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Abstract

The tolerance of normal brain tissues limits the radiation dose than can be delivered safely during
cranial radiotherapy, and one of the potential complications that can arise involves cognitive
impairment. Extensive laboratory data have appeared recently showing that hippocampal
neurogenesis is significantly impacted by irradiation and that such changes are associated with altered
cognitive function and involves, in part, changes in the microenvironment (oxidative stress,
inflammation). While there is considerable uncertainty about exactly how these changes evolve, new
in vitro and in vivo approaches have provided a means by which new mechanistic insights can be
gained relevant to the topic. Together, the data from cell culture and animal-based studies provide
complementary information relevant to a potentially serious complication of cranial radiotherapy,
and should enhance our understanding of the tolerance of normal brain after cranial irradiation.

Introduction

In the US, a large number of patients with primary or metastatic tumors in the brain will require
large volume or whole brain irradiation, and in at least some of these patients, the likelihood
of developing adverse reactions in terms of cognitive decline is quite high (1,2). Currently there
are no successful long-term treatments or preventive strategies for radiation-induced cognitive
impairments, and only a few possibilities have been suggested (3,4). A better understanding
of how cognitive injury develops after irradiation is critical for the development of approaches
to manage this potentially serious complication and for our understanding of radiation tolerance
of the brain.

Radiation injury can involve multiple regions and cell/tissue types, and a large number of
physical and biologic factors influence the expression and extent of damage (5). While overt
tissue injury generally occurs only after relatively high doses (>60 Gy, fractionated) (5,6), less
severe morphologic changes can occur after relatively lower doses, resulting in variable
degrees of cognitive impairment, particularly in children (7-9). Such impairment has a diverse
character, but often includes hippocampus-dependent functions involving learning, memory
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and spatial information processing. Similar findings have been reported under laboratory
conditions, confirming the importance of hippocampal-related effects in the evolution of
radiation-induced cognitive injury (10-14). It is particularly noteworthy that the hippocampus
is an active site of neurogenesis, having multipotent stem/precursors that produce cells that
migrate away and produce neurons or glia (15).

The cellular and molecular mechanisms underlying radiation-induced cognitive impairments
are still not known, but may involve alterations in hippocampal neurogenesis (10-14,16). In
fact, recent data from human patients show that neurogenic cells are significantly reduced after
treatment of malignant brain tumors with irradiation (17). The association between reduced
neurogenesis after irradiation and a variety of cognitive impairments, suggests a mechanistic
link between these factors. However, other elements may also be involved, including loss of
mature neurons in the hippocampal dentate gyrus (DG) (10,18), alterations in NMDA subunits
(19), and genetic risk factors (20). Furthermore, cognitive injury due to irradiation almost
certainly will involve changes associated with neuronal function, either through direct cell
damage or damage mediated through factors from the irradiated microenvironment.

Laboratory studies clearly suggest that alterations in neurogenesis, and presumably cognitive
impairment, involve at least in part, inflammation (12,21-24) and/or factors related to redox
homeostasis (21,25). Understanding how neural stem/precursor cells respond to irradiation
and, in particular, how microenvironmental factors impact that response, should provide
critical information relevant to the development of strategies and approaches to ameliorate or
treat radiation-induced injuries that are associated with behavioral performance. These
important issues are being addressed using both in vitro and in vivo approaches; some of the
most pertinent ideas germane to this topic, as well as some new concepts, are summarized
below.

In vitro approaches for studying the radiation response of multipotent neural
precursor cells (MNPs)

Studies of radiation-induced effects on neurogenesis as they relate to cognitive function are
necessarily difficult because they rely on complicated in vivo models. However, it is possible
to address specific mechanisms associated with radiation effects on neural stem/precursor cells
by using in vitro approaches. Primary multipotent neural precursor cells (MNPs) derived either
from the dentate subgranular zone (SGZ) in the hippocampus or from the subventricular zone
(SVZ) lining the lateral ventricles of the brain (15), have been isolated from various rodent and
human sources and successfully grown in culture (26-31). Cells isolated from either of these
regions can be grown as multicellular spheroids or neurospheres (Fig. 1), and while the
formation of these structures is believed to depend on the presence of self-renewing neural
stem cells (32-34), it has been difficult to demonstrate a 1:1 relationship between sphere
formation and the presence of bona fide neural stem cell. Discriminating the difference between
stem vs. precursor cells may be important under certain circumstances, and can impact the
types of conclusions drawn from a given study (32-34). MNPs can also be grown as monolayer
cultures, and this approach can provide certain benefits over neurospheres, such as an easier
detection and quantification of differentiated phenotypes (35). While other primary and
transformed cell lines have also been used to characterize the response of the 3 primary neural
phenotypes in the brain, neuronal, astrocytic and oligodendrocytic, this section will focus
strictly on in vitro approaches for studying the radiation response of MNPs.

The growth and maintenance of MNPs is significantly influenced by specific culturing
conditions which can vary greatly between laboratories. Typical conditions for maintaining
these cells in an undifferentiated state requires serum free culturing in the presence of FGF and
EGF (35,58), although additional factors may also be required, depending on tissue source and
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experimental requirements. Hippocampal derived monolayer cultures of MNPs typically
double every day, and are maintained on substrates that impede their tendency to differentiate,
e.g. laminin (29,35). Neurosphere cultures derived from the SVZ and maintained in suspension,
typically have similar doubling times, but show greater variation in this parameter due to
different culture strategies (i.e. shaking, spinner flask etc.). When neuropheres are dissociated,
single MNPs reaggregate rapidly, forming loosely defined spheres of ~40 cells within an hour
(Fig. 1). Under standard growth conditions in a humidified incubator, and with mild agitation
(using shaker platforms), these spheres grow and increase in size linearly over the course of 5
days, ultimately averaging ~ 1400 cells (Fig. 1). Over this timeframe, typical labeling indexes,
as measured by BrdU pulse labeling, vary from 20 to 35% (data not shown). This rapid
expansion of neurospheres is important because many critical radiobiological parameters
including radiosensitivity, redox-dependent signaling and differentiation may well depend on
sphere size, cell heterogeneity and growth fraction. Similar considerations apply for monolayer
cultures of MNPs, and we have shown that subtle changes in culture density have a marked
impact on changes in oxidative stress, mitochondrial function, proliferation, and
radiosensitivity (35). While these in vitro models are likely to be very valuable for addressing
the mechanisms of the radiation-induced stress responses, they must be well characterized and
used carefully, inasmuch as relatively simple manipulations (culture density, neurosphere size)
can have a profound impact on many measurements, particularly those that are sensitive to
physiologic changes such as redox state (i.e. metabolism, oxidative stress, hypoxia).

The characterization and use of MNP cultures is complicated by the tendency of these cells to
differentiate. Differentiation can be induced by a variety of methods including anchorage to
various substrates, presence of serum, retinoic acid and/or other morphogenic factors, and
representative yields of glial and neural cell types can be obtained in as little as two days, with
the proportion of differentiated cell types increasing with time (35). After differentiation,
monolayers of hippocampal MNPs typically yield 5-10% astrocytes, 1-2% oligodendrocytes,
5-10% immature neurons, and 1-3% mature neurons, with the remainder of the population
being immunoreactive for the undifferentiated cell marker nestin (35). These values vary
somewhat, depending on the specifics of the culture and differentiation conditions. Sectioned
neurospheres can provide a geographical snapshot of the cellular architecture and proliferative
characteristics of the sphere, and provide a more relevant intercellular context, e.g. cell-cell
contact. For instance, after pulse labeling with BrdU, there is a high fraction of BrdU-positive
cells (green) near the periphery of the sphere (Fig. 2A), with less frequent staining in the center.
Additionally, the pattern of differentiation is likely to be dependent on the spatial location of
cells within the mass of the neurosphere. When whole spheres are induced to undergo
differentiation, they show evidence of highly developed processes and intercellular
connectivity (Fig. 2B). Finally, when spheres are dissociated and subjected to a variety of
differentiation regimes, they exhibit similar yields of differentiated cell types as their
monolayer counterparts (Fig. 2C, D). The ability to maintain cultures of MNPs and subject
them to differentiation provides a powerful tool with which to analyze how radiation impacts
cell fate under a variety of experimental manipulations.

The use of cultured MNPs has proven invaluable for addressing a key factor in the radiation
response of these cells: oxidative stress. We have shown that MNPs irradiated over a wide
range of biologically relevant doses (i.e. where cell survival > 50%) show increased oxidative
stress over acute (hours — days) and chronic (weeks —months) times post-irradiation (35,
36-40). Such measurements depend on the use of fluorogenic dyes that can enter cells and
become oxidized, yielding a fluorescent analog that can be quantified using fluorescent
activated cell sorting (FACS). There are many caveats associated with the use of such dyes,
because few (if any) show absolute specificity for a certain reactive oxygen (ROS) or reactive
nitrogen (RNS) species (41). However, when these probes are coupled with the use of their
fluorescent, but oxidation-insensitive analogs to control for intercellular variability in dye
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uptake and retention, they provide useful measures for determining changes in the overall status
of the intracellular redox environment (41). We have used these and related approaches to
demonstrate that after a variety of radiation types and irradiation conditions that there are
significant increases in radiation-induced oxidative stress in MNPs (36,39,40). Increases in
free radical oxidants can be visualized in living MNPs 1-day after 0, 2 or 5 Gy of irradiation,
using the carboxy-methyl diacetate analog of reduced fluorescein (CM-H,DCFDA) (Fig. 3,
upper three panels) or Mitosox (Fig. 3, lower three panels). A higher magnification of cells
treated with Mitosox (Fig. 3, far right), which has a relative specificity for superoxide, shows
fluorescent mitochondria (red), the chief source of intracellular superoxide in these cells. Cells
stained with these types of dyes can be analyzed using a variety of techniques to assess how a
given intervention might modulate oxidative stress. When irradiated samples are analyzed in
parallel to sham irradiated controls set to unity, one can quantify relative increases (or
decreases) in MNPs (Fig. 4) (36,39,40).

We have also used cultured MNPs to investigate their sensitivity to agents known to deplete
mitochondrial DNA (mtDNA). Extended culture time in the presence of low levels of ethidium
bromide (EtBr) (~ 50 ng/ml) has been shown to gradually deplete mtDNA (42). This eventually
leads to a population of metabolically compromised cells containing mitochondria devoid of
mtDNA. We have used this technique to generate mtDNA deficient cells in the past, but have
yet been unsuccessful in generating MNPs devoid of mtDNA. Our past work has demonstrated
the marked sensitivity of these cells to changes in redox state (35,40), and our attempts at
generating mtDNA deficient MNPs highlights their sensitivity to redox manipulations. Where
other cell lines (e.g., GM10115, HeLa, XP30RO) can tolerate months (~5 months) of culture
under EtBr (50 ng/ml) MNPs die from severe metabolic acidosis within 4 days after culturing
in as little as 5 ng/ml of EtBr (data not shown). This underscores the sensitivity MNPs to
interventions targeting mitochondrial metabolism, and suggest that these in vitro culture
models may be useful for dissecting pathways that converge on mitochondrial metabolism and
radiation sensitivity.

