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The brain is exposed to ionizing irradiation

during the management of specific disease states,
particularly cancer, and the amount or dose of
irradiation that can be administered is largely

dictated by the tolerance of normal tissues sur-
rounding the tumor [1]. Radiation injury has a var-
iable character involving multiple regions and cell/

tissue types, and a large number of physical and
biologic factors influence the expression and ex-
tent of radiation injury [2,3]. In patients, overt tis-
sue injury generally occurs after relatively high

doses (O60 Gy, fractionated), and the morpho-
logic consequences of such exposures are well
documented in human beings and experimental

systems [3–8]. Less severe morphologic changes
can occur after relatively lower doses, resulting
in variable degrees of cognitive impairment, par-

ticularly in children [9–12]. Although considerable
descriptive information is available regarding ra-
diation injury after high and low radiation doses,

the pathogenesis of these changes remains uncer-
tain. It has been suggested that the cellular events
leading to radiation injury can be explained in
terms of a loss in the reproductive capacity of cells

regarded as targets within the central nervous
system (CNS) [7]. In the past, those targets were
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primarily restricted to oligodendrocytes and vas-

cular endothelial cells, two cell types in the
mature brain capable of division [7,8,13]. Based
on clinical and laboratory data, there is consider-

able support for both of these targets as critical
players in the development of radiation injury;
however, it seems unlikely that radiation injury

can be attributed to only a single cell target [3].
In fact, current studies of radiation effects in the
brain involve the assessment of factors not specif-
ically associated with assays of clonogenic cell

survival [3,14]. Regardless, an understanding of
the response of potential target cell populations
within the CNS still forms an important strategy

for studying the development and possible treat-
ment of radiation injury.

In the mammalian forebrain, two sites of active

neurogenesis have been identified: the subventric-
ular zone (SVZ) adjacent to the lateral ventricles
and the dentate subgranular zone (SGZ) in the

hippocampus [15–17]. Multipotent stem/precursor
cells exist in these regions and produce cells that
migrate away and differentiate into neurons and
glia [15,18–20]. It has been suggested that cells

of the SVZ may act as a reserve population of un-
differentiated cells that can be recruited after tis-
sue injury [21–23]. In the dentate gyrus, newly

born cells become functionally integrated into
the local circuitry [24,25] and have passive mem-
brane properties, action potentials, and functional

synaptic inputs similar to those found in mature
granule cell neurons [26]. A positive correlation
has been established between dentate neurogenesis
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and behavioral performance in animals [26,27],
and it has been hypothesized that depletion of
neurogenic cells in the SGZ by ionizing irradiation

may contribute to the cognitive impairments seen
after such treatment [28–33]. Understanding how
neural precursor cells respond to irradiation and
determining if and how that response can be

changed may provide critical information regard-
ing strategies and approaches to ameliorate or
treat radiation-induced cognitive injury.

Radiation response of neural precursor cells:

subventricular zone

It has been proven that populations of multi-
potent cells exist in the SVZ and SGZ, although
whether they should be referred to as stem,
precursor, or progenitor cells is still being debated

[34]. Regardless of the particular nomenclature
used, in both neurogenic regions, new cells are
born, migrate away, and have the potential to dif-

ferentiate into mature neural phenotypes. The
production of new cells takes place in specific re-
gions or niches [35–38], and it has been speculated

that microenvironmental cues ultimately control
the tissue-specific fate of the newly born cells
[35]. Accordingly, these microenvironments

should also have an impact on precursor cell
fate and function when those cells are subjected
to irradiation or other adverse stimuli.

