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INTRODUCTION: Uncontrolled radiation exposure from a nuclear battlefield will lead to a wide 
range of delivered doses and subsequent tissue/body effects. However, such exposure does not have 
to be lethal to have significant consequences. The depletion of stem/precursor cells, for instance 
could lead to prolonged effects in some tissues, particularly if those cells have limited regenerative 
potential. Because of the role of hippocampal neuronal precursor cells in the development and 
maintenance of memory, we hypothesize that these cells are critical targets in the radiation-induced 
impairment of cognitive function. We contend that radiation-induced loss of these cells will decrease 
neurogenesis and lead to cognitive changes. We hypothesize that such effects are mediated through 
oxidative stress, and that by reducing oxidative injury we can ameliorate radiation-induced cognitive 
impairment. This research project involves a series of in vitro and in vivo laboratory studies to assess 
the effects of ionizing irradiation on neural precursor cells, neurogenesis and cognitive function. 
The experiments will assess the role of oxidative processes in the development of radiation injury 
and determine the efficacy of antioxidant strategies in reducing that injury. 

BODY: This research project consists of 3 objectives which are: 1) using low to moderate radiation 
doses to simulate a battlefield exposure, quantify the effects of x-rays on dentate subgranular zone 
(SGZ) neurogenesis, and determine if such exposure is associated with the development of cognitive 
impairment; 2) using biochemical measures of oxidative stress determine the effects of x-rays on 
neural precursor cells in culture and test the ability of antioxidant compounds to reduce those effects; 
and 3) determine if antioxidant treatment during exposure to x-rays will ameliorate radiation-induced 
effects on neural precursor cells, neurogenesis and subsequent cognitive function. 

The Statement of Work for the second year of funding listed 2 primary goals: 1) complete the 
histologic analyses of tissues irradiated the first year and complete the in vitro studies assessing the 
ability of antioxidant compounds to reduce radiation injury to neural precursor cells in culture; 2) 
initiate in vivo studies designed to determine if antioxidant agents will reduce early radiation- 
induced changes in precursor cell proliferation. Our findings to date are summarized below. 

In Vitro Studies: 

In the first year of funding we elucidated a number of important characteristics of neural 
precursor cells in culture. Briefly, these cells are very sensitive to low doses of irradiation, 
undergoing apoptosis within 12 hours of exposure. The apoptotic changes are associated in time and 
radiation dose with elevations in reactive oxygen species (ROS) indicating that oxidative damage 
plays an important role in the acute and chronic radiation response of neural precursors. We also 
were able to provide preliminary evidence that ROS and apoptosis could be modulated using a 
superoxide dismutase (SOD) mimetic compound, Euk-134. In order to identify targets or processes 
that may be involved in ROS-mediated effects within neural precursor cells we have expanded our 
studies of the biology of these cells and addressed factors that affect their radiation responsiveness. 
Further, we completed a number of studies assessing the effectiveness of antioxidant compounds. 
These data, which are summarized below have been and currently are being used to direct our in vivo 
studies. 

General methods: 
Neural precursor cells were derived from the rat hippocampus, as described previously (1). 

These cells, which exhibited routine doubling times of 20 - 28 hrs, were maintained in exponential 
growth and passaged twice weekly. Cells were grown in the presence of serum-free DMEM/F12 
(1:1) containing N2 supplement and 20 ng/ml of fibroblast growth factor-2 (FGF-2). All cultures 
were grown on polyomithine/laminin coated plasticware and re-fed every other day using a ratio of 
3:1 new:conditioned medium. 

The detection of intracellular ROS was based on the ability of cells to oxidize a fluorogenic dye 
to its corresponding fluorescent analog. Exponentially growing cultures were treated for Ih at 37°C 
with 5 jxM of the ROS sensitive dye 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein 
diacetate (CM-H2DCFDA). Immediately following dye incubation, cells were harvested and 
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subjected to fluorescent automated cell sorting (FACS). For each post-irradiation time point, ROS 
measurements for irradiated and sham-irradiated control cultures were performed in parallel. All 
measurements were performed in duplicate or triplicate and were derived from independently 
irradiated cultures of cells. 

Apoptosis assays were performed using FACS analysis, and were done in parallel with 
measurements of ROS. To normalize experimental conditions for each of the endpoints assayed, 
cells to be assayed for apoptosis were passaged and re-fed at the same time as those flasks used for 
the ROS measurements. At each post-irradiation time, cells were harvested, rinsed in PBS, and 
incubated for 20 min at ambient temperature in limiting volumes (~0.2-0.5 ml) of binding buffer 
containing FITC-conjugated annexin V. Cells suspensions were brought to 0.5-1.0 x 10*cells/ml in 
PBS and immediately subjected to FACS analysis. As with ROS measurements, apoptotic assays 
were performed in duplicate or triplicate and derived from independently irradiated cultures of cells. 
FACS data was also analyzed using the ModFit LT™ program to estimate the percentage of 
apoptotic cells from cell cycle histograms. 

Cell cycle effects: 
Given that proliferating precursor cells in vivo and in vitro are extremely sensitive to a radiation- 

induced apoptotic cell death (Year 1 Progress Report, and Refs. 2, 3), we wanted to determine the 
relationship between the apoptosis induced by low doses of irradiation and the inhibition of cell 
cycle progression. These studies are significant because perturbations in cell cycle progression could 
severely impact the capability of stern/precursor cell pools to properly respond to and repopulate 
regions of the CNS incurring radiation damage. Exponentially growing cultures of neural precursor 
cells were either sham irradiated or exposed to 5 Gy and at various times after irradiation (6, 12, 18, 
24, and 48 h) fixed in 70% ethanol and 
stored at -20°C. On the day of assay, 
samples were resuspended for 1 h at 
ambient temperature in isotonic 
phosphate buffered saline (PBS) 
supplemented with RNAse (50 U/ml) 
and propidium iodide (PI, 10 pig/ml). 
Subsequently, cells were assayed for 
DNA content by FACS analysis of PI 
fluorescence. Raw data were gated to 
eliminate debris and doublets, and to 
calculate the distribution of cells 
throughout the cell cycle. A minimum 
of 30,000 cells were analyzed at each 
time point using the ModFit LT™ 
analysis software. Reverse chi square 
values were routinely under 5 indicating 
that the cell cycle data were within the 
parameters of the Mod-Fit algorithm. 

Cell cycle analyses of irradiated 
precursor cells confirmed the presence 
of functional radiation-induced 
checkpoints, particularly in G2/M (Fig. 
1). The peak of G2/M arrest coincided 
with the time of maximal apoptosis and 
maximal generation of ROS. The 
activation of cell cycle checkpoints is 
consistent with a DNA damage response 
expected for cells containing a 
functional p53 protein (4). To 
substantiate that p53 played a role in the 

DNA Content 

Fig. 1: Activation of cell cycle checkpoints after x-irradiation. Histograms 
illustrate functional G2/M and Gl/S checkpoints as evidenced by the pronounced 
buildup of cells in the G2/M (12 hr) and Gl (18 h) cell cycle compartments, 
respectively 
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observed radiation response of precursor cells, 
we irradiated cultures with 5 Gy and analyzed 
for p53-dependent increases in protein levels 
and phosphorylation by western blot.   Our 
results showed that p53 levels increased with TP53 
time after irradiation and that these elevations 
were accompanied by an increase in p21 levels 
and p53 phosphorylation at serine 15 (Fig. 2).   Phospho-TPSS^ 
These results provide evidence that p53 has a 
role in the radioresponse of neural precursor 
cells. 

Data demonstrating that p53 might regulate 
the behavior of neural precursor cells to 
irradiation is potentially significant to this 
proposal  for several reasons.     First it is  well Fig. 2: x-rays activate the P53(TP53) pathway. Compared to controls p3 
pctnT-ilichprI   that   n'^'^    nrtc   tn   cnffaiinrH    an protein levels increases ~ 2 and 4-fold at 2 and 6 hr after irradiation. eStaOllSnea   tnat   pD:)    acts    to    SaregUara    an increases in pSa were associated with an increase in serlS phospho-pSS 
organism   against   the   accumulation   of   cells and p21 levels. A11 sample loading was normalized to protein content. 
harboring  potentially  deleterious  genetic 
changes accumulated over time or in response to an acute stress (such as an unanticipated exposure 
to radiation). To accomplish this, p53 acts to slow cell cycle progression in the presence of DNA 
damage, thereby promoting DNA repair to minimize the impact of stress upon the cell and organism. 
Second, p53 regulates apoptosis, which is believed to provide a means for removing damaged cells. 
However, signaling events from neighboring cells and the surrounding environment have also been 
shown to activate p53. This has the potential to promote the elimination of otherwise normal and 
undamaged cells in the hippocampus. The inability to properly regulate the p53-dependent apoptotic 
response to irradiation, may lead to dysfunctional cells integrating into higher tissues that may 
compromise physiology (e.g. cognitive function). Third and perhaps most important, p53 regulates 
the expression of redox sensitive genes that act in multiple pathways (5). These pathways regulate 
the level of antioxidants and pro-oxidants in the cell and surrounding microenvironment that can 
greatly impact the inherent radiation sensitivity of cells. Thus, the link between p53 and ROS 
provides a logical mechanism for regulating the survival of neural precursor cells exposed to 
radiation. Our studies may also provide the rationale for genetically screening individuals for p53 
mutations that might predispose them to additional risks associated with radiation exposure. 

Density Effects: The redox status of cells is critical to the regulation of multiple damage- 
responsive pathways, such as that mediated through p53. Redox status is intimately dependent on 
the level of ROS, and ROS have multiple roles in mediating and affecting cellular physiology. At 
high levels, ROS can damage cellular molecules and activate stress-responsive pathways in cells. 
However, at relatively low levels, ROS can act to signal metabolic change or environmental stress. 
ROS can directly or indirectly activate signaling pathways and can operate intra-or extracellularly. 
ROS are believed to provide one of the many cues that regulate proliferation and survival in 
response to damage (6), and the presence of extracellular antioxidants indicates that cells have 
evolved mechanisms to specifically regulate exogenous ROS (7, 8). 

Because a predominant effect of irradiation in vivo is a significant reduction in the proliferating 
precursor cells and their progeny, immature neurons (see below), we were interested in determining 
how the loss of a significant proportion of a given cell population might affect redox state in the 
surviving fraction. Consequently, we have developed an in vitro model to simulate the situation of 
neural precursor cell depletion observed after irradiation. Our model involves a simple yet elegant 
manipulation of the cultured cell density. 

To determine redox state as a function of cell density, we plated un-irradiated neural precursor 
cells at low (~10'' cells/cm^) to high (~3xl0^ cells/cm^) density. We then assessed ROS and 
antioxidant levels, mitochondrial function, and cellular proliferation. Low density cultures exhibited 
significantly higher levels of ROS than high density cultures. Interestingly, this trend was not 
observed in transformed cell lines, and absolute levels of ROS were generally 3-5 fold higher in the 
neural precursor cells (Fig. 3).    ROS levels at low densities were found to coincide with 
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mitochondrial dysfunction (Fig. 4), implicating the mitochondria as the source of elevated ROS. It 
was also observed that higher levels of ROS were associated with elevated proliferation as 
determined by cell doubling time and S-phase fractions (Fig. 5). In addition, the transition to higher 

cell densities was accompanied by an increase 
in cellular antioxidants (e.g. MnSOD) (Fig. 6); 
this may underlie the reduced ROS observed at 
high cell densities. These density dependent 
changes were reversed with the antioxidant a- 
lipoic acid (Fig. 7). These data show that 
neural precursor cells are predisposed to redox 
sensitive changes that are responsive to density 
dependent cues that regulate ROS and 
antioxidant levels to control cellular 
proliferation. In vivo, a similar situation can be 
expected after CNS damage, where radiation- 
induced depletion of precursor cell numbers 
would stimulate ROS-dependent increases in 
cellular proliferation; preliminary data shown 
below substantiates this idea, and validates the 
applicability of modeling damage-induced 
depletion of neural cells in vivo, through in 
vitro manipulations of culture density. 

Antioxidant treatment: 
Clearly, the normal behavior and damage 

(radiation) response of neural precursor cells in 
culture is mediated in part through ROS. 
Furthermore the changes observed in vitro 
mirror similar changes detected using our in 
vivo model of radiation injury to the 
hippocampal dentate gyrus (see below). Based 
on cell culture data as well as preliminary 
studies done the first year of funding, we 
wanted to determine if specific measures of 
radiation-induced oxidative damage could be 
reduced by using antioxidant treatments. 
Preliminary experiments using SOD mimetic 
compounds provided by Dr. Susan Doctrow 
were initially promising, but have recently been 
hindered by side reactivities inherent to many 
of these Euk compounds (i.e. Euk-134, 161, 
163, 172, 189) (9). Briefly, each Euk analog 
converts superoxide to hydrogen peroxide and 
hydrogen peroxide to water and oxygen. The 
first reaction is relatively insensitive to small 
structural changes while the second reaction is 
quite structurally dependent. Furthermore, 
after the first reaction is complete each Euk 
compound has a competing peroxidase activity 
that can oxidize (not scavenge) other cellular 
molecules. This is evidenced by the increased 
fluorescence observed using redox-sensitive 
dyes in conjunction with the Euk analogs. 
Using these dyes we have already demonstrated 

Cell Density (lO'/cm^) 

Fig. 3: Cell type and cell density dependent production of reactive oxygen 
species in various mammalian cells. The ordinate represents relative ROS 
production 
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Fig. 4: ROS levels (fluorescent units), which are elevated under 
conditions of low cell density (Fig. 3) are associated with 
mitochondrial dysfunction. 
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Fig. 5: Density-dependent ROS (fluorescent units) are associated with 
elevated proliferation. Tiic S-phase fractions of each population are 
indicated by the percentage numbers at the top of each bar. Lipoic acid 
eliminates this effect. 

that irradiation leads to increased ROS (not shown). 
Addition of Euk analogs potentiates this increase by 
oxidizing the redox-sensitive dye itself. Further 
work is currently underway to pinpoint the 
appropriate treatment regime in vitro that might 
minimize peroxidase activity while maximizing 
scavenging activities. These developments may, 
however, limit the broad based utility of these 
compounds as antioxidants. In part due to these 
results, we have also begun studies using lipoic acid 
as an antioxidant. Preliminary in vitro data has 
indicated that this compound may provide a better 
means for reducing the impact of ROS after 
radiation damage. 

Low       High 
Density Density 

MnSOD 

Fig. 6: MnSod is increased in cells plated at high density. 

In Vivo Studies 
Low Density 

2-3 xio' calls/cm* 
High Density 

140-150 X10^ cellstem^ 

Fig. 7: Density dependent changes in ROS (fluorescent units) are 
reversed with the antioxidant compound a-lipoic acid. 

In the fu-st year of funding we were able to 
document the acute and longer term effects of 
low to moderate doses of x-rays on the neural 
precursor cell population in the dentate SGZ of mice. The results from those studies showed that: 1) 
proliferating precursor cells and their progeny, immature neurons, are extremely sensitive to 
irradiation, undergoing an apoptotic cell death ~ 12 hr after exposure; 2) acute changes in those cells 
were associated with altered neurogenesis, i.e. the production of new neurons; and 3) altered 
neurogenesis was associated with later developing cognitive impairments. The quantification of 
neurogenesis was accomplished using confocal microscopy, a methodology developed in our lab 
after the submission of the original grant proposal. This methodology provided us a means to 
quantify not only new neuron production but also the production of astrocytes and oligodendrocytes. 
We also were able to show, using qualitative immunohistochemistry, that oxidative stress was 
involved in the changes we observed in the SGZ. In the current funding year we expanded on those 
studies and have begun investigation of antioxidant treatment to ameliorate these adverse effect of 
irradiation. These studies were based on, and parallel, many of the in vitro investigations 
summarized above. The results of our ongoing studies are shown below. 

General Methods: 
Young adult male C57BL wild type (WT) or p53 knock out (KO) mice were used. Anesthesia 

was required for irradiation and perfusion procedures; intraperitoneal (i.p.) injections of ketamine 
hydrochloride (65 mg/kg) and medetomidine (0.5 mg/kg) were used. Whole brain irradiation was 
done as previously described (3), and dose rate was about 175 cGy/min.  At specified times after 

008 



FIKEJOHNR. RESEARCH REPORT 08/03 

exposure, animals were anesthetized and perfused with 10 % buffered formalin using parameters 
previously described (3). After fixation, brains were processed for immunohistochemistry using 
paraffin embedding; a standardized counting region and protocol were used when quantifying cells 
in paraffin embedded tissues (3). Quantification was made of all positively-labeled cells within the 
dentate SGZ of the superior and inferior blades of the dentate gyrus; both hemispheres were counted 
for each animal. The total number of positively-labeled cells was determined by summing the values 
from all 3 tissue sections from a given brain. Proliferating cells were detected using an antibody 
against Ki-67, a nuclear antigen that is expressed during all proliferative stages of the cell cycle 
except Go (10). Immature neurons were detected using an antibody against Doublecortin (Dcx), a 
protein required for neuronal migration (11). Numbers of cells exhibiting cell-specific staining were 
scored blind. 

OGy      2Gy     5Gy    10 Gy OGy      2Gy     5Gy    10 Gy 

Fig. 8: Numbers of proliferating cells (left) and immature neurons 
(right) in the dentate SGZ are significantly decreased 48 hr a fter 
irradiation. Each bar represents an average of 4 mice; error bars are 
SEM. 

Cell Responses and Neuro gene sis: 
While the previous progress report 

showed the effects of a single 10 Gy dose 
of x-rays on proliferating cells (Ki-67) and 
immature neurons (Dcx), we now have 
full dose responses including relatively 
low doses (Fig. 8). A Jonckhere-Terpstra 
test showed that for both endpoints the 
dose  responses  from  2-10  Gy  were 
significant (P < 0.05). Because immature 
neurons generally move into the dentate 
granule   cell   layer   (GCL)   as   they 
differentiate, we quantified the numbers of 
Dcx-positive   cells   in   the   GCL   to 
determine if the sensitivity of immature 
neurons changed as they moved away 
from the SGZ.  In the SGZ, the percentage decrease in cell number relative to controls was 41%, 
53% and 61% after 2, 5 and 10 Gy. The numbers of Dcx-positive cells in the GCL were decreased 
about 19.8%, 26% and 52.7% after 2, 5 and 10 Gy respectively. This suggests that as newly bom 
cells migrate further away from the SGZ they become less sensitive to irradiation.  Whether this 

represents different environmental factors or simply the fact 
that the cells are becoming more differentiated is not yet 
clear. 

In the Year 1 Progress Report, and in a recent publication 
(2), we showed that in the mouse the production of mature 
neurons was affected in a dose related fashion while the 
production of new astrocytes and oligodendrocytes were not. 
We also have shown similar results in the rat, but only after a 
single dose of 10 Gy (12). In this funding year we also 
looked at another cell type in the brain, the microglial cell to 
determine if local inflammation may contribute to our 
findings. ROS such as superoxide, which is produced by 
irradiation, has been shown to be an early signal triggering 
the induction of cytokines from microglia (13). Given the 
potential role of proinflammatory cytokines in radiation brain 
injury (14, 15), and the impact of specific cytokines on 
neurogenesis (16), it is possible that the activation of 
microglia via ROS or the release of ROS from irradiated 
microglia, may constitute a critical factor in the radiation- 
induced inhibition of neuron production. At 48 hr after 
irradiation, when proliferating cells and immature neurons are 
significantly reduced, there were no activated microglia 
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Fig. 9: Two months after irradiation there is a 
substantial inflammatory response in the dentate 
SGZ. Proliferating cells were first labeled with the 
thymidine analog BrdU and 3 weeks later, the 
relative proportion of cells (percent) staining for 
BrdU plus the activated microglial marker CD68 
were quantified using confocal microscopy. A 
significant dose-related increase in activated 
microglia was seen. Each circle represents an 
individual mouse; each X represents the mean value 
for a given dose group. 
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detected in or around the SGZ (2). In contrast, 2 months after irradiation there was a significant 
dose-related increase in the number of activated microglia (p < 0.001) (Fig. 9). While it has not yet 
been shown what role the increase in activated microglia might play in radiation-induced 
neurogenesis, this cell type might constitute an effecter for modulating the adverse effects of 
irradiation in the SGZ. The function/activity of such cells might be ameliorated with antioxidant 
compounds as proposed in this grant application, or perhaps with anti-inflammatory agents. 

The role ofp53: 
Our in vitro studies (above, Fig. 2) show that p53 plays a 

role in the radiation response of neural precursor cells in 
culture. Given the potential relationship between p53 
function and oxidative stress, we wanted to determine if p53 
also played a role in the radiation response of precursor cells 
and immature neurons in the SGZ of mice. Two month old 
WT and p53 KO mice were anesthetized as described and 
irradiated with singles doses of 0, 1, 2, 5, and 10 Gy. Forty- 
eight hours later the mice were perfused and the tissue 
sections of the dentate gyrus prepared. Proliferating cells and 
immature neurons were quantified as described above. Before 
irradiation, the numbers of proliferating cells and immature 
neurons in p53 KO mice were ~ 20% and 13% higher, 
respectively, than that seen in WT controls. While relatively 
few, the number of apoptotic cells in our standardized region 
of interest (3) was 12 ± 1.1 (mean ± SEM) in WT and 8 ± 1.7 
in KO. After irradiation, the numbers of proliferating cells 
and immature neurons decreased in a dose-dependent manner 
in both types of mice (Fig. 10). Compared to WT, p53 KO 
mice showed ~ 20% more proliferating cells; while this trend persisted after irradiation, it was not 
significantly different at all doses (data not shown). p53 deficient mice did, however, exhibit 
statistically significant (p<0.05; Wilcoxon-Mann-Whitney) elevations in the number of immature 
neurons after low doses; there was no difference after the highest dose of 10 Gy (Fig. 10). These 
data support a role for p53 in regulating the radioresponse of neural precursor cells in vivo, 
particularly after lower doses. 

Radiation Dose (Gy) 
Fig. 10; Dose dependent decreases in the number of 
immature neunjns within the dentate SGZ occur in both wild 
type (WT, squares) and p53 Icnock out (KO) mice (circles). 
Compared to wild type, p53 KO mice showed a statistically 
significant increase in the number of cells after doses below 
10 Gy. 

Oxidative Stress: 
Our general hypothesis is that oxidative stress plays a role in 

the radiation response of SGZ precursor cells, and our 
comprehensive in vitro data above is clearly supportive. As 
stated above, we previously reported (Year 1 Progress Report) 
that 48 hr after irradiation there was a qualitative increase in 
malondialdehype (MDA) in the dentate SGZ of mice irradiated 
with 10 Gy. MDA is an endpoint of lipid peroxidation and a 
reliable marker of oxidative stress. To quantitatively determine 
if elevated levels of MDA were persistent after irradiation we 
used a commercial kit that measures MDA in tissue 
homogenates by colorimetric assay. Hippocampi were dissected 
from mice irradiated either 2 days or 1 week previously with 10 
Gy, and were homogenized. MDA levels in irradiated and 
nonirradiated brains were determined in triplicate and calibrated 
against a standard curve generated the day of assay. Compared 
to unirradiated controls, MDA levels were significantly 
increased 1 weeks after irradiation (Fig. 11). 

Controf 1 Week 
Fig. 11: Lipid peroxidation in the hippocampus of 
irradiated mice. Tissue was obtained from irradiated (10 
Gy) mice and processed for the determination of malonyl 
dialdehype (MDA). Compared to controls, tissues isolated 
1 w eek after irradiation had significantly higher MDA 
levels. Each bar represents a mean of 6 mice; error bars 
are SEM. 

OiO 



Vehicle Control 12 hr 109 ± 7.0 

Euk    12 hr 131 ±40 

Vehicle + 1 Gy 12 hr 49.5 ±4.5 

Euk + lGyl2hr 45.5 ± 7.5 
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Antioxidant Treatment: 
Considerable in vitro and in vivo data generated in the first 2 years of funding strongly suggested 

that ROS play a role in the radiation response of neural precursor cells from the hippocampus. 
Based on pilot in vitro data presented in the Year 1 Progress Report, we initiated a study to 
determine if the extent of acute cellular changes in the dentate SGZ could be modified using an 
antioxidant compound. These studies used the superoxide dismutase/catalase mimetic drug EUK- 
134 at a dose of 30 mg/kg administered intraperitoneally 15 minutes before irradiation. Controls 
were injected with the solvent which was used to dilute the EUK compound. Tissues were collected 
either 12hr or 48 hr after irradiation, and numbers of proliferating cells and immature neurons 
quantified in our standardized region of interest; the results from this study are tabulated below. 

Proliferation Cells fKi-67') Immature Neurons (Dcx) 

561 ± 24 

629 ± 38.5 

371 ±51 

358 ± 77 

Vehicle Control 48 hr 106 ± 15 561 ± 24 

Euk    48 hr 92 ±2.0 629 ±38.5 

Vehicle +1 Gy 48 hr 14 ± 7.0 223 ± 12 

Euk +1 Gy 48 hr 14.5 ± 6.5 233 ± 46 

While these results represent a preliminary study using only one administration paradigm, the 
data show that Euk-134 had no significant effect in terms of reducing radiation injury and in some 
cases there was actually more cell loss in mice treated with Euk-134 (e.g. Ki-67,48 hr vehicle vs. 48 
hr Euk). While these results may reflect suboptimal treatment parameters, they may also reflect the 
increased peroxidase activity associated with the Euk compounds (see discussion for in vitro studies 
above). 

Based on these preliminary data and the results from our in vitro studies we have chosen not to 
pursue the Euk compounds until the issue of increased ROS is resolved using our in vitro model. 
Instead, and based on favorable in vitro results (above) we have initiated animal studies using a- 
lipoic acid. Those studies have yet to be analyzed. 

Density Effects: 
We know that low doses of irradiation result in significant reductions is specific cell populations 

in the dentate SGZ; that information has recently been published (2). Based on the in vitro studies 
described above, we are hypothesizing that the damage-induced loss of cells results in elevated ROS 
which may play a role in stimulating cell proliferation to repopulate the SGZ. We also know that 1 
week following irradiation there are increased MDA levels in the hippocampus indicating an 
elevated level of oxidative stress. To determine if our in vitro findings translate into what may be 
happening in vivo we gave a single dose of 5Gy to mice to deplete proliferating cells and immature 
neurons, and then 1, 2, 3 7 and 14 days later determined the number of proliferating SGZ precursor 
cells (Fig. 12). The results from this study show that after significant cellular depopulation, cell 
proliferation is elevated and coincides with increased oxidative stress that was observed 1 week 
after irradiation. While preliminary, these data do suggest a possible cause and effect relationship 
linking the regulation of cellular redox state to the repopulation dynamics within the damaged CNS. 
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In vivo results are consistent with those we obtained in vitro, and suggest further that ROS may play 
a role in critical signaling pathways associated with cell proliferation. Studies are currently 
underway determining if the anti-oxidant compound a-lipoic acid will impact this proliferative 
response, and ultimately, neurogenesis and cognitive function. If ROS are stimulants to proliferation 
in vivo, a-lipoic acid may slow down this process and allow reparative processes to occur and spare 
the depletion of SGZ cells after radiation injury. The results from this study will be reported in the 
Year 3 Progress Report. 
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Days After Irradiation 

Fractionated Irradiation 
One of the stated goals of this project was 

to irradiate with multiple small doses in order 
to simulate a battlefield exposure. The studies 
of the first and part of the second year of 
funding focused on low to medium single 
doses in order to establish endpoints, 
methodology and to determine biological 
responses in the cells of interest. Once these 
important factors were determined it was 
possible to initiate fractionated studies. 
Because we intended to use up to 5 -10 
fractions over 1 -2 weeks, it was necessary to 

institute shorter term anesthetic protocols to maintain animal health over the treatment period. 
Therefore we proposed to use short acting isoflurane gas anesthesia because induction and recovery 
are rapid, generally taking only 1-2 minutes. This facilitated fractionated treatment and was well- 
tolerated by the animals. Initial studies were done to assess the response of proliferating cells and 
immature neurons in the dentate SGZ after 5 daily fractions of either 0.5, 1.0 or 1.5 Gy/fraction; 

tissues were collected 48 
500 

0   2  4  6 
Days After Irradiation 

Fig. 12: Changes in numbera of proliferating cells (left) and immature neuions (right) 
as a function of time after a single dose of 5 Gy. A major loss of proliferating cells 2-3 
days after irradiation is followed by a significant increase in proliferation; a concomitant 
increase in the production of immature neurons is suggested, but is not significant over 
the time course swdicd. Each symbol reoresents a mean of 4 mice; en-or bars are SEM. 

J2  140- 
0) 
O 
0) > 
« o 
a 

120- 

100- 

400 
« o 
% 

300 I 
o 
Q. 200 

100 
8 o 
d 
z 

hr after the last fraction. 
Controls included gas 
anesthesia alone on each 
of 5 consecutive days. 
In addition, a separate 
group of mice received 
gas anesthesia on 5 
consecutive days and 
during the last 
anesthesia a single 5 Gy 
dose was given. This 
last control allowed us 
to determine if there was 
a dose sparing effect 
when a total dose of 5 
Gy was fractionated in 5 
equal treatments. The 
data from this study are 

shown in Fig. 13. Surprisingly, these data show that relative to a single anesthesia with 
ketamine/medetomidine, a single isoflurane treatment induced a significant reduction in proliferating 
cells (~40%) and immature neurons (~ 15%). Multiple isoflurane anesthesias decreased the cell 
populations even niore (Fig. 13). Additionally, there was little if any sparing effect when a total 
dose of 5 Gy was fractionated. Finally, the effects of the different fractionated total doses were not 
different with respect to the adverse effects on proliferating cells and immature neurons. This last 
result was most striking because in most cell/animal systems, fractionation of dose results in a 
significant sparing effect due to repair of radiation-induced DNA damage. This result, along with 

Fig. 13: Effects of fractionated irracJiation on proliferating cells (left) and their progeny, immature 
neurons (right). Isoflurane anesthesia was used for all treatments, which consisted of 5 equal 
fractions of either 0.5 Gy (lane 4), 1.0 Gy (lane 5) or 1.5 Gy (lane 7). A single isoflurane anesthesia 
with no irradiation (lane 2) or 5 daily isoflurane treatments with no irradiation (lane 3) significantly 
reduced cell numbers relative to injectable ketamine + medetomidine (lane 1). A single dose of 5 Gy 
was given on the last of 5 days of isoflurane anesthesia (lane 6) to compare with the same total dose 
given in 5 equal fractions (lane 5); no significant dose sparing was observed. There was no apparent 
difference in cell depletion between the total fractionated doses of 2.5 Gy, 5 Gy or 7.5 Gy. 
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our recently published data regarding apoptosis (2) in the dentate SGZ, highlights the exquisite 
radiation sensitivity of these cells to low doses of x-rays. 

Given the significant toxic effects of isoflurane on the cells of the SGZ we initiated pilot studies 
using gentle restraint without anesthesia. Mice were placed is a plastic rodent restraint cone, a thin 
plastic cone-shaped bag, open at one end, and subjected to head only irradiation. The total radiation 
time was approximately 1-2 minutes depending upon dose, so the mice were restrained for about 
1.5-2.5 minutes, total. A single daily dose of either 1 or 2 Gy was given on 5 consecutive days; 
tissues were collected 48 hr after the last treatment. Controls consisted of a single restraint each day 
for 5 days but with no irradiation. In addition a group of mice underwent daily restraint and on the 
last day they received a single dose of 5 Gy to compare with the mice that received fractionated 
irradiation. Daily restraint resulted in a decrease in number of proliferating cells and immature 
neurons. While there was some dose sparing with fractionation for proliferating cells under 
conditions of restraint, there was no sparing in terms of immature neurons. Furthermore, there was 
no apparent dose response (Fig. 14). These results again show the sensitivity of the cells of the 
SGZ. Furthermore since no anesthetic was used it is apparent that the stress associated with 
restraint/irradiation has a major impact on these cells. Other investigators have shown that stress is a 
negative regulator of neurogenesis (17, 18), but to our knowledge no one has shown such a 
sensitivity as we have seen in our studies. 

Overall, our studies of the 
radiation response of SGZ 
cells after fractionated 
irradiation have provided 
some interesting and 
unexpected results regarding 
the sensitivity of the 
proliferating precursor cells 
and their progeny. At least 
with respect to our relatively 
acute endponts, there does 
not seem to be any apparent 
sparing due to dose 
fractionation, which 
suggests that small doses 
will combine in an additive 
fashion.    Thus,   in   our 
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Fig. 14: Effects of restraint and fractionated irradiation on proliferating cells (left) and 
their progeny, immature neurons (right). Gentle restraint was used for all treatments, 
which consisted of 5 equal fractions of either 1.0 Gy Qane 3) or 2.0 Gy (lane 5). Five 
daily restraints with no irradiation (lane 2) significantly reduced cell numbers relative to 
injectable ketamine + medetomidine (lane 1). A single dose of 5 Gy was given on the 
last of 5 days of restraint (lane 4) to compare with the same total dose given in 5 equal 
fractions (lane 3); some dose sparing was observed for proliferating cells. There was no 
apparent difference in cell depletion between the total fractionated doses of 5 Gy (lane 
3) or 10 Gy (lane 5). 

experimental design, single doses are equally effective to the more technically demanding and 
stressful multiple treatment paradigm originally proposed. We do not yet know if the lack of 
fractionation effect will translate into a similar type of result in longer term assessments of 
neurogenesis. However, we recently have reported that dose-related changes in neurogenesis 
observed months after irradiation parallel the dose responses in SGZ cellularity seen as early as 48 hr 
after irradiation (2). Thus, we expect that radiation-induced changes in neurogenesis and cognitive 
impairments will be the same after a single dose or the same total dose fractionated over a 1-2 week 
period. However, this has not yet been shown, so we currently have studies underway assessing 
neurogenesis after fractionated doses of x-rays. 

Key Research Accomplishments: 

- Low to medium doses of x-rays significantly decrease the numbers of proliferating neural 
precursor cells and their progeny, immature neurons, in the dentate SGZ; 

- Elevated levels of oxidative stress and indicators of inflammation are observed in the 
dentate gyrus after irradiation and may play a critical role in the altered neurogenesis seen 
weeks-months after exposure; 
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- Studies of neural precursor cell in culture confirm the presence of functional radiation- 
induced cell cycle checkpoints, which is consistent with a DNA damage response; 

- In vitro and in vivo studies have established that p53 plays a role in the radiation response 
of neural precursor cells; 

- Neural precursor cells in vitro are predisposed to redox sensitive changes that are 
responsive to density dependent cues that regulate ROS and antioxidant levels to control 
cellular proliferation; 

- In vivo, when normal precursor cell densities are decreased by low doses of irradiation, 
elevated levels of oxidative stress are observed which are temporally associated with 
increased cell proliferation; 

- Antioxidant treatment of neural precursor cells in culture with an SOD mimetic drug (Euk- 
134) leads to increased ROS. Use of Euk-134 in vivo showed no apparent effects in terms 
of reducing the impact of x-rays on the precursor cell population in the dentate SGZ. 
These in vitro and in vivo results may preclude the use of this type of agent for the 
management or prevention of radiation-induced damage to neural precursor cells; 

- Antioxidant treatment of neural precursor cells in culture with a-lipoic acid reverses the 
density dependent changes observed in culture; this compound may provide an effective 
means of reducing the impact of ROS after radiation damage; 

- Inhalent anesthetics or gentle restraint (stress) during fractionated irradiation induces loss 
of proliferating neural precursor cells and immature neurons; 

- Little if any sparing of neural precursor cells was obtained by fractionating radiation dose; 

- Results from the fractionation studies suggest that the effects of multiple small doses are 
additive and that for a given dose, single or multiple exposures are equally effective in 
depleting proliferating precursor cells and their progeny. 

REPORTABLE OUTCOMES: 

Papers* 

1. Monje ML, Mizumatsu S, Pike JR, Palmer TD. Irradiation induced neural precursor- 
cell dysfunction. Nat. Med. 8: 955-962, 2002. 

2. Mizumatