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Delayed irradiation side effects

Radiosurgery is an important non-invasive procedure for the treatment of tumors and vascular malforma-
tions. However, in addition to killing target tissues, cranial irradiation induces damage to adjacent healthy
tissues leading to neurological deterioration in both pediatric and adult patients, which is poorly understood
and insufficiently treatable. To minimize irradiation damage to healthy tissue, not the optimal therapeutic ir-
radiation dose required to eliminate the target lesion is used but lower doses. Although the success rate of
irradiation surgery is about 95%, 5% of patients suffer problems, most commonly neurological, that are
thought to be a direct consequence of irradiation-induced inflammation. Although no direct correlation has
been demonstrated, the appearance and disappearance of inflammation that develops following irradiation
commonly parallel the appearance and disappearance of neurological side effects that are associated with
the neurological function of the irradiated brain regions. These observations have led to the hypothesis
that brain inflammation is causally related to the observed neurological side effects. Studies indicate that hy-
perbaric oxygen therapy (HBOT) applied after the appearance of irradiation-induced neurological side effects
reduces the incidence and severity of those side effects. This may result from HBOT reducing inflammation,
promoting angiogenesis, and influencing other cellular functions thereby suppressing events that cause the
neurological side effects. However, it would be significantly better for the patient if rather than waiting for
neurological side effects to become manifest they could be avoided. This review examines irradiation-
induced neurological side effects, methods that minimize or resolve those side effects, and concludes with
a discussion of whether HBOT applied following irradiation, but before manifestation of neurological side ef-
fects may prevent or reduce the appearance of irradiation-induced neurological side effects.

© 2012 Published by Elsevier Inc.
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Introduction Akram, 2011). The presence of necrosis can be documented by perform-

Since 1987, more than 500,000 patients in North America have
undergone stereotactic radiosurgery, subsequently referred to as irradi-
ation, for the management of a variety of brain disorders, including
tumors, vascular malformations, pain, movement disorders and epilep-
sy. Irradiation is now considered a mainline intervention and is often
used as an alternative to more conventional invasive neurosurgical
procedures.

Irradiation-induced inflammation, tissue necrosis and
neurological deficits

Whole brain radiation carries the serious risk of neurotoxicity in
about 90% of patients, with the extent of tissue necrosis increasing
with the increasing volume of radiated tissue. However, the extent of
tissue necrosis and the severity and types of side effects induced by
irradiation can be reduced by using focal irradiation such in stereotactic
Gamma Knife surgery.

When following irradiation, the irradiated site is examined using
T2-weighted magnetic resonance images (MRI), 36% of patients mani-
fest an increased signal around the irradiation site (Mahadevan et al.,
2011; Yen et al., 2010). Clinically this signal is generally interpreted as
irradiation-induced brain inflammation changes associated with tissue
swelling, neuron death and neurological losses (Son et al, 2001;
Stancanello et al.,, 2009; Wanebo et al,, 2009; Wu et al., 2009; Yen
et al., 2010). The appearance and disappearance of inflammation seen
in T2-weighted magnetic resonance images are frequently associated
with the appearance and disappearance of necrosis (Stancanello et al.,
2009; Yen et al., 2010). This observation led to the hypothesis that
irradiation-induced inflammation underlies, or is causally related to,
the appearance and disappearance of tissue necrosis and the manifesta-
tion of neurological deficits.

Depending on the tissue irradiated and the extent of tissue necrosis
that develops, various side effects and neurological deficits may mani-
fest including mental deterioration, progressive dementia, loss of mem-
ory, headache, fatigue, nausea and vomiting sleepiness, dry-mouth,
altered sense of taste, blurry vision, loss of hearing and ataxia (Chan
et al,, 2003; Chin et al,, 2000; Tuan et al,, in press). However, when irra-
diation is used to destroy tumors, such as Schwannomas, intimately as-
sociated with nerves, such as the trigeminal, optic, occulomotor,
olfactory or acoustic, the irradiation can lead to nerve demyelination
and degeneration, fragmentation, or loss of axons (Vernimmen et al.,
2009; Yeung et al., 2009). This nerve damage can result in even greater
neurological deficits since the neurological functions of the damaged
nerves are permanently lost causing deafness, loss of taste, blindness,
and with trigeminal nerve damage, the loss of sensation in the face,
and certain motor functions such as biting, chewing, and swallowing
(Akamatsu et al., 2010; Arvold et al., 2009; Dea et al., 2010; Lesser et al.,
2010; Petsuksiri et al., 2011; Vernimmen et al,, 2009; Zakrzewska and

ing biopsies on the irradiated tissue areas (Chuba et al, 1997).
Radiation-induced necrosis is generally considered irreversible
(Delanian and Lefaix, 2004; Przybyszewska et al,, 2011; Wang et al,
2009).

Following the manifestation of irradiation-induced necrosis, the
major clinical interventions are steroid treatment, decompression, and
hyperbaric oxygen therapy (Djalilian et al., 2007; Foroughi et al.,
2010; Narozny et al., 2005; Spiegelberg et al., 2010). However, addition-
al methods will also be discussed that can be used in attempts to slow or
block the manifestations of inflammation and necrosis.

Presently there is no way of anticipating which irradiated patients
will manifest irradiation-induced inflammation and neurological side
effects (Wanebo et al.,, 2009). Therefore, clinically one is forced to wait
and see which patients manifest inflammation, tissue necrosis and
neurological deficits. Of brain irradiated patients who show edema,
33% are asymptomatic for clinical manifestations of neurological deficits
(Geraci et al., 1993). However, even though irradiation induces signifi-
cant peritumoral cerebral edema, or a worsening of a preexisting
edema, reducing the edema results in a better quality of patient life,
but not longer patient survival (Kosower et al., 1980).