The first studies of the radiation response of

neural precursor cells were performed more than
30 years ago, when it was hypothesized that cell
depletion within the mitotically active SVZ (re-

ferred to then as the subependymal plate) could
play a role in radiation-induced white matter
injury [39,40]. Without the methods and ap-

proaches currently available, those investigators
concluded that white matter necrosis might be at-
tributable to a suppression of cell proliferation in

the SVZ, along with a gradual neuroglial cell loss.
Subsequently, those investigators specified three
morphologically distinct cells types within the
SVZ: (1) cells with small dark-staining (SD) nuclei

that were mitotically active and that the authors
thought represented ‘‘stem cells,’’ (2) cells with
small light-staining (SL) nuclei that were consid-

ered to be neuroglial precursors, and (3) cells
with large light-staining (LL) nuclei that were neu-
roglial precursors or astrocytes [41]. All three cell

types decreased with animal age as well as with ra-
diation dose, with the SD cells being the most sen-
sitive. The authors concluded that their study
provided evidence of cell transformation and cell
migration, suggesting that SD nuclei transformed
into SL nuclei and that losses of SL nuclei were

accompanied by a corresponding rise in LL nu-
clei. When these data are considered in the context
of the elegant morphologic study of the SVZ re-
ported by Doetsch and colleagues [21] 25 years

later, the SD cells seen by Hubbard and Hopewell
[41] likely represent neuroblasts or type A cells;
the LL cells correspond to the type B cells, which

have astrocytic properties; and the SL cells are the
type C or putative precursor cells.

The early radiation studies of Hopewell and his

colleagues [40,41] were not followed up for more
than two decades. Then, Bellinzona and co-
workers [42] demonstrated that in rats, the early
cell loss observed after irradiation was attribut-

able to programmed cell death, or apoptosis, and
that the process peaked 6 hours after exposure
and seemed to be dose dependent. Although that

study was the first to show that radiation-induced
acute cell loss in the SVZ could be attributed to
a specific type of cell death, no information was

provided regarding which cell type(s) in the SVZ
were affected. Shinohara and colleagues [43] later
presented a more complete dose response for apo-

ptosis (Fig. 1) and showed that most of the cells
undergoing apoptosis were undifferentiated and
that many of them were in the constitutively
proliferating cell population that made up ap-

proximately 43% of the cells of the SVZ. This sug-
gested that the radiosensitive population in the
SVZ was largely made up of putative neural

precursor cells.
Shinohara and colleagues [43] also showed that

24 to 72 hours after the x-ray–induced apoptosis,

there was an increase in 5-bromo-20deoxyuridine
(BrdU) labeling in the rat SVZ. This was similar
to results seen in mouse brain irradiated using tri-
tiated thymidine (3H-dThd), an isotopic source

that produces low-energy b particles of short
range [23]. In the latter study, it was shown that
that there was a relatively quiescent stem cell pop-

ulation residing in the SVZ that was capable of
regenerating the constitutively proliferating popu-
lation. Based on the study by Morshead and

coworkers [23] and on their own data, Shinohara
and colleagues [43] concluded that the radiation
response of SVZ stem cells, rather than the apo-

ptotic-sensitive population per se, might be the
most critical elements in the response of the brain
after radiation exposure.

Tada and coworkers [44] hypothesized that

x-rays would influence the SVZ stem/precursor
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Fig. 1. Low doses of x-rays induce apoptosis in the neurogenic zones of the rodent forebrain. Apoptosis was detected in

the rat SVZ (left panel) and in the rat and mouse dentate SGZ (right panel) using terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP nick end labeling (TUNEL) and morphologic criteria [43]. Given differences in the morphology

of the two neurogenic regions, different counting procedures were used. In the SVZ, apoptotic cells were expressed as an

apoptotic index or percentage of total SVZ cells that had characteristics of apoptosis [43]. In the SGZ of mice (solid cir-

cles) and rats (solid squares), total numbers of apoptotic nuclei for a specified counting region were assessed [33]. Regard-

less of the area or species, these data show that cells in neurogenic zones are extremely sensitive to clinically relevant

doses of x-rays. Each datum point represents at least four animals; error bars are standard errors of the mean

(SEMs). (Data from Refs. [29,33,43].)
cells in a dose-dependent fashion and that repo-
pulation would occur as a function of time after
irradiation. This study differed from that of

Morshead and coworkers [23] in several impor-
tant ways, not the least of which was the use
of external beam x-irradiation. In contrast to