While the study of cultured MNPs will provide useful information important to understanding
acritical aspect of normal tissue response in the brain, their presence and response to irradiation
may also be germane to the topic of brain tumors. The recent emergence of the cancer stem
cell hypothesis has created a tremendous amount of research activity aimed at identifying
putative cancer stem cells from a variety of neoplasms (43-45). The hypothesis is based on the
idea that many, if not all, cancers have a self renewing stem cell that when serially transplanted
into recipient hosts, will recapitulate all the aberrant phenotypes of the original cancer. The
idea that MNPs might represent a latent reservoir of brain tumor stem cells has received a great
deal of attention (46-48), and was triggered by seminal reports showing that CD133 positive
cells were highly tumorigenic (compared to their CD133 negative counterparts) when
orthotopically transplanted into the brains of mice (48). While this marker may or may not be
the critical brain tumor stem cell marker, we have found that neurospheres derived from normal
brain do express CD133 in a small fraction of cells (1-3%, Fig. 2E). We also have evidence
that dose fractionation increases the fraction of CD133 positive MNPs (data not shown), a
finding that, in principal, is consistent with a report analyzing the radioresponse of CD133
positive tumor cells derived from high grade glioblastoma (49). Recent work (50) has also
identified another important marker shared between normal MNPs and brain tumor stem cells,
maternal embryonic leucine zipper kinase (MELK), which is a member of the snflI/AMPK
serine-threonine kinase family. Past work (51) has shown this kinase to be a critical regulator
of proliferation in MNPs of the SVZ but not the SGZ, an interesting finding that highlights
critical differences between different populations of MNPs in the CNS (52,53). These findings
strengthen the link between MNPs and brain tumor stem cells.
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In summary, in vitro cultures of MNPs provide a useful tool for the analysis of critical
mechanistic parameters associated with radiation response of the brain. The susceptibility and
sensitivity of these cells to radiation-induced oxidative stress and related redox changes is
supported by numerous observations from our lab. Interestingly, a recent report detailing the
role of SirT1 as a master metabolic switch capable dictating the redox-dependent fate of MNPs
in vivo and in vitro (54) adds further evidence in support for the importance of redox state to
the overall functionality of these critical CNS cells. Such data provide compelling insight into
the biology of these cells and how they respond to irradiation. The clinically applicability of
information derived from such models is also starting to be addressed, given that more mouse
genetic models are becoming available for confirming the in vitro findings. While our results
have demonstrated a marked coincidence between in vitro and in vivo data, further work is
needed to firmly establish the translational utility of culture-based models for understanding
radiation-induced sequelae in the CNS.

In vivo approaches to study neural precursor cell response after irradiation

A number of experimental reports have clearly shown that neural stem/precursor cells in
dentate SGZ are extremely radiosensitive, undergoing apoptosis shortly after treatment with
relatively low doses (12,21,22). While this provides useful information regarding the intrinsic
sensitivity of neural precursor cells and their progeny, it does not directly address the longer-
term issue of the fate of the surviving precursor cells. To assess this issue, different approaches
are required. Neurogenesis describes a series of developmental steps that progress from the
division of a stem/precursor cell to the development of a mature cell (55). The most commonly
used method to determine the survival and phenotypic fate of newly born cells is to give
repeated administration of the thymidine analog 5-bromo-2’deoxyuridine (BrdU), and 3-4
weeks later quantify the fraction of newly born BrdU-positive cells that co-express mature cell
markers. Using this approach, it has clearly been shown that irradiation significantly impacts
new neuron production in the DG (10,12,16,18,22,23,25,56); effects on newly born astrocytes
and oligodendrocytes are not as obvious (12,22,23). To date, our studies are the only ones
showing that neurogenesis is reduced in a dose dependent fashion (22,56) (Fig. 5). Furthermore,
such changes are persistent, at least for the first 2-4 months after irradiation (12). Taken
together, these data, along with the correlative studies associating altered neurogenesis with
behavioral performance after irradiation (10-13,16,18) suggest that neurogenesis may play a
contributory if not causal role in the effects of irradiation on cognitive function.

Considerable data exist showing that radiation effects on neurogenesis involve alterations in
the microenvironment, such as oxidative stress and inflammation (12,21-25). Regarding the
former, the redox environment is of particular importance in the CNS, where there isa relatively
high rate of oxygen consumption and metabolic turnover (57), and relatively low levels of
endogenous antioxidants which render the CNS inherently susceptible to oxidative injury
(58). Altered redox state is critical in regulating the response of the CNS after a variety of
insults including ionizing irradiation (57,59), and may involve increased production of reactive
oxygen species (ROS), which can contribute to the spread and ultimate expression of tissue
injury (5). Indications of persistent oxidative stress after irradiation have been demonstrated
in the brains of mice (21,35) and rats (60), and along with the in vitro data described above,
suggest that ROS may constitute a critical environmental cue to control precursor cell survival
and differentiation (35).