Irradiation-induced inflammation and normal brain tissue necrosis
are the main risk factors associated with brain irradiation, with the
neurological side effects being more frequent and appearing earlier
following higher total irradiation doses and at higher doses per fraction
(Clavo et al., 2009). Irradiation-induced brain injury is a complex and
dynamic process involving all cells in the brain, including endothelial
and oligodendroglial cells, astrocytes, microglia, neurons, and neuronal
stem cells. The symptoms of irradiation-induced brain injury may be
acute, subacute, or chronic, occurring hours, days, weeks, months, and
even years after irradiation exposure (Butler et al., 2006). Because of
the increasing application of irradiation, and the fact that irradiated
patients survive for many years following irradiation, its potential
risks and benefits have become more widely known, especially for
cases in which the damage is manifest only at long times, up to years,
post irradiation. Therefore, rather than wait for irradiation-induced
necrosis to become manifest, it is important to identify methods that
can prevent, reduce or eliminate irradiation-induced triggers that lead
to tissue damage and thereby prevent the development of necrosis.

Only a few techniques are currently used clinically for providing
protection against irradiation-induced brain injury, and these involve a
multidisciplinary approach using pharmacologic, behavioral, and rehabil-
itative therapies. However, given the prevalence of brain neoplasms and
the high incidence of irradiation-induced negative symptoms, more
clinical research is essential to address these important clinical problems.

This review starts with an examination of neurotoxic factors
associated with irradiation, including cytokines, prostaglandins (PGs),
and nitric oxide (NO) that lead to inflammation, neurotoxicity and
neurological side effects. It then discusses methods that reduce
irradiation-induced changes, and an examination of evidence indicating
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that hyperbaric oxygen therapy (HBOT) can counter the development of
acute and long-term post irradiation irradiation-induced pathophysiolog-
ical events and inflammation in particular. It is concluded that the abun-
dance of evidence indicates that HBOT is an effective therapy for
reducing irradiation-induced delayed tissue irradiation damage,
(Al-Waili et al., 2005a, 2005b; Chuba et al,, 1997; Cihan et al.,, 2009;
Feldmeier et al., 1995; Kohshi et al., 2003) with no convincing evidence
that it enhances or stimulates malignant growth (Al-Waili et al., 20053,
2005b; Feldmeier, 2004a, 2004b). Finally it is suggested that it may be
more efficacious to apply HBOT before rather than after irradiation-
induced side effects become manifest.

Mechanisms of irradiation-induced neurotoxicity
Chromosomal damage

Irradiation induces chromosomal aberration that result in cell death,
with the extent of tissue radiosensitivity dependent on cell-cycle-stage
dependent DNA damage and repair (Terzoudi et al., 2011). Irradiated
human blood born cells undergo DNA double-strand breaks (DSB),
which are a cytotoxic form of DNA damage, that if not correctly repaired
triggers genomic instability, chromosome aberrations, mutations or
apoptosis (Ghardi et al., in press). The apoptotic DNA fragmentation
increases in a dose-dependent manner. In the mouse, irradiation-
induced chromosomal instability develops in both targeted and
non-targeted cells, and is characterized by an increased rate of chromo-
some aberrations many generations after the initial insult and having
pathological consequences. This chromosomal instability is a conse-
quence of inflammatory processes which contribute to secondary
damage expressed as delayed non-targeted tissue irradiation damage
(Mukherjee et al., 2012).

Chromosomes and gene expression

Irradiation of the mouse leads to large changes in the expression of
induced and repressed genes compared to what is seen in non-
irradiated animals (Hirano et al., 2009; Nordal and Wong, 2005). The
irradiated gene expression serves to promote the cell survival and inva-
sion of tumor cells, and the development of angiogenesis, which also
favors tumor survival (Kargiotis et al., 2010).

Direct irradiation of the mouse cell nucleus contributes to genomic
instability, chromosome aberrations, DNA fragmentation, mutations or
apoptosis, which may be permanent or that can be repaired (Covo
et al, 2012; Mukherjee et al, 2012). However, non-irradiated cells
also undergo DNA damage that results from cell signaling, which is
part of an inflammatory process that causes an increased rate of
chromosome aberrations for many generations after the initial insult
leading to delayed radiation effects with pathological consequences
(Mukherjee et al., 2012).

Irradiation of the mouse hippocampus results in the rapid, within
24 h, upregulation of the genes for metallothioneins (MT)-I and -II,
heat shock protein (Hsp-27), glial fibrillary acidic protein alpha
(GFAP), and c-Fos, which may underlie the appearance of cognitive
changes in humans following cranial irradiation (Achanta et al., 2007).
Irradiation of the whole mouse brain alters the expression patterns of
more than 1500 genes, of which 855 show more than a 1.5-fold change
in expression (Yin et al,, 2003). Among the effects of these alterations
are changes in neuron ion regulation, synaptic signaling, metabolic
functions including myelin and protein synthesis, stress response,
cell-cycle control and DNA synthesis/repair (Yin et al.,, 2003).

Clinically, irradiation induces the down-regulation of genes includ-
ing cyclins (cyclin-dependent kinase inhibitor 1A (CDKN1A), cyclin G1
(CCNGT1)), sestrin 1 (SESN1), growth arrest and DNA damage inducible
45 alpha (GADD45A), ferredoxin reductase (FDXR), p53 up-regulated
mediator of apoptosis (BBC3) and Mdm2 p53 binding protein homolog
(MDM2), centromeric and mitotic checkpoint genes, particularly those

associated with chromosome instability and cancer (Kabacik et al,
2011).

A study of gene expression in a leukemia cell line found that irradi-
ation leads to increased expression of hundreds of genes, especially
those involved in cell cycle checkpoints and their regulation
(CDKN1A), DNA repair (GADD45A, DDB2, XPC), apoptosis induction
(DR5, FasR, Apo-2L, Bax), and T-cell activation/proliferation (CD70,
0X40L) (Lindgren et al., in press). Cell death is then caused by induced
apoptosis and an increased activation of initiator (caspase-8 and
caspase-9) and execution (caspase-3) caspases (Lindgren et al.,
in press). However, irradiation also leads to the upregulation of Vn re-
ceptor integrins, which results in increased glial cell mobility, which
in turn facilitates their invasion of healthy brain tissue (Rieken et al.,
2011). Other genes for which irradiation increases their expression
are the heat shock protein 5 (HSP 5), HSP 90 kDa beta, HSP 1, and phos-
phoglycerate kinase 1 (PGK1) and down-regulation of transaldolase 1
(TA1), (Lim et al., 2011), all of which enhance the survival of tumor
cells. Finally, irradiation leads to the alteration of several genes for oxi-
dative stress, antioxidants defense mechanism, ROS metabolism, and
oxygen transporters related genes expression, leading to DNA damage,
followed by cell death (Kargiotis et al., 2010).