3H-dThd, external beam x-rays not only affected
proliferating cells but any noncycling precursor
cells. Because of the stochastic nature of x-

irradiation, the probability of inducing damage
in any given cell increases with dose. Therefore,
assuming that precursor cells were responsible
for maintaining the normal cellularity or mitotic

character of the SVZ [21,23,45,46], it was
possible to estimate indirectly the extent of
stem cell death by quantifying the cellular com-

position of the SVZ as a function of radiation
dose and time after irradiation. Using this ap-
proach, Tada and coworkers [44] showed the

following:

1. Twenty-four hours after 2 to 15 Gy, there

were significant reductions in total cell num-
ber as well as numbers of proliferating cells
and immature neurons in the SVZ.

2. Nestin and vimentin immunoreactivity was
decreased, supporting the contention that
most of the cells lost early after irradiation
were undifferentiated.

3. Cell proliferation increased between 1 and 7
days after irradiation, and there was an
apparent delay in the onset of proliferation
with increasing radiation dose.

4. At 7 days, there was a clear radiation dose re-

sponse in terms of reduced numbers of prolif-
erating cells and immature neurons. This last
result was consistent with the idea that more

stem cells were killed as the radiation dose
was increased.

To address the longer term ability of surviving
stem cells to repopulate the SVZ after irradiation,
Tada and coworkers [44] quantified cellular

changes up to 6 months after single doses of 2
to 15 Gy. After peaking at 7 or 14 days after irra-
diation, numbers of proliferating cells then de-

creased to levels that were maintained for up to
180 days, and the ultimate extent of cell loss was
dose dependent. Those data also showed that
there was no appreciable repopulation of the

SVZ for at least 6 months after irradiation with
higher doses (O2 Gy) of irradiation (Fig. 2).

Transient changes in cell number after irradi-

ation, such as those reported by Tada and co-
workers [44], are also seen in other renewing
tissues, such as the gut [47], and may reflect a vari-

ety of factors, including abortive cell divisions,
changes in proliferation rate, or a change from
asymmetric to symmetric division within the
stem cell population [48]. Although Tada and co-

workers [44] did not specifically address the mode
of cell division after irradiation, the chronic
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depletion of cells from the SVZ, accompanied by
decreased numbers of proliferating cells and im-

mature neurons, suggested that sufficient numbers
of symmetric divisions did not occur to repopulate
the SVZ. This conclusion was in agreement with

those of others [23,46], who concluded that SVZ
stem cells self-renewed in an asymmetric mode
even during repopulation after irradiation. There-

fore, these data suggested that under conditions in
which stem cells were damaged or lost, there was
no apparent compensatory shift to symmetric di-
vision and that the dose-related loss of SVZ

stem cells seemed to be permanent [44]. Given
that SVZ stem cells apparently have the ability
to undergo symmetric divisions when exposed to

the right conditions in vitro [49,50] or in vivo
[51], the data from Tada and coworkers [44] and
others [46] suggested that the surviving stem cells

may not have received the ‘‘proper’’ signal(s) to
initiate a change in mode of division.
Alternatively, inhibitory factors might have existed

in vivo to limit symmetric self-renewal [46], or
perhaps stem cell recovery partially depends on
surrounding supportive elements (eg, glia). Data

Fig. 2. Numbers of proliferating cells in rat SVZ stay

relatively constant after x-irradiation. Proliferating cells

were detected using an antibody against the cyclin-de-

pendent kinase p34cdc2. Twenty-four hours after irradia-

tion, there were significant reductions in the number of

proliferating cells attributable to cell loss from apopto-

sis. The magnitude of subsequent changes was radiation

dose dependent, and there did not seem to be any appar-

ent recovery in proliferation up to 180 days after expo-

sure. Each datum point represents a mean of four rats;

error bars represent standard errors of the mean

(SEMs). (From Tada E, Yang C, Gobbel GT, et al.

