magnetic resonance imaging
abnormalities in patients with small-cell lung cancer: further
follow-up of 6- to 13-year survivors. J Clin Oncol 1990, 8:48-56.
Sims EC, Plowman PN: Stereotactic radiosurgery XII. Large
AVM and the failure of the radiation response modifier
gamma linolenic acid to improve the therapeutic ratio. Br J
Neurosurg 2001, 15:28-34.
Nordal RA, Wong CS: Molecular targets in radiation-induced
blood-brain barrier disruption. Int J Radiat Oncol Biol Phys 2005,
62:279-287.
Trojanek J, Ho T, Del Valle L, Nowicki M, Wang JY, Lassak A, Peruzzi
F, Khalili K, Skorski T, Reiss K: Role of the insulin-like growth factor I/insulin receptor substrate 1 axis in Rad51 trafficking and
DNA repair by homologous recombination. Mol Cell Biol 2003,
23:7510-7524.
Nieder C, Andratschke N, Price RE, Ang KK: Evaluation of insulinlike growth factor-1 for prevention of radiation-induced
myelopathy. Growth Factors 2005, 23:15-18.
Nieder C, Price RE, Rivera B, Andratschke N, Ang KK: Experimental data for insulin-like growth factor-1 and basic fibroblast
growth factor in prevention of radiation myelopathy (German). Strahlenther Onkol 2002, 178:147-152.
Nieder C, Price RE, Rivera B, Andratschke N, Ang KK: Effects of
insulin-like growth factor-1 (IGF-1) and amifostine in spinal
cord re-irradiation. Strahlenther Onkol 2005, 181:691-695.
Andratschke NH, Nieder C, Price RE, Rivera B, Tucker SL, Ang KK:
Modulation of rodent spinal cord radiation tolerance by
administration of platelet-derived growth factor. Int J Radiat
Oncol Biol Phys 2004, 60:1257-1263.
Erbayraktar S, de Lanerolle N, de Lotbiniere A, Knisely JP, Erbayraktar
Z, Yilmaz O, Cerami A, Coleman TR, Brines M: Carbamylated
erythropoietin reduces radiosurgically-induced brain injury.
Mol Med 2006, 12:74-80.
Nieder C, Andratschke N, Price RE, Ang KK: Accelerationof normal tissue damage expression by early stimulation of cell
proliferation in rat spinal cord. Strahlenther Onkol 2006,
182:680-684.
Fukuda H, Fukuda A, Zhu C, Korhonen L, Swanpalmer J, Hertzman S,
Leist M, Lannering B, Lindholm D, Marky I, Blomgren K: Irradiationinduced progenitor cell death in the developing brain is
resistant to erythropoietin treatment and caspase inhibition.
Cell Death Differ 2004, 11:1166-1178.
Hossain M, Atkinson S, Li YQ, Wong CS: Systemically administered erythropoietin protects the brain through anti-inflam-

http://www.ro-journal.com/content/2/1/23

49.

50.

51.
52.

53.

54.

55.

56.
57.
58.

59.
60.
61.

62.
63.

64.
65.
66.

67.
68.

69.

matory mechanisms (Abstract #145). Int J Radiat Oncol Biol Phys
2005, 63:S87.
Tanaka J, Fujita H, Matsuda S, Toku K, Sakanaka M, Maeda N: Glucocorticoid- and mineralocorticoid receptors in microglial
cells: the two receptors mediate differential effects of corticosteroids. Glia 1997, 20:23-37.
Kondziolka D, Mori Y, Martinez AJ, McLaughlin MR, Flickinger JC,
Lunsford LD: Beneficial effects of the radioprotectant 21-aminosteroid U-74389G in a radiosurgery rat malignant glioma
model. Int J Radiat Oncol Biol Phys 1999, 44:179-184.
Monje ML, Toda H, Palmer TD: Inflammatory blockade restores
adult hippocampal neurogenesis. Science 2003, 302:1760-1765.
Zhao W, Payne V, Tommasi E, Diz DI, Hsu FC, Robbins ME: Administration of the peroxisomal proliferator-activated receptor
gamma agonist pioglitazone during fractionated brain irradiation prevents radiation-induced cognitive impairment. Int J
Radiat Oncol Biol Phys 2007, 67:6-9.
Hulshof MC, Stark NM, van der Kleij A, Sminia P, Smeding HM,
Gonzalez Gonzalez D: Hyperbaric oxygen therapy for cognitive
disorders after irradiation of the brain. Strahlenther Onkol 2002,
178:192-198.
Perrini P, Scollato A, Cioffi F, Conti R, Di Lorenzo N: Radiation leukoencephalopathy associated with moderate hydrocephalus:
intracranial pressure monitoring and results of ventriculoperitoneal shunting. Neurol Sci 2002, 23:237-241.
Shaw EG, Rosdhal R, D'Agostino RB Jr, Lovato J, Naughton MJ, Robbins ME, Rapp SR: Phase II study of donepezil in irradiated
brain tumor patients: effect on cognitive function, mood,
and quality of life. J Clin Oncol 2006, 24:1415-1420.
Emsley JG, Mitchell BD, Kempermann G, Macklis JD: Adult neurogenesis and repair of the adult CNS with neural progenitors,
precursors, and stem cells. Prog Neurobiol 2005, 75:321-341.
Gonzalez J, Kumar AJ, Conrad CA, Levin VA: Effect of bevacizumab on radiation necrosis of the brain. Int J Radiat Oncol Biol Phys
2007, 67:323-326.
Kim JH, Brown SL, Kolozsvary A, Jenrow KA, Ryu S, Rosenblum ML,
Carretero OA: Modification of radiation injury by ramipril,
inhibitor of angiotensin-converting enzyme, on optic neuropathy in the rat. Radiat Res 2004, 161:137-142.
Hornsey S, Myers R, Jenkinson T: The reduction of radiation
damage to the spinal cord by post-irradiation administration
of vasoactive drugs. Int J Radiat Oncol Biol Phys 1990, 18:1437-1442.
Molofsky AV, Pardal R, Morrison SJ: Diverse mechanisms regulate stem cell self-renewal. Curr Op Cell Biol 2004, 16:700-707.
Barkho BZ, Song H, Aimone JB, Smrt RD, Kuwabara T, Nakashima K,
Gage FH, Zhao X: Identification of astrocyte-expressed factors
that modulate neural stem/progenitor cell differentiation.
Stem Cells Dev 2006, 15:407-421.
Emsley JG, Mitchell BD, Kempermann G, Macklis JD: Adult neurogenesis and repair of the adult CNS with neural progenitors,
precursors, and stem cells. Prog Neurobiol 2005, 75:321-341.
Romanko MJ, Rola R, Fike JR, Szele FG, Dizon M, Felling RJ, Brazel CY,
Levison SW: Roles of the mammalian subventricular zone in
cell replacement after brain injury. Prog Neurobiol 2004,
74:77-99.
Tada E, Yang C, Gobbel GT, Lamborn KR, Fike JR: Long-term
impairment of subependymal repopulation following damage by ionizing irradiation. Exp Neurol 1999, 160:66-77.
Morrison SJ: Neuronal potential and lineage determination by
neural stem cells. Curr Opin Cell Biol 2001, 13:666-672.
Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent
P, Pumiglia K, Temple S: Endothelial cells stimulate self-renewal
and expand neurogenesis of neural stem cells. Science 2004,
304:1338-1340.
Chari DM, Blakemore WF: Efficient recolonisation of progenitor-depleted areas of the CNS by adult oligodendrocyte progenitor cells. Glia 2002, 37:307-313.
Imitola J, Raddassi K, Park KI, Mueller FJ, Nieto M, Teng YD:
Directed migration of neural stem cells to sites of CNS
injury by the stromal cell-derived factor 1α/CXC chemokine
receptor 4 pathway. PNAS 2004, 101:18117-18122.
Yao DL, Liu X, Hudson LD, Webster HD: Insulin-like growth factor I treatment reduces demyelination and up-regulates
gene expression of myelin-related proteins in experimental
autoimmune encephalomyelitis. Proc Natl Acad Sci USA 1995,
92(13):6190-6194.

Page 9 of 10
(page number not for citation purposes)

Radiation Oncology 2007, 2:23

70.

71.

72.

73.
74.

75.

76.

77.
78.
79.

80.
81.
82.

83.

84.

85.
86.
87.

88.