There are several pathways that mitigate the physiological and pathological effects of ROS in
mammalian cells. One of these involves the antioxidant enzyme superoxide dismutase (SOD),
which exists as 3 genetically and geographically distinct isoenzymes (61). The SODs convert
superoxide anions to hydrogen peroxide, which is then enzymatically removed by catalase and
glutathione peroxidase. Although the physiological roles of the SOD isoforms in mammalian
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cells are not completely understood, the extracellular isoform (EC-SOD, SOD3) is associated
with certain cognitive functions (62,63), and its removal interfers with signaling cascades
critical for learning (63). It is interesting that in EC-SOD knock out (KO) mice, the baseline
level of neurogenesis is significantly lower than wild type (WT) mice (Fig. 6A); whether or
not this finding is responsible for the cognitive deficits observed in these mice (35) is not yet
known.

When EC-SOD KO mice are irradiated with a modest dose of x-rays (5 Gy), the changes in
numbers of proliferating cells or immature neurons in the DG seen 48 hr after irradiation are
not different from those seen in wild type (WT) mice (25). This suggests that the absence of
EC-SOD and the increased oxidative stress status of KO animals, does not influence
mechanisms responsible for acute cell death after irradiation. However, in terms of
neurogenesis, while there is a very substantial reduction in newly generated neurons in
irradiated WT mice, the same dose of irradiation has virtually no effect in KO mice (Fig. 6A).
The precise mechanism for this effect is not clear, but it apparently does not involve simple
compensatory changes in the expression or activities of other anti-oxidant enzymes (25). Rather
it leads to a “‘protective’ type of effect not unlike the preconditioning (64), adaptive (65) or
inducible-like radioprotective responses (66) observed by others. One possible explanation for
this finding may involve inflammation, as defined by changes in the numbers of intrinsic
inflammatory cells of the brain, the microglia. After irradiation of EC-SOD KO mice, the total
number of activated microglia in and around the DG is higher that seen in WT (Fig. 6B) (25).
These data are surprising taking into account a number of recent studies suggesting that
increased neuroinflammation is generally linked with an inhibition of hippocampal
neurogenesis (12,21-25) (Fig. 7). Given recent data showing that microglial phenotype
critically influences the ability of those cells to support or impair renewal processes (67), it
may be that in a microenvironment characterized by persistent oxidative stress (e.g. EC-SOD
KO), the subsequent activation of microglia may in fact have a beneficial effect, at least in
terms of neurogenesis. This would suggest that microglial response to a given stimulus (e.g.
irradiation) may be context dependent; this idea has been recently reviewed (68). While many
questions remain, these types of data highlight the complexities associated with understanding
stem/precursor cell radiation response in vivo.

While there certainly seems to be a relationship between altered neurogenesis and the
development of cognitive dysfunctions after irradiation, it is reasonable to assume that other
factors can also play a role (10,18-20). One issue that has not had much emphasis to date, is
the idea of radiation-induced alterations in neuronal activity, particularly as it is coupled to
macromolecular synthesis (gene expression) associated with learning and memory. Gene
expression induced during learning produces proteins that alter the composition of
hippocampal neuronal networks, and provide a mechanism for translating synaptic plasticity
into changes in synaptic strength (memory). Information is starting to appear regarding gene
expression changes in brain cells after exposure to ionizing irradiation but most of the available
experimental data relate to very early changes (<1 — 24 hr) (69,70), and there is only one
consideration of an immediate early gene (IEG), c-fos, specifically known to be linked to
learning and memory (69). Among the IEGs, Arc (activity-regulated cytoskeleton-associated
protein) has a distinct role in modulating hippocampal synaptic plasticity (71). Arc is expressed
following stimuli that induce long term potentiation (75) as well as after exploration of an
environment and repeated learning tasks (73), and Arc protein is essential for consolidation of
synaptic plasticity and memory (74,75). The temporal and spatial characteristics of Arc
expression corroborate neuronal activity profiles obtained using well accepted
electrophysiological recordings. Perhaps most importantly, Arc is the only known IEG whose
mMRNA moves rapidly to the dendrites closest to active synapses where it is locally translated
(76). Therefore Arc expression has been utilized extensively to map neuronal networks that
underlie information processing and plasticity (76-78). Taken together, this information
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provides a mechanistic link between Arc and hippocampal-dependent functions, and provides
a strong rationale for using Arc expression to assess specific neuronal activities associated with
cognitive impairments induced by cranial irradiation.

When animals are placed in a novel learning environment, Arc mMRNA is induced in neuronal
nuclei within 2-5 minutes, is translocated into the cytoplasm a few minutes later (Fig. 8A, B),
and within 30 minutes is translated into protein. In contrast, in caged control animals that do
not explore a novel environment, very little Arc mMRNA or protein are expressed. If animals
are allowed to explore a novel environment twice for 5 min, with 25 min between sessions, it
is possible to detect intranuclear foci of mMRNA from the second exploration and cytoplasmic
Arc mRNA from the first exploration (Fig. 8C). This provides information relevant to the
stability of neuronal networks inasmuch as under normal conditions approximately 90% of
neurons are activated in both exploration sessions. Any deviation from that value would suggest
alterations in neuronal circuitry. In a preliminary study, we irradiated mice with 0 Gy or 10
Gy, a dose that induces cognitive deficits (10, 11). Two months later, we used exploration of
a novel environment to induce Arc. Following exploration, the number of neurons expressing
Arc in the hippocampus was significantly higher than that seen in caged control mice that did
not explore the novel environment. Irradiation reduced the fractions of neurons expressing
behaviorally-induced Arc mRNA and Arc protein in the DG (Fig. 9), without any radiation-
induced cell loss. Importantly, this difference occurred only when animals were engaged in
the exploration of a novel environment; no differences were seen in caged control animals.
While the activation value (fraction of neurons expressing Arc) for the DG was < 10%, this
area is the major subfield of the hippocampus and contains more neurons (~ 240,000 in C57BL6
mice) than the other regions (CA1, CA3) combined (79). The maintenance of a small fraction
of Arc activity during a behavioral experience is critical for proper hippocampal function, and
is consistent with electrophysiological recordings showing sparse activity in the DG during
behavior, the so-called sparse coding theory (80). Given the information on relative cell
numbers in the DG (79), the modest changes in Arc mMRNA and Arc protein we saw in our
study represent a relatively large number of cells in the DG and could be extremely important
for proper hippocampal function. While this study involved a relatively small number of mice,
it suggests that this type of approach, i.e. addressing the molecular distribution of Arc at the
level of mMRNA and protein, could provide a novel way to consider radiation-induced brain
injury. Of particular interest, as it relates to the neurogenesis, it has recently been shown that
the proportion of newly born neurons that express Arc in response to a learning experience
(Fig. 8) is nearly 2 fold higher than what is seen in mature granule cell neurons (81), and those
cells are preferentially recruited into circuits supporting spatial memory (82). This provides a
potential mechanistic link between Arc expression, neurogenesis and behavior, and may offer
new insight into how irradiation may impact cognitive function.

Conclusions

While extensive data have appeared over the past few years showing that neurogenesis/
cognitive function are significantly affected by ionizing irradiation (summarized in table 1),
there still is considerable uncertainty about the exactly how those changes evolve. In vitro
techniques for the study of neural stem/precursor cells provide a unique way to address
mechanistic elements associated with radiation response. With respect to in vivo strategies,
genetic models (e.g. EC-SOD KO mice) or novel approaches (e.g. neuronal activity via Arc)
provide new tools with which the complexities of whole animal models can be dissected to
better understand how cellular radiation injury evolves into deficits affecting behavioral
performance. Together, the combination of in vitro and in vivo models provide novel
quantitative methods to address the tolerance of normal brain after exposure to ionizing
irradiation.
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Fig. 1.

Photomicrographs (60X) of neural precursor cell neurospheres (top) as a function of time in
culture, showing progressively larger size. Quantitative assessment of the numbers of cells/
neurosphere as a function of time in culture shows a linear response over 7-8 days (bottom).
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Fig. 2.

Confocal images of multipotent neural precursor cell neurospheres. A) neurospheres were
pulse labeled (2h) with BrdU, embedded in agarose, sectioned, and stained for BrdU. Positively
stained, BrdU+ cells (green) were seen primarily at the periphery of the neurosphere;
counterstaining was done with the nuclear dye 7-AAD. B) Neurospheres were differentiated
for 5 days with serum, fixed in para-formaldehyde and processed for neuronal (B-tubulin, red)
and astrocytic (GFAP, green) markers. C and D) Dissociated neurospheres were plated on
matrigel and 2% serum for 2 days and stained with the astrocytic marker GFAP (green) or the
immature neuronal markers doublecortin (red, C) or B-tubulin (red, D). E) Primary
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neurospheres were stained for CD133 (green); counterstaining was done with the nuclear dye
7-AAD.
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Fig. 3.

Imaging oxidative stress in living multipotent neural precursor cells. Neural precursor cells
received either 0, 2 or 5 Gy and were incubated 1 day later with the carboxy-methyl diacetate
analog of reduced fluorescein (CM-H,DCFDA) (upper panels), or Mitosox (lower panels).
Cell were rapidly imaged at 60X to prevent photobleaching. Irradiation induced increased
staining with both dyes, when compared to cells that were unirradiated. Neural precursor cells
were irradiated with 1 Gy and 1 day later, superoxide output from mitochondria the was
detected using Mitosox staining (red) and confocal microscopy (right panel). Nuclear
counterstaining was done with DAPI.
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Fig. 4.

Radiation-induced oxidative stress in neural precursor cells. The data show the temporal
response of ROS/RNS production in cells treated with an oxidation sensitive fluorogenic dye
precursor (CM-H,DCFDA). Acute and chronic increases in ROS/RNS levels are evident in x-
irradiated cells, when data are normalized to un-irradiated controls arbitrarily set to unity.
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Fig. 5.

Neurogenesis in the dentate subgranular zone is reduced 2 months after local brain irradiation.
Newly born neurons were co-labeled with antibodies against BrdU and the neuron specific
antigen NeuN and the fractions of double labeled cells were quantified with confocal
microscopy. Approximately 85% of newly born cells differentiated into neurons in sham-
irradiated controls and there was significant (p < 0.001) dose-related decrease after irradiation.
Each datum point represents 4 mice and error bars are SEM. Adapted from Mizumatsu et al
(22) with permission.
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Fig. 6.

Radiation effects on neurogenesis are reduced in animals deficient in EC-SOD. Two month-
old WT and EC-SOD KO mice received whole brain irradiation with 5 Gy, and the fractions
of newly born neurons and activated microglia were quantified either 2 months later using
immunohistochemistry and confocal microscopy. A: In un-irradiated KO mice, the baseline
level of neurogenesis was significantly (p < 0.01) reduced relative to WT. Irradiation caused
a significant (p < 0.01) reduction in the production of newly born neurons in WT but only a
minor (p = ns) reduction in KO mice. Newly born neurons were detected using antibodies
against BrdU and the neuron specific marker NeuN. Each datum point represents a mean value
of 4 mice; error bars are SEM. B: Irradiation increased total numbers of activated microglia in
and around the dentate gyrus of both WT and EC-SOD KO mice, with the largest effect in KO
mice. Activated microglia were detected using an antibody against CD-68. Each bar represents
a mean value of 4 mice; error bars are SEM. Both panels were adapted from Rola et al (12)
with permission.
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Fig. 7.