Long-term impairment of subependymal repopulation

following damage by ionizing irradiation. Exp Neurol

1999;160:72; with permission.)
are now becoming available showing that a variety
of factors and conditions stimulate cell prolifera-
tion, migration, and differentiation of cells in the

normal SVZ [51–55]. How or if these or other
factors may be involved in the radiation response
of the SVZ is not yet clear. Recent data regarding
hippocampal neural precursor survival and differ-

entiation after irradiation [29,32,56,57] show that
local microenvironmental factors, such as vascular
integrity, oxidative stress, or inflammation, may

also play inhibitory roles in postirradiation precur-
sor cell function and recovery, however.

Radiation response of neural precursor cells:

dentate subgranular zone

More radiation studies have focused on the
cells of the dentate SGZ than on those of the SVZ,

probably because of the greater potential signifi-
cance of SGZ neurogenesis. Although neural
precursor cells in the SGZ exist in a different

morphologic or physiologic niche than cells in the
SVZ, it has been clearly shown that they also
undergo rapid cell death after exposure to ionizing

irradiation [29,33,58–62]. Regardless of species
(mice or rats) and independent of dose and man-
ner of exposure (brain only or whole body), cells

of the dentate SGZ are extremely sensitive to irra-
diation, undergoing apoptosis after doses ranging
from 0.4 to 18 Gy (see Fig. 1). The process is
rapid, usually peaking within 12 hours of expo-

sure, and at least in one study that used whole-
body irradiation, was independent of p53 status
[61]. A recent study of whole-brain irradiation

also associated radiation-induced apoptosis in
the hippocampal formation with the activation
of the c-JUN NH2-terminal kinase (JNK) path-

way [62]. The sensitive cell populations in the SGZ
include proliferating cells [29,33,59–61] as well as
cells showing characteristics of immature neurons

[29,58,59] or oligodendrocytes (Fig. 3) [60]. Most
of these studies dealt with the early time course of
cell loss after a single dose of irradiation, and they
did not address the dose response characteristics

of the sensitive cell population. Two studies do ex-
ist, one in rats [33] and one in mice [29], that show
the dose response for apoptosis as well as for spe-

cific cell loss at times when apoptosis is complete,
however (Fig. 4). Based on these dose-response
studies, it is fair to say that in the SGZ, neural pre-

cursor cells (proliferating cells) and their progeny
(immature neurons) are extremely sensitive to irra-
diation, undergoing apoptosis after clinically
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Fig. 3. Cellular changes in the dentate SGZ after exposure to x-irradiation include losses of proliferating cells (A, C) and

their progeny as well as immature neurons (B, D). Proliferating cells (brown nuclei in A and C) were detected using an

antibody against Ki-67 and were restricted to a narrow area in the granule cell neurons and the hilus. Immature neurons

(brown cells with or without processes in B and D) were detected using an antibody against doublecortin and were located

in the SGZ and in the lower third of the granule cell layer. All micrographs are at original magnification �400. (From
Rola R, Raber J, Rizk A, et al. Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive

deficits in young mice. Exp Neurol 2004;188:320; with permission.)
relevant doses. Furthermore, the overall acute sen-
sitivity of SGZ precursor cells is similar to what is

seen in the SVZ, suggesting that at least in terms
of acute radiation sensitivity, there is a common re-
sponse among neural precursor cells in the rodent
forebrain.

Although these acute studies as well as some
longer term assessments of indicators of neuro-
genesis [63–65] provide useful insight into the in-

herent radiation sensitivity of neural precursor
cells in the SGZ, most of them did not address
whether surviving precursor cells were able to pro-

liferate or if or how irradiation affected the fate of
the progeny of the proliferating cells. It is possible
to determine long-term survival and fate of newly

born cells by giving multiple injections of BrdU,
waiting a few weeks after the last injection before
perfusing animals, and then using cell-specific
antibodies to determine what fraction of BrdU-
positive cells expresses markers of mature cell phe-

notypes. Recent investigations in rats [28,56], mice
[29,32], and gerbils [66] have used this approach to
show that overall BrdU labeling after irradiation
was reduced in irradiated animals and that the

fraction of newly born cells differentiating in to
neurons was significantly affected. This effect on
neurons was dose dependent (Fig. 5) [29] and per-

sistent [32] and did not seem to be the same for
glia [29,32,56]. Whether the latter observation rep-
resented a relative resistance of glial progenitor

cells, an aberrant regulation of differentiation, or
alterations in the microenvironment that could
adversely affect fate decisions was not known