Inflammation by increased vascular and blood brain barrier permeability

In rats, although venous structures are considered radioresistant,
irradiation of endothelial tissue causes vesicular dysfunction involving
increased transport across the endothelium of the blood-brain barrier
(BBB) without opening the tight junctions, leukocyte-endothelial inter-
actions, astrogliosis, perivascular edema, endothelial cell apoptosis,
collapsed microvascular, venous flow stasis and premature venous
occlusion (early draining vein occlusion) (Cicciarello et al, 1996;
d'Avella et al., 1998; Griem et al., 1994; Nordal and Wong, 2005;
Sabatasso et al.,, 2011; Wanebo et al., 2009; Zawaski et al,, in press). In
mice these irradiation-induced changes result in part from a sustained
multiphasic inflammatory response within minutes (Sabatasso et al.,
2011) to hours (Liu et al, 2010), and which increase over the
subsequent days to weeks (Adamson and Bowden, 1983; Cicciarello
et al,, 1996). This suggests a possible association between damage of
the microvascular/glial unit of tissue injury and the development of
irradiation-induced brain toxicity (Cicciarello et al., 1996).

Inflammatory cell recruitment, activation and cytokine release

Radiation-induced cranial damage is characterized by loss of paren-
chymal cells and excessive formation of fibrous tissue. This is a dynamic
process in both its temporal sequence and actions, and is associated
with the acute recruitment and activation of a variety of cells including
astrocytes, microglia and inflammatory macrophages, from proliferat-
ing resident precursors and recruitment of blood-borne progenitors,
respectively, lymphocytes, neutrophils, fibroblasts, glia, and both
epithelial and endothelial cells (Ajami et al, 2011; Johnston et al.,
2004; Moravan et al.,, 2011). Then, by 1 month after irradiation there
is an increase in T cells, MHC II-positive cells, and CD11c-positive cells
(Moravan et al.,, 2011). This cell recruitment is in part due to cranial ir-
radiation leading to increased TNF activity, which causes increased BBB
permeability, which in turn allows for leukocyte infiltration (Wilson
et al, 2009). However, leukocyte infiltration can be significantly
reduced by preventing the irradiation-induced increase in BBB by
blocking TNF activity with an antibody against TNF (Wilson et al.,
2009). Once recruited, these cells result in the secretion of a number
of proinflammatory cytokines, profibrotic cytokines, and chemokines
produced by a variety of cell types, including macrophages, epithelial
cells, and fibroblasts (Anscher and Vujaskovic, 2005). These events
can continue for months or years after irradiation.

Whole body rat and mouse irradiation significantly increases the
transcription and released of proinflammatory mediators, including
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tumor necrosis factor-alpha (TNF-alpha), a pro-inflammatory cytokine,
(Lee et al., 2010; Linard et al., 2004; Rosi et al., 2008; Schilling and Eder,
2011) NO, matrix metalloproteinases (MMP), reactive oxygen species
(ROS), (Moravan et al., 2011; Zhu et al., 2009) NF-kappaB, a transcrip-
tion factor that regulates microglial activation (Hayakawa et al., 1997,
Hwang et al, 2006), activator protein-1 (AP-1), cAMP response
element-binding protein (CREB) and a minimal enhancement of
TGF-betal mRNA (Hayakawa et al., 1997). The CCR8 ligand, TCA3, is
produced predominantly by resident microglia in response to TNF,
and TCA3-CCRS interactions contribute to rapid-onset central nervous
system (CNS) inflammation. Chemokines are a major, although not
exclusive, mechanism by which tissues regulate leukocyte movement
in response to TNF (Murphy et al,, 2002). Thus, irradiation-activated
cells release proinflammatory cytokines (Dong et al., 2009) that are
associated with a reduction in neuron activity (Hwang et al., 2006;
Vollmann et al,, 2007) and neurotoxicity (Liu et al., 2010).

In vitro, glia cytokine release is in part induced by an elevation of
microglia intracellular calcium concentration (Drew and Chavis, 2000;
Farber and Kettenmann, 2006) triggered by glial activation by the neu-
rotrophin brain-derived neurotrophic factor (BDNF) (Mizoguchi et al.,
2011). The extent of astrocyte, oligodendrocyte and endothelial cell
activation and proliferation is irradiation dose-dependent, as is the
pathogenesis of irradiation-induced tissue damage and neurotoxicity
(Chiang et al., 1993; Dong et al., 2009; Moravan et al., 2011; Vollmann
et al,, 2007). Thus, cranial irradiation of rats leads to persistent vascular
permeability and neuroinflammation, called a chronic inflammatory
response, (Liu et al., 2010) due to albumin extravasation staring imme-
diately after irradiation exposure (Celix et al., 2009; Eberhardt et al.,
2008; Matuschek et al., 2011; Nittby et al., 2009; Velickovic et al.,
2009) and reduced neuronal activity (Chiang et al, 1993; Hwang
et al., 2006).

In the normal cerebral cortex the cyclooxygenase Cox-2 is present in
neurons, but not glial or vascular endothelial cells. However, whole irradi-
ation of the rat brain induces a dose-dependent increase in mRNA levels
for Cox-2, interleukin( IL)-1beta, IL-6, IL-18, TNF and interferon-gamma-
inducible protein-10, normally associated with microglia activation,
(Hwang et al., 2006) and human monocyte chemoattractant protein-1
(MCP-1) (Lee et al., 2010). The enhanced release of Cox-2 from irradiated
human microglia plays a key role in the development of edema and
immunomodulation (Temel and Kahveci, 2009) by causing irradiated
microglia to produce prostaglandin-E2 (PG-E2), a metabolic product of
the Cox-2 enzyme, a key mediator of irradiation-induced gliosis or astro-
cyte phenotype change (Hwang et al, 2006). These data suggest that
irradiation-induced microglial activation and their resultant production
of PGE2 are associated with an underlying cause of inflammatory compli-
cations associated with irradiation therapy.

Although inflammation does not significantly induce neuron
death by itself, for cultured neurons, inflammation plus amyloid-beta,
or amyloid-beta protein precursor, induces a significant increase in neu-
ron death, and a 6-fold increase in the production of interleukin 1beta
(IL-betal) (Ramirez et al., 2008). This neurotoxicity is a slow process,
which depends on activated microglia and additional stimuli, whereby
an elevated concentrations of interleukin 1beta (IL-1beta) and radical
species, along with decreased secretion of neuroprotective cytokines,
such as transforming growth factor betal (TGFbetal), that plays a
central role in the pathogenesis of inflammatory responses (Flanders
et al,, 2002), and supports persistent activation of glial cells and cell
damage (Ramirez et al., 2008).

Cranial irradiation can lead to cognitive deficits, that often include
significant impairments in hippocampus-dependent function such as
learning, memory, and spatial information processing (Osato et al.,
2010; Raber et al., 2004; Rola et al., 2004; Winocur et al., 2006). These
cognitive deficits are most extensive when the irradiation is to the
medial temporal lobes (Ben Abdallah et al., 2007). But deficits also
result from irradiation-induced depletion of stem/precursor cell pools
particularly those in the neurogenic region of the hippocampus (Linard

et al,, 2004), the loss of neural stem and progenitor cells (Kalm et al.,
2009), and inflammation (Son et al., 2006). This hypothesis is supported
by data showing that if 2 days following cranial irradiation, human em-
bryonic stem cells (hESC) are implanted into the hippocampus of mice,
by 4 months later their cognitive deficits are less than those of mice
that do not receive implanted cells (Linard et al., 2004).

Techniques (other than HBOT) that reduce irradiation-induced
neurotoxicity

For patients suffering comparatively mild irradiation side effects,
some relatively straight forward approaches can minimize their manifes-
tation. In the case of fatigue this might include getting at least 8 h of sleep,
minimizing activities and exercise, while for hair loss nothing can be done
except to wait for new hair to grow. In the case of irradiation-induced
mouth problems, maintaining good oral hygiene is the optimal approach,
while for nausea and diarrhea, changing to a bland diet may help. How-
ever, for the more severe neurological side effects, there is little a patient
can to reduce the manifestations of the side effects. Dealing with these
side effects requires clinical interventions. Following is a discussion of
techniques that reduce neurotoxicity and preserve neurological function
following the onset of irradiation-induced neurotoxicity. The aims of
these approaches are to prevent microglia and macrophage infiltration,
activation, and their release of factors with neurotoxic influences (Lee
et al, 2011; Wang et al., 2005).

Steroid therapy

Following the appearance of inflammation and necrosis within the
irradiated region of the brain and the appearance of neurological side
effects, the first line of patient treatment is to control acute and chronic
inflammation with steroid therapy, using drugs such as dexamethasone
or cortisol, glucocorticoid steroid hormones (Blomstrand et al., 1975;
Dea et al., 2010; Delanian and Lefaix, 2007; Drew and Chavis, 2000),
or interferon gamma (Delanian and Lefaix, 2007). If these treatments
are not successful, alternative approaches can be used.

Non steroid anti-inflammatory drugs (NSAIDs)

Clinically and in animal models, non-steroid anti-inflammatory
drugs (NSAIDs) provide radioprotection (Grombacher et al., 1996).
Since cells in the mitotic (M) and late G2 phases of the cell cycle are
more sensitive to radiation than cells in the early S and G1/GO phases,
and NSAIDs shift cells toward a quiescence state (GO/G1) in which
they are less sensitive to irradiation damage, they provide protection
against irradiation (Lee and Stupans, 2002; Mattern et al, 2007).
NSAIDs also act by elevating the level of superoxide dismutase in cells
and activate heat shock proteins, thereby increasing cell survival by
changing cytokine expression (Mattern et al., 2007).

PGE does not regulate the cell cycle, but effect cell growth and
differentiation by inducing angiogenesis (Mattern et al., 2007). PGE
(Vlodavsky et al., 2006) also increases cell survival by inhibiting
pro-inflammatory cytokines such as TNF-alpha and IL-1beta, thereby
reducing inflammation (Lee and Stupans, 2002; Mattern et al., 2007;
Mizoguchi et al., 2011).

Blocking the release of neurotoxic cytokines and nitric oxide synthesis

In vivo mice and in vitro experiments on animal and human cells
have shown that increased intracellular calcium is critical for microglial
functions, and their synthesis of inducible nitric oxide synthase (iNOS),
which catalyzes the synthesis and release of NO and neurotoxic cyto-
kines, such as TNF-alpha, IL-1beta, and IL-6, and the neurotrophic factor
BDNF, that are associated with high rates of mortality and morbidity
(Farber and Kettenmann, 2006; McLarnon et al, 2001; Yamashita
et al., 2006). Human and mice microglia activation and their associated
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neurotoxicity can be prevented by reducing or blocking microglial
intracellular calcium increases by the use of inhibitors of L-type
voltage-sensitive calcium channels, such as verapamil, nifedipine and
diltiazem (Silei et al., 1999; Toescu et al., 1998).

Glial activity can also be modulated by tricyclic antidepressants
clomipramine and imipramine, which exert anti-inflammatory and
neuroprotective effects in the CNS (Hwang et al., 2008). They act in part
by inducing cultured microglia and astrocytes to significantly decrease
their production of NO, and neurotoxic cytokines (Hwang et al., 2008).
They also inhibit IkappaB degradation in stimulated microglia cells
(Hwang et al,, 2008).