Lichtenwalner RJ, Forbes ME, Bennett SA, Lynch CD, Riddle DR:
Intracerebroventricular infusion of insulin-like growth factor-1 ameliorates the age-related decline in hippocampal
neurogenesis. Neuroscience 2001, 107:603-613.
Jung KH, Chu K, Lee ST, Kim SJ, Sinn DI, Kim SU, Kim M, Roh JK:
Granulocyte colony-stimulating factor stimulates neurogenesis via vascular endothelial growth factor with STAT activation. Brain Res 2006, 1073–1074C:190-201.
Kermani P, Rafii D, Jin DK, Whitlock P, Schaffer W, Chiang A: Neurotrophins promote revascularization by local recruitment
of TrkB+ endothelial cells and systemic mobilization of
hematopoietic progenitors. J Clin Invest 2005, 115:653-663.
Zhu W, Mao Y, Zhou LF: Reduction of neural and vascular damage by transplantation of VEGF-secreting neural stem cells
after cerebral ischemia. Acta Neurochir Suppl 2005, 95:393-397.
Lepore AC, Neuhuber B, Connors TM, Han Ss, Liu Y, Daniels MP,
Rao MS, Fischer I: Long-term fate of neural precusor cells following transplantation into developing and adult CNS. Neuroscience 2006, 142:287-304.
Franklin RJ, Bayley SA, Blakemore WF: Transplanted CG4 cells
(an oligodendrocyte progenitor cell line) survive, migrate,
and contribute to repair of areas of demyelination in X-irradiated and damaged spinal cord but not in normal spinal
cord. Exp Neurol 1996, 137:263-276.
Rezvani M, Birds DA, Hodges H, Hopewell JW, Milledew K, Wilkinson JH: Modification of radiation myelopathy by the transplantation of neural stem cells in the rat. Radiat Res 2001,
156:408-412.
Ortiz-Gonzalez XR, Keene CD, Verfaillie CM, Low WC: Neural
induction of adult bone marrow and umbilical cord stem
cells. Curr Neurovasc Res 2004, 1:207-213.
Korbling M, Robinson S, Estrov Z, Champlin R, Shpall E: Umbilical
cord blood-derived cells for tissue repair. Cytotherapy 2005,
7:258-261.
Garbuzova-Davis S, Willing AE, Zigova T, Saporta S, Justen EB, Lane
JC: Intravenous administration of human umbilical cord
blood cells in a mouse model of amyotrophic lateral sclerosis: distribution, migration, and differentiation. J Hematother
Stem Cell Res 2003, 12:255-270.
Massengale M, Wagers AJ, Vogel H, Weissman TL: Hematopoietic
cells maintain hematopoietic fates upon entering the brain.
J Exp Med 2005, 201:1579-1589.
Wagers AJ, Sherwood RI, Christensen JL, Weissman IL: Little evidence for developmental plasticity of adult hematopoietic
stem cells. Science 2002, 297:2256-2259.
Francois S, Bensidhoum M, Mouiseddine M, Mazurier C, Allenet B,
Semont A, Frick J, Sache A, Bouchet S, Thierry D, Gourmelon P,
Gorin NC, Chapel A: Local irradiation induces not only homing
of human mesenchymal stem cells at exposed sites but promotes their widespread engraftment to multiple organs: a
study of their quantitative distribution following irradiation
damages. Stem Cells 2006, 24:1020-1029.
Semont A, Francois S, Mouiseddine M, Francois A, Sache A, Fricke J,
Thierry D, Chapel A: Mesenchymal stem cells increase selfrenewal of small intestinal epithelium and accelerate structural recovery after radiation injury. Adv Exp Med Biol 2006,
585:19-30.
Francois S, Mouiseddine M, Mathieu N, Semont A, Monti P, Dudoignon N, Sache A, Boutarfa A, Thierry D, Gourmelon P, Chapel A:
Human mesenchymal stem cells favour healing of the cutaneous radiation syndrome in a xenogenic transplant model.
Ann Hematol 2007, 86:1-8.
Krabbe C, Zimmer J, Meyer M: Neural transdifferentiation of
mesenchymal stem cells – a critical review. APMIS 2005,
113:831-844.
Calver AR, Hall AC, Yu WP: Oligodendrocyte population
dynamics and the role of PDGF in vivo. Neuron 1998,
20:869-882.
Miyata T, Iizasa H, Sai Y, Fujii J, Terasaki T, Nakashima E: Plateletderived growth factor-BB (PDGF-BB) induces differentiation of bone marrow endothelial progenitor cell-derived cell
line TR-BME2 into mural cells, and changes the phenotype.
J Cell Physiol 2005, 204:948-955.
Guelman LR, Zorrilla Zubilete MA, Rios H, Zieher LM: WR-2721
(amifostine, ethyol) prevents motor and morphological

http://www.ro-journal.com/content/2/1/23

89.
90.

91.

92.

93.

94.

changes induced by neonatal X-irradiation. Neurochem Int
2003, 42:385-391.
Alaoui F, Pratt J, Trocherie S, Court L, Stutzmann JM: Acute effects
of irradiation on the rat brain: protection by glutamate
blockade. Eur J Pharmacol 1995, 276:55-60.
Lamproglou I, Djazouli K, Boisserie G, Patin GH, Mazeron JJ, Baillet F:
Radiation-induced cognitive dysfunction: the protective
effect of ethyol in young rats. Int J Radiat Oncol Biol Phys 2003,
57:1109-1115.
Plotnikova ED, Levitman MK, Shaposhnikova VV, Koshevoy JuV, Eidus
LK: Protection of microcirculation in rat brain against late
radiation injury by gammaphos. Int J Radiat Oncol Biol Phys 1984,
10:365-368.
Plotnikova D, Levitman MK, Shaposhnikova VV, Koshevoj JV, Eidus
LK: Protection of microvasculature in rat brain against late
radiation injury by gammaphos. Int J Radiat Oncol Biol Phys 1988,
15:1197-1201.
Spence AM, Krohn KA, Edmondson SW, Grunbaum Z, Rasey JS,
Steele JE: Radioprotection in rat spinal cord with WR-2721 following cerebral lateral intraventricular injection. Int J Radiat
Oncol Biol Phys 12:1479-1482.
Nieder C, Andratschke NH, Wiedenmann N, Molls M: Prevention
of radiation-induced central nervous system toxicity: a role
for amifostine? Anticancer Res 2004, 24:3803-3810.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10
(page number not for citation purposes)