[29]. Whatever the mechanisms(s) responsible,
the available data suggest that the production of
new neurons is more sensitive to low-moderate
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Fig. 4. Proliferating cells in the rat (left) and mouse (right) dentate SGZ decrease shortly after x-irradiation. In these

studies, cell proliferation was detected after apoptosis was complete (24–48 hours after irradiation), using a pulse label

of BrdU or an antibody against Ki-67, a nuclear antigen expressed during all stages of the cell cycle, except Go [83,85].

Numbers of proliferating cells were detected in a standardized counting region and show clear dose responses. Each bar

represents a mean of four animals; error bars are standard errors of the mean (SEMs). (Data from Mizumatsu S, Monje

ML, Morhardt DR, et al. Extreme sensitivity of adult neurogenesis to low doses of x-irradiation. Can Res 2003;63:4023;

with permission; and Tada E, Parent JM, Lowenstein DH, et al. X-irradiation causes a prolonged reduction in cell pro-

liferation in the dentate gyrus of adult rats. Neuroscience 2000;99:38.)
doses of irradiation than the production of glia.

One interesting finding in rats [56] and mice
[29,32] is that after irradiation, there is a striking
increase in the number of proliferating microglia

within the dentate SGZ; that effect was clearly
dose dependent [29] and persistent [32].
Based on these in vivo data, it is clear that

neural precursor cells and the overall process of
neurogenesis are sensitive to irradiation. To de-
termine if the radiation-induced failure of neuro-

genesis was attributable to an intrinsic cell defect
after irradiation, precursor cells obtained from
Fig. 5. Radiation-induced changes in neurogenesis are associated with indications of neuroinflammation. Two months

after local brain irradiation of mice, in the dentate SGZ, there is a significant dose-related decrease in the number of

newly born cells (BrdU-positive) that coexpress NeuN, a marker for mature neurons (light bars, left panel). At the

same time, there is a significant increase in the number of activated microglia in the same area (dark bars, left panel).

On the basis of individual animals, when neurogenesis (percentage of BrdU-positive neurons) is plotted against the per-

centage of BrdU-positive activated microglia, an extremely strong correlation (r ¼ 0.83) is seen (right panel), suggesting

a relation between neuroinflammation and reduced neurogenesis. In the left panel, each bar represents the mean value for

four mice; error bars are standard errors of the mean (SEM). In the right panel, each circle represents one mouse; each

mouse received a single x-ray dose ranging 2 to 10 Gy. (Data from Mizumatsu S, Monje ML, Morhardt DR, et al. Ex-

treme sensitivity of adult neurogenesis to low doses of x-irradiation. Can Res 2003;63:4024,4025.)
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whole hippocampal formations [38] from nonirra-
diated or irradiated rats were allowed to differen-
tiate in culture [56]. Results from this study
showed that some fraction of the precursor cells

from normal and irradiated brains survived and
was able to differentiate into immature neurons
and glia. It also seemed that the basic differentia-

tion machinery might have been aberrantly regu-
lated after irradiation. These results were
important because they suggested that in vivo,

there are likely other factors that have an impact
on the ability of surviving precursor cells to pro-
duce fully differentiated neurons. This was shown

by Monje and colleagues [56], who stereotaxically
transplanted highly enriched nonirradiated neural
precursor cells into the dentate gyrus of rats irra-
diated 1 month previously with x-rays at a dose of

10 Gy. Tissues were collected 3 to 4 weeks later,
and the fates of the transplanted cells were as-
sessed using immunohistochemistry. Results

from this study showed that although trans-
planted cells survived in nonirradiated and irradi-
ated brains, the differentiation of cells into

neurons was reduced by greater than 80% in the
irradiated brain. This was interpreted to mean
that local signaling within the dentate gyrus was

defective, which likely represented a chronic dis-
ruption of the neurogenic microenvironment.