Neuroprotection against irradiation of mice can also be accom-
plished by the administering perillic acid, which reduces the level of
proinflammatory cytokines such as IL-1beta, TNF-alpha and CRP,
which are elevated during irradiation (Pratheeshkumar et al., 2010).
However, inhibiting TNF-alpha or COX-2, two dominant inflammatory
pathways, is not effective in preventing irradiation-induced responses
in some tissues (Haagen et al., 2009).

Reducing endothelial permeability

Both clinically and in the mouse, irradiation leads to a rapid and
sustained increase in microglia activation and their release of IL-1
beta and TNF-alpha leading to a chronic inflammatory response (Liu
et al., 2010). Tamoxifen administration immediately following irradi-
ation significantly inhibits the irradiation-induced microglial inflam-
matory response and brain damage. Thus, tamoxifen can decrease the
irradiation-induced brain damage via attenuating the microglial inflam-
matory response (Liu et al., 2010).

Inflammatory agents, including serotonin (5HT), increase endothelial
permeability and vessel diameter, which lead to a significant leak
across the BBB and the formation of cerebral edema (Abbott, 2000;
Westergaard, 1978). Clinically and in animal models, reducing 5HT
activity reduces endothelial cell permeability and thus inflammation
(Abbott, 2000; Chang et al., 2006; Sun et al., 2010; Veltkamp et al,, 2005).

In vitro, NF-kappaB is involved in the activation of cerebral micro-
vascular endothelial cells and causes increased permeability, monocyte
transmigration and inflammation. Inhibition of NF-kappaB activation
prevents these endothelial cell changes (Gonzalez-Velasquez et al.,
2011; Lee et al., 2006a, 2006b; Min et al.,, 2007).

Antibodies

The neurotoxicity of human and mouse neurons in vitro caused by
various neurotrophic factors can be reduced by almost 40% by the
administration of antibodies that specifically target and neutralize
these factors (Lee et al,, 2011; Sakaue et al,, 2009; Wang et al., 2005).
Clinically, the neurotoxicity induced by TNF is due to its initiation of
acute damage to the BBB and brain tissue following irradiation, can be
reduced in an animal model and for isolated human cells by treatment
with an antibody against TNF, which leads to significantly reducing
BBB permeability, leukocyte adhesion and the number of activated
astrocytes by 24 post irradiation (Wilson et al., 2009; Xiao et al,
2011). Thus, following irradiation, treatment with an antibody against
TNF protects the brain's microvascular network from the acute damage.

The development of irradiation-induced neurotoxic edema, caused
by increased capillary permeability, and triggered by the cytokine vas-
cular endothelial growth factor (VEGF), can be completely abolished
clinically and in the rat by bevacizumab, an antibody that neutralizes
VEGF (Bills et al., 2011; Gronier et al., 2011; Matuschek et al., 2011;
Mihalcea and Arnold, 2008; Shi et al., 2011; Torcuator et al., 2009).
Clinically this leads to a decreased vascular permeability and improve-
ments in neurologic signs and symptoms (Fischer et al., 1999). These
improvements are associated with a decrease in T1-weighted signal,
indicating that it is associated with a decrease in tissue inflammation.

Cox-2 inhibitors

Following irradiation of rat cells in culture, the neurotoxicity of
prostaglandin (PG) can be reduced by about 16% by treatment with
the Cox-2 inhibitors acetylsalicylic acid, ibuprofen and Quercetin
(Rodriguez-Gonzalez et al,, 2011; Xiao et al., 2011), while the toxicity
caused by oxidative stress, mediated by the generation of ROS can be
reduced by almost 20% by blocking production with the NADPH inhibi-
tor diphenylene iodonium (DPI) (Lee et al., 2011; Xiao et al., 2011). The
neurotoxicity of cultured human monocytes caused by NO can be
reduced by 20% by treatment with the NO scavenger carboxy-phenyl-
tetramethylimidazolineoxyl-oxide, or the NOS inhibitor N(G)-mono-
methylene-L-arginine (Lee et al,, 2011).

Glutamate channel blockers

Irradiation-induced glutamate neurotoxicity of isolated human
monocytes can be reduced by 13% by removing the released glutamate
by glutamate decarboxylase (Lee et al, 2011). Glutamate-induced
apoptotic death of rat retinal ganglion cells (RGCs) can be prevented
by blocking the dihydropyridine-type calcium channel blocker, which
in turn blocks calcium influx via voltage-dependent calcium channels
in purified RGCs (Otori et al, 2003). Veratrine, which blocks the
voltage-dependent sodium channel, prevents glutamate induced neu-
rotoxicity of isolated rat primary cultured cells, although it is not clear
whether it acts as a channel blocker of by another mechanism
(Shimojo et al., 1999). For neurons in rat organ cultures, TNF alpha, at
a high (3.3 mM) but not low (20 ng/ml) dose, significantly potentiates
and accelerates glutamate neurotoxicity, by inhibiting glutamate
uptake, but the glutamate toxicity can be blocked by NMDA receptor ag-
onists (Zou and Crews, 2005). Excitatory synaptic efficacy and thereby
glutamate excitoxicity in rats can be blocked by inhibition of the gluta-
mate transporter-1 (GLT-1) activity, the predominant glutamate trans-
porter (Niederberger et al,, 2003). For rat RGCs, arachidonic acid (AA),
an intercellular messenger, reduces irradiation-induced neurotoxicity
by inhibiting non-NMDA ionotropic receptors (Kawasaki et al., 2002).

Blocking induced apoptosis

Within 24 h of cranial irradiation, vascular endothelium damage is
induced and is accompanied by a 15% apoptotic loss of rat endothelial
cells (Pena et al., 2000). This is mediated by the lipid second messenger
ceramide via activation of acid sphingomyelinase (ASM) (Pena et al.,
2000). The extent of apoptosis is significantly reduced by the intrave-
nous administration of bFGF treatment, which suggests that this is
one mechanism for preventing irradiation-induced loss of vascular
endothelium (Pena et al., 2000). For rat RGCs, neuroprotection against
irradiation-induced glutamate induced apoptotic signaling following
irradiation is provided by inhibiting the NMDA receptor glycine subunit
(Qiu et al, 2010).