Radiation-induced changes in neurogenesis are associated with indications of
neuroinflammation. Two month-old C57BL6J mice were irradiated with whole brain doses
ranging from 2 — 10 Gy and 2 months later, dual labeling immunohistochemistry and confocal
microscopy were used to quantify the fractions of newly born (BrdU+) cells that were co-
labeled with NeuN (neurons; left panel, light bars) or CD68 (activated microglia; left panel,
dark bars). The significant decrease in numbers of newly born neurons was associated with a
significant increase in the numbers of newly born activated microglia. When considered in
terms of individual animals, when neurogenesis (percentage of BrdU+ neurons) was plotted
against the percentage of BrdU+ activated microglia, there was a strong correlation (r = 0.83)
suggesting a relationship between neuroinflammation and reduced neurogenesis. In the left
panel each bar represents a mean of 4 mice; error bars are SEM. In the right panel each point
represents a single animals. Reprinted from Fike et al (21) with permission.
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Fig. 8.

Qualitative characterization of Arc expression in the granule cell layer neurons of the dentate
gyrus. Arc was induced by 2 five minute behavioral explorations of a novel environment that
were separated by 25 minutes. Intranuclear foci of Arc mMRNA were induced by the second
exploration, ~ 5 minutes before tissue collection, and were detected using fluorescent in situ
hybridization (A). Cytoplasmic Arc mRNA (B) and Arc protein (D) could be detected in
neurons activated by the first exploration. Both nuclear foci and cytoplasmic Arc mRNA were
seen in ~ 90% of cells immunoreactive for Arc (C). In animals given BrdU to label newly born
neurons, labeling with antibodies against BrdU (green) and Arc protein (red) showed dual
labeling, indicating that newly born neurons were functionally integrated into the dentate gyrus
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(D). Digoxine labeled Arc antisense probe was detected with Cy3 (red, A-D), and

immunofluorescence staining detected Arc protein (D). Cell nuclei were counterstained green
or blue and the magnification for all the images was 63X.
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Fig. 9.

The fractions of neurons in the dentate gyrus expressing Arc mMRNA and Arc protein are reduced
by irradiation. Mice received a single dose of 0 Gy or 10 Gy and 2 months later were allowed
to explore a novel environment twice for 5 minutes with 25 minutes between sessions. Tissues
were collected 5 minutes after the second exploration and Arc mRNA and Arc protein were
detected using fluorescence in situ hybridization and immunohistochemistry, respectively.
While there is a trend toward reduction in the fraction of neurons expressing Arc mRNA, the
difference is significant with respect to the fraction of neurons expressing Arc protein. Each
bar represents a mean of 3 animals; error bars are SEM.
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Factors That Influence Neural Stem/Precursor Cell Survival and Function
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Measured Responses

In vitro

In vivo

Cell growth and differentiation

Multipotent cells can be obtained
and grown from neurogenic areas in
brain.

Neurogenesis results in new neurons/glia in
the hippocampal dentate gyrus.

Proliferation and differentiation

Neural precursor cell growth is
dependent upon cell density and
cell-cell contact.

Changes in neurogenesis are associated with
changes in cognitive function.

Radiation effects have an early impact on cell
viability

Irradiation induces acute (hrs-days)
oxidative stress and apoptosis.

Neural precursor cells extremely sensitive,
undergoing apoptosis after clinically relevant
doses within 48 hr.

Reactive oxygen species, radiation dose, and
new neurons

Radiation-induced oxidative stress
in multipotent neural precursor cells
is dose dependent.

Radiation reduces neurogenesis in a dose
dependent fashion.

Radiation effects have a chronic impact on cell
viability and differentiation

Irradiation induces persistent
(weeks-months) oxidative stress.

Radiation-induced changes in neurogenesis
are persistent

Microenvironmental factors can impact the
response of neural precursor cells

Protracted irradiation enriches
cultures for radioresistant CD133+
neural precursor cells

Alterations in the microenvironment
(inflammation, oxidative stress) are associated
with altered neurogenesis and cognitive
function after irradiation.

Neuronal activity

Neuronal activity in the dentate gyrus is
adversely affected by irradiation
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