Radiation-induced inflammatory changes, in-
cluding increased numbers of activated microglia,

were reported in rats and mice after irradiation
[29,32,56], and these changes were associated with
altered neurogenesis (see Fig. 5). Furthermore, the

dose-dependent increase in numbers of activated
microglia was highly correlated with the dose-
related decrease in neurogenesis (see Fig. 5) [29],

suggesting that inflammation may play a critical
role in the decreased neurogenesis seen after irra-
diation. Given the strong microglia presence after
irradiation, along with studies reporting the role

of monocyte chemoattractant protein (MCP-1)
and its receptor, CCR2, in neuroinflammation
[67], Rola and coworkers [32] made a qualitative

appraisal of CCR2 immunoreactivity and showed
a marked difference within the dentate gyrus be-
tween irradiated and nonirradiated mice (Fig. 6).

Furthermore, the apparent upregulation of
CCR2 was long lasting and was observed up to
9 months after irradiation with heavy ions [68].

Given these striking inflammatory changes after
cranial irradiation, Monje and colleagues [57]
showed that inflammatory blockage with the non-
steroidal anti-inflammatory agent indomethacin

partially restored neurogenesis after a single 10-
Gy dose of x-rays and suggested that this effect
might be partially mediated by interleukin-6.

Anatomic and signaling relations between
neural precursor cells and the microvasculature

of neurogenic regions constitute another micro-
environmental factor that plays a significant role
in neurogenesis [36,38,69]. Proliferating precursor

cells tend to be clustered around small vessels, and
that association was lost after irradiation; in rats,
the average distance from the midpoint of

a BrdU-labeled precursor cell to the nearest vessel
increased by approximate twofold after a dose of
10 Gy [56]. This led the authors of that study to

suggest that the loss of this unique neurogenic
anatomy indicated a fundamental disruption of
the cellular and molecular interactions that are
central to normal precursor cell biology in the

dentate gyrus. Given this concept, Otsuka and co-
workers [70] used the neutron capture reaction in
boron to determine if the radiation sensitivity of

neural precursor cells was dominated by direct ra-
diation effects to the cells themselves or was medi-
ated through changes in the microvasculature. In

short, two boron-containing compounds were ad-
ministered to groups of rats: one compound was
restricted to the brain vasculature, whereas the

other freely crossed the blood-brain barrier and
entered cells. Rats were exposed to graded doses
of thermal neutrons, which were absorbed by
10B nuclei, resulting in the release of high-energy

ionizing particles with ranges of 5 to 9 mm.
Thus, in one case, the radiation was restricted to
the blood and endothelial cells, whereas in the

other case, the radiation was distributed through-
out the brain. The results from this study showed
that the selective irradiation of the microvascula-

ture resulted in less loss of neural precursor cells
than when the radiation dose was delivered uni-
formly to the parenchyma, indicating that the ra-
diation response of precursor cells was

attributable to changes not necessarily mediated
through the vasculature.

Finally, oxidative stress is an intra- and extra-

cellular factor that also may have a significant
effect on neurogenesis, and there are in vitro data
showing that such stress may constitute a bio-

chemical mechanism regulating the fate of neural
precursor cells [71]. Recent studies showed that
the radiation response of hippocampal neural pre-

cursor cells in culture was characterized by specific
cell cycle blocks, functional cell cycle checkpoints
that were coupled with increases in the expression
of p53 and other proteins, and elevated levels of

reactive oxygen species (ROS) that were
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Fig. 6. Two months after x-irradiation, microenvironmental changes in the dentate gyrus include increased expression of

the chemokine receptor CCR2 (A, C) and of the lipid peroxidation marker 4-hydroxynonenal (B, D). In both cases, there

are qualitative increases in the extent of immunohistochemical labeling in the irradiated tissues. All micrographs are at