Is there an optimal approach?

Each of the above described methods reduces irradiation-induced
neurotoxicity, with some having greater clinical applicability than
others, but with NSAIDs presently appearing to provide the greatest
degree of neuroprotection. For the other techniques, the limitation to
their clinical use lies in the insufficient extent to which singly they re-
duce inflammation and its consequences, and whether they can be
used without causing global problems by disrupting the function of
healthy neurons. In addition, further studies are required to examine
whether these techniques can be used in combination to provide
enhanced neuroprotection.
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HBOT for reducing irradiation-induced inflammation
and neurotoxicity

HBOT is indicated for patients as soon as they manifest irradiation-
induced inflammation and necrosis, because it reduces or retards further
development of irradiation side effects (Nazario and Kuffler, 2011). HBOT
acts to reduce cerebral edema, normalize water content in the brain,
decrease the severity of brain infarction, maintains blood-brain barrier
integrity, promotes antioxidant defenses, suppresses the proliferation of
macrophages and foam cells, and prevents activated macrophages and as-
trocytes from releasing neurotoxic factors, thereby resulting in improved
clinical outcomes and neuronal survival, and accelerates the resolution of
clinical symptoms following irradiation treatment (Al-Waili et al., 20053,
2005b; Wasilewska et al., 2011). HBOT leads to an improvement and/or
stabilization of neurological symptoms of patients (Chuba et al., 1997;
Cihan et al., 2009; Kohshi et al., 2003). Since HBOT manifests no adverse
clinical influences, its application following irradiation, but before
the manifestation of neurological side effects may help avert the
development of both early and delayed onset inflammation and necrosis
(Tumerdem-Ulug et al, 2011). Following is a discussion of some
mechanisms by which HBOT provides neuroprotection against acute
irradiation-induced inflammation and necrosis.

Inflammatory cell infiltration

Matrix metalloproteinases (MMPs), especially MMP-9, promote the
transmigration of activated human renal cell carcinoma neutrophils,
(Kim et al., 2004) which in mice are the main source of MMPs
(Albaiceta et al., 2008). For the rat, HBOT significantly decreases neuron
death, neutrophilic inflammatory infiltration and their expression of
MMPs, which should provide neuroprotection (Vlodavsky et al., 2006).

Clinically, HBOT also reduces irradiation-induced neurotoxicity by
preventing irradiation-induced recruitment and activation of macro-
phages and astrocytes, and blocking microglia loss of calcium homeo-
stasis (Bennett et al., 2005; Eyupoglu et al., 2003; Feldmeier, 2004a,
2004b; Gunther et al., 2005; Morabito et al., 2011), and preventing the
synthesis of PGE2 and Cox-2 mRNA, (Al-Waili and Butler, 2006) and
both in mice and in vitro, the release of proinflammatory neurotoxic
cytokines and BDNF, while significantly increasing levels of VEGF and
other growth factors, which reduces vascular permeability and induces
angiogenesis in a dose- and time-dependent manner (Hayakawa et al.,
1997; Kudchodkar et al., 2008; Lee et al., 2006a, 2006b).

Stabilizing microglia calcium homeostasis thereby reducing synthesis of
neurotoxic cytokines, neurotrophic factors and NO

As stated, irradiation induces neurotoxic inflammation and oxidative
stress by inducing macrophage and microglia recruitment and activation
and loss of calcium homeostasis, which result in their synthesis and re-
lease of neurotoxic inflammatory cytokines (Mizoguchi et al., 2011). Clin-
ically, HBOT provides neuroprotection by inducing anti-inflammatory
activity by blocking the release proinflammatory cytokines, PGs, Cox-2,
iNOS and NO activities (Ercin et al, 2009; Granowitz et al., 2002;
Kendall et al,, 2012), by suppressing interferon-gamma (IFN-gamma)
release, (Granowitz et al., 2002) and in rats significantly upregulating
the production of neuroprotective VEGF (Sumen et al,, 2001). This may
in part result from causing a decrease in intracellular calcium that is
required for the release of cytokines by astroglia.

In rats, glial cell line-derived neurotrophic factor (GDNF) is present
in infiltrating inflammatory cells including macrophages and T cells
(Ahn et al,, 2010). In mice, GDNF restores epithelial barrier function
by reducing increased epithelial permeability and inhibiting mucosal
inflammatory response (Zhang et al., 2010). Although HBOT does not
change the extent of macrophage proliferation or microglia activation,
it significantly reduces the gene expression of GDNF and inducible

iNOS. Thus, HBOT may suppress apoptosis, by inhibiting the iNOS
gene (Yu et al., 2004).

Toll-like receptors (TLRs) are key components in the innate immune
responses and their signaling pathway activates genes such as nuclear
factor-kappaB (NF-kappaB) and cytokines involved in inflammation
and immune responses. In rats, HBOT significantly reduces the expres-
sion of TLR2 and TLR4, NF-kappaB activation, and cytokine production,
and thus the severity of tissue inflammation and damage (Rinaldi
etal, 2011).

HBOT provides an anti-inflammatory action in mice and rats by in-
creasing the production of hepatocyte growth factor (HGF) and basic fi-
broblast growth factor (bFGF) (Asano et al., 2007; Gong et al., 2004).

Irradiation-induced inflammation is associated with the increased
production of TNF-alpha, which causes neurotoxicity (Li et al, 2011).
HBOT significantly reduces the tissue TNF-alpha (Li et al., 2011), suggest-
ing that HBOT prevents the inflammation-induced neurotoxicity caused
by TNF-alpha production.

Reducing the toxicity of oxygen-derived free radicals

Irradiation induces oxidative stress mediated by the generation of
oxygen-derived free radicals, which leads to peroxidation of unsaturat-
ed fatty acids in cell membranes, (Yoshida et al., 2006) which damages
vascular endothelial function, leading to acute or chronic inflammation
(Yamashita et al., 2006). HBOT reduces the toxicity of oxygen-derived
free radicals (Yamashita et al., 2006). In rats, neuroprotection against
inflammation and oxidative stress can also be achieved by decreasing
the levels of proinflammatory factors, such as tumor TNF-alpha,
interleukin-1beta (IL-1beta), interleukin-6 (IL-6), inducible iNOS, and
cyclooxygenase-2 (COX-2) (Moon et al., 2012). In PC-12 cells and zeb-
rafish, flavonoids, potent antioxidants, provide neuroprotection against
oxidative stress and apoptosis by inhibiting NO over-production, iNOS
over-expression, and down-regulating the over-expression of pro-
inflammatory genes for IL-1ss, TNF-alpha and COX-2 (Zhang et al.,
2011). For cultured rat neurons, the free radical scavenger edaravone
provides neuroprotection against glutamate neurotoxicity (Hisano
et al., 2009).

Altering gene expression

Clinically, HBOT causes the down-regulation of 19 genes involved
in inflammation and oxidative stress (Cobo Plana et al., 2000), which
prevents them from suffering irradiation induced neurotoxicity
(Kendall et al., 2012). Simultaneously, HBOT leads to a decrease in
the expression of endothelial IL-8 mRNA and its protein, leading to
the alleviation of the inflammatory processes. Because this influence
is transitory, it is recommended that HBOT be provided on a daily
basis (Kendall et al., 2012).

Induction of angiogenesis

While the maintenance of healthy tissue requires an intact vascula-
ture, therapeutic irradiation causes neurotoxic influences by triggering
progressive and irreversible vasculature damage in the rat (Sminia
etal., 2003a, 2003b; Teguh et al., 2009a, 2009b). HBOT can provide neu-
roprotection by triggering the expression of visfatin, an adipocytokine
with insulin-mimetic effect, (Wang et al, 2011) and angiopoietin-2
(Ang2) (Lin et al, 2002), which induces endothelial angiogenesis in
humans and prevents irradiation-induced tissue pathology (Doida et al.,
1992).

Clinically and for rats, HBOT administered shortly after irradiation
induces angiogenesis in healthy tissue, and reduces late irradiation injury
when applied during the latent period before complications become
manifest (Feldmeier et al, 1995; Sminia et al., 2003a, 2003b; Teguh
etal., 2009a, 2009b). Clinically, HBOT leads to the upregulated expression
of the angiogenin gene, which stimulates angiogenesis and increases the
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concentration of antioxidant enzymes, and inhibits various irradiation-
triggered cascades that trigger inflammation and neurotoxicity (Kendall
et al,, 2012). This leads to a decrease in endothelial IL-8 mRNA and pro-
tein, which helps alleviate inflammatory processes (Kendall et al.,
2012). These functions are essential for preserving neuron viability by
maintaining tissue oxygenation (Cobo Plana et al,, 2000). The transient
influence of HBOT indicates that HBOT must be provided on a daily basis.

Reducing CNS inflammation

In clinical studies, HBOT pretreatment reduces the ischemia-
induced inflammatory responses of the CNS, (Alex et al., 2005) possibly
by upregulating the expression of angiogenin gene, which promotes
angiogenesis, while simultaneously down-regulating genes involved
in inflammation (Kendall et al., 2012). Thus, the application of HBOT
immediately following irradiation may prevent irradiation-induced
inflammation.

Blocking apoptosis

Cranial irradiation leads to neurotoxicity by triggering apoptotic
signaling. In rat pups, HBOT preconditioning provides protection
against hypoxic ischemia by inhibiting the neuronal apoptosis pathway
(Li et al.,, 2008). Activation of Rho in animal cells in vitro induces
apoptosis while suppression of Rho activation inhibits the apoptosis
pathway (Koyanagi et al., 2008). For human cells, chemical hypoxia
promotes inducible iNOS gene expression, lipid peroxidation, leukotri-
ene B(4) generation and apoptosis, while inhibition of iNOS reduces
apoptosis of human cells in vitro (Kiang et al., 2008).

Duration of HBOT

A relatively standard and effective HBOT regime consists of 30-40
sessions, with 1-2 sessions daily, at 2.5 ATA with oxygen breathing for
90 min daily, 5-7 days per week, applied shortly after irradiation,
although some evidence suggests that 60-90 sessions are more success-
ful (Hampson and Corman, 2007a, 2007b; Harding et al., 2008; Perez-
Espejo et al, 2009; Teguh et al, 2009a, 2009b; Williamson, 2007).
While fewer HBOT sessions provide less protection, the time over
which the HBOT is given (3 vs. 7 weeks) does not influence the clinical ef-
fectiveness of the HBOT (Hampson and Corman, 2007a, 2007b; Levy and
Miller, 2006). Finally, it appears that the total number of HBOT sessions is
more critical to neurological protection than the time distribution of their
application.

Performing a clinical study

To determine whether neurological side effects are due to irradiation-
induced inflammation of the irradiated and surrounding tissue several
questions must be addressed. First, are the development, severity and du-
ration of inflammation associated directly with the appearance, develop-
ment and disappearance of the dark line surrounding irradiated tissue,
indicating inflammation in T2 weighted MR images of irradiated tissue?
Second, does the duration and disappearance of inflammation parallel
the severity and disappearance of neurological side effects? And third,
does a delay in the appearance, magnitude and duration of irradiation re-
sult in a delay in the onset, magnitude and duration of inflammation, and
therefore the severity and duration of neurological side effects?

Most studies examining the influences of HBOT and different factors
that induce or inhibit inflammation and the actions of neurotoxic cyto-
kines have been performed on animal models and cells in vitro. There
only limited experimental and clinical data on the mechanisms by
which HBOT effects these actions (Spiegelberg et al., 2010). Therefore,
one can only hypothesize whether what has been observed in these
models parallels those that would take place clinically. This means
that further clinical studies are required to determine the mechanisms

of actions of HBOT alone or in combination with other techniques on
the reduction and elimination of irradiation-induced inflammation
and neurological side effects.

Contraindications for HBOT

Although HBOT is generally well tolerated, there are a number of
conditions under which HBOT is contraindicated. Some of these include
untreated pneumothorax (a condition in which is an abnormal collec-
tion of air or gas in the pleural space that separates the lung from the
chest wall, and that may interfere with normal breathing), and when
patients are on certain drugs, such as Bleomycin, Cisplatin, Disulfiram,
and Sulfamylon. Other contraindications include patients with asthma,
claustrophobia, chronic obstructive pulmonary disease, eustachian
tube dysfunction, pregnancy, seizures and upper respiratory infection
(Bennett et al., 2008).

New perspectives

Clinically NSDIs are presently indicated to ameliorate the delayed
side effects of irradiation only after they become manifest (Feldmeier,
2004a, 2004b). However, as mentioned above, a number of different
techniques reduce inflammation, but are currently only used singly
and not in combinations. Therefore, studies are required to determine
which combination/s may provide greater neuroprotection than any
one alone. Until then, NSAIDs should be administered as soon as
irradiation-induced necrosis becomes apparent. However, as soon as it
is apparent that NSAIDs are not effective, HBOT should be immediately
initiated. But, when HBOT is started, the administration of NSAIDs should
be continued because their combined actions may provide even greater
efficacy in reducing inflammation and reducing irradiation-induced neu-
rological side effects than any approach singly.

Clinical and animal model studies indicate that HBOT provides
protection against irradiation-induced inflammation and necrosis by
up-regulating the expression of angiogenin gene expression, which
promotes angiogenesis, while simultaneously down-regulating genes
involved in inflammation, (Alex et al., 2005; Kendall et al., 2012). There-
fore, it is reasonable to assume that the administration of HBOT within
days to months after irradiation, but before rather than after the mani-
festation of irradiation-induced inflammation and necrosis, would
prevent the severity of irradiation-induced inflammation and necrosis
or their severity. Clinical studies are required to determine whether
the administration of HBOT within weeks to months after irradiation,
alone or in combination with the other techniques described above,
provides greater neuroprotection than when applied only after the
manifestation of neurological side effects.

In a study on rats that underwent spinal cord irradiation, no significant
differences were seen in the appearance of neurological complications if
the animals underwent irradiation alone compared to irradiation com-
bined with HBOT administered from 5 to 15 weeks post irradiation
(Sminia et al., 2003a, 2003b). However, in a clinical study, patients who
underwent HBOT shortly after receiving irradiation suffered less severe
neurological side effects and had better quality of life compared to control
patients who did not undergo HBOT (Teguh et al., 2009a, 2009b). One
explanation for these differences is differences between on rats and
humans. Another is that the outcomes differed because different tissues
were irradiated. Further studies are required to determine whether the
outcomes of animal studies of relevant to clinical outcomes. To this aim
it will be critical to minimize the source of differences that may arise
from irradiating different tissues, the volume of tissue irradiated, and
the irradiation doses used. However, the clinical finding that HBOT is
effective in preventing or reducing irradiation-induced neurological side
when used before the irradiation-induced side effects become manifest
is very promising for future clinical studies.

Since there is no convincing clinical evidence that HBOT enhances or
stimulates malignant growth or neurological side effects, (Hampson
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and Corman, 2007a, 2007b; Safra et al., 2008) and that HBOT does not
increase tissue irradiation tolerance, (Sminia et al., 2003a, 2003b) initi-
ating HBOT before the manifestation of necrosis should not be a clinical
concern. However, it is clear that the use of HBOT is expensive, time
consuming and inconvenient for the patient. Further, it can be argued
that such use of HBOT is not reasonable because it is impossible to antic-
ipate which patients may manifest delayed irradiation-induced necro-
sis, which means patients would be treated with HBOT who would
not manifest necrosis. This argument leads to the recommendation
that it is important to attempt to determine which patients are most
likely predisposed to develop delayed irradiation-induced tissue necro-
sis, which would allow HBOT to be administered only to those patients
with a likelihood of developing tissue necrosis.

Perhaps the strongest argument for initiating HBOT before the
appearance of irradiation-induced necrosis is the clinical outcome
where the irradiated target tissue is the optic nerve or adjacent tissue.
Such patients can suffer irradiation-induced deterioration of vision,
(Arvold et al., 2009) but HBOT can prevent permanent vision loss, only
ifitis initiated as soon as possible after the onset of the vision loss is iden-
tified (Levy and Miller, 2006).

Conclusions

Neurological complications caused by irradiation result from progres-
sive and irreversible vascular damage and resulting inflammation. Upon
manifestation of irradiation-induced necrosis, patients should immedi-
ately be treated with NSAIDs, and if they are not effective HBOT should
be initiated because it results in the down-regulation of inflammation in-
ducing genes and induces angiogenesis within irradiated tissue. HBOT can
thereby reduce the further development of late irradiation injury. Howev-
er, clinical data suggest that it would be better for patients to undergo
HBOT before rather than after the manifestation of irradiation-induced in-
flammation and necrosis. Further studies are required to determine when
following irradiation is HBOT most effective in reducing or preventing
irradiation-induced necrosis. The preponderance of data indicates that
the total number of HBOT sessions is more critical than the time distribu-
tion of their application, with a minimum of 30 sessions, but 60-90
sessions being more successful, but further studies are required to deter-
mine the optimal number of sessions to use. Finally, although a number of
drug therapies reduce the deleterious side effects of cranial irradiation,
with NSAIDs being the most effective, further studies are required to
determine whether combining some of these techniques would be
more effective than using NSAIDs alone. In conclusion, while the body
of published data support the conclusion that HBOT is the most effective
technique for improving the outcome of patients suffering delayed
irradiation-induced brain necrosis of the brain, evidence suggests that
HBOT may be more successful if its application was changed from after
the manifestation of necrosis occur to before, and that neuroprotection
may be further improved by combining HBOT with a combination of
drug therapies.
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