original magnification �20.
associated with early apoptosis. Furthermore, in-
creased ROS levels in surviving precursor cells in

culture persisted for at least 3 to 4 weeks after ir-
radiation (Fig. 7) [72]. In that same study, immu-
nohistochemistry and tissue extraction techniques

were used to show that indications of oxidative
stress could also be demonstrated after irradiation
in the mouse hippocampal formation in vivo. Sim-
ilarly, indications of ROS have been shown in rat

hippocampus after whole-body irradiation with
10 Gy [62]. Given the importance of redox state
in regulating multiple damage-responsive path-

ways in the CNS, it has been hypothesized that
oxidative stress plays a major role in affecting neu-
rogenesis and subsequent cognitive function after

cell injury or depletion [73]. Cell culture studies
and in vivo measurements suggest that neural pre-
cursor cells may be uniquely predisposed to redox

regulation and that ROS may constitute critical
environmental cues to control precursor cell divi-
sion or differentiation [73]. ROS can be scavenged
in vitro and in vivo by the antioxidant a-lipoic
acid [73], and it is of interest that although treat-

ment with a-lipoic acid can rescue specific indica-
tors of neurogenesis, that rescue is reversed after
drug withdrawal (Fig. 8). Recent work has also

shown that treatment with the essential fatty
acid precursor eicosapentaenoic acid before
whole-body irradiation reduced ROS levels and
resulted in less radiation-induced changes in

long-term potentiation [62]. Taken together, these
data suggest that antioxidant treatment strategies
focused on reducing radiation-induced ROS could

conceivably be used to restore neurogenesis and
perhaps to ameliorate specific adverse sequelae
of irradiation. Limiting oxidative stress after irra-

diation may also have the benefit of attenuating
neuroinflammation, which could also help to re-
store precursor cell function.

There are compelling data using animal models
that show the modulation of hippocampal neuro-
genesis is manifest as changes in cognitive
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performance. Treatments that decrease neurogen-
esis, such as drugs [74] or steroid exposure [75,76],
are associated with impaired performance,
whereas factors that increase neurogenesis, such

as exercise or enriched environment, improve per-
formance [26,77–79]. Recently, investigators have
addressed the relation between neurogenesis and

cognitive function after irradiation, and although
cause and effect are difficult to prove, there clearly
is an association between reduced neurogenesis in

the dentate gyrus and impairments in hippocam-
pal-dependent cognitive tasks [28,31,32,66,80].
Given the potentially devastating consequences

of cranial irradiation on cognitive performance
in human beings [9–12,81,82], experimental stud-
ies on neurogenesis and cognitive function are es-
sential for the development of strategies and

approaches to ameliorate or treat this serious se-
quela to cranial irradiation.

Summary and future considerations

Considerable data are now available regarding
the radiation responsiveness of neural precursor

Fig. 7. ROS are generated in neural precursor cells from

the hippocampus after low doses of x-rays. Exponen-

tially growing cultures of rat neural precursor cells

were irradiated, incubated with the ROS-sensitive fluo-

rogenic dye CM-H2DCFDA, and assayed by fluores-

cence-activated cell sorting (FACS) analysis. In terms

of acute response, ROS levels peak 12 hours after irradi-

ation, which is the time of peak apoptosis in these cells

[72]. There is also a persistent increase in ROS that is

sustained for at least 1 month after irradiation. Bars rep-

resent the average of two independent measurements; er-

ror bars are standard deviations. All values were

normalized to controls (set to unity) run the same day.

(Data from Limoli CL, Giedzinski E, Rola R, et al. Ra-

diation response of neural precursor cells: linking

cellular sensitivity to cell cycle checkpoints, apoptosis

and oxidative stress. Radiat Res 2004;161:23,24.)
cells that exist in the neurogenic regions of the
mammalian forebrain. These cells and their prog-
eny are extremely sensitive to irradiation, under-

going apoptosis after clinically relevant doses that
do not result in overt tissue injury. In addition,
there is compelling evidence that radiation signif-

icantly affects the whole process of neurogenesis
and that the sensitivity depends, at least in part,
on alterations in the microenvironment within
which the precursor cells exist. Although pro-

vocative data exist suggesting that inflammation,
oxidative stress, or morphologic relations influence
neurogenesis, the precise mechanisms involved

remain obscure and need to be investigated.
Additionally, it is important to try to understand
what these findings may mean in the context of

radiation paradigms associated with the treatment
of intracranial disease. This type of information
should obviously have an impact in terms of
radiation therapy, and it also should be useful in

other situations that could affect neurogenesis,
such as trauma, ischemia, and exposure to toxins

Fig. 8. Radiation-induced reductions in immature neu-

rons in the mouse SGZ are partially rescued by antioxi-

dant treatment. Immature neurons, the progeny of SGZ

precursor cells, were detected using an antibody against

doublecortin (Dcx), a protein associated with neuronal

or neuroblast migration [84,86]. One week after a single

dose of 5 Gy, the numbers of Dcx-positive cells in the

dentate SGZ were reduced by approximately 85%. In

mice given daily doses of the antioxidant a-lipoic acid

(ala, 100 mg/kg) starting 1 day before irradiation and

continuing for 1 week, there was substantial recovery

of Dcx-positive cells relative to that seen after irradia-

tion alone. In mice treated exactly the same way as de-

scribed previously, except that ala treatment was

stopped at 1 week and the mice were followed for an-

other week, the apparent rescue of Dcx-positive cells

was lost. This suggests that to be an effective strategy

for reducing radiation-induced changes in neurogenesis,

antioxidant treatment needs to be protracted.
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or chemotherapeutic agents. Understanding how
neural precursor cells respond to noxious stimuli
is likely to lead to new therapeutic approaches

that should restore neurogenesis and perhaps
improve cognitive performance.

Given the findings and uncertainties discussed
previously, there are, in theory at least, ways that

radiation-induced damage can be addressed within
the context of stem/precursor cell biology. One of
these would involve the ‘‘recruitment’’ or stimula-

tion of endogenous neural stem/precursor cells to
effect tissue repair. There is accumulating evidence
that endogenous neurogenesis and gliogenesis may

be integral components of an intrinsic self-repair
process under certain conditions [83]. This makes
the stimulation of endogenous stem/precursor
cells for repair a particularly attractive approach,

although, to date, there are few data addressing
why such cells are not already able to effect repair
under pathologic conditions. Critical and yet unre-

solved questions include the following:

1. Are these cells unable to repair cell/tissue

damage?
2. Do they not receive an appropriate signal(s)

for repair?

3. Are there inhibitory signals affecting prolifer-
ation migration, differentiation, integration,
and, ultimately, appropriate functioning?

Perhaps by overcoming inhibiting signals it
may be possible to enhance the ability of surviving

stem/precursor cells to function in a reparative
capacity. It may be as simple as using anti-
inflammatory [57] or antioxidant approaches (see

Fig. 8), although it seems much more likely that
successful interventions would be far more
complex.

Another possible way to address radiation

injury could be the use of exogenous or trans-
planted neural stem/precursor cells, and there is
one report showing that such an approach was

used to ameliorate the expression of radiation-
induced myelopathy in the rat spinal cord [84].
Considerable recent data are now being reported

regarding the use of transplanted stem cells as ve-
hicles of repair in the CNS after various types of
injury or disease (reviewed by Kee and colleagues
[85]). Some of those data are provocative, but

there still is considerable uncertainty regarding
the wide variety of factors and issues that can in-
fluence the ability of transplanted cells to move to

a site of injury properly, proliferate or differenti-
ate, and actually restore morphologic and func-
tional normalcy. As summarized by Martino and
Pluchino [83], there are numerous unsolved and
challenging issues regarding how transplanted

stem/precursor cells can be controlled and regu-
lated; yet, if possible, the use of such cells could
have a significant positive effect on the manage-
ment of CNS injury and damage, including that

induced by ionizing irradiation.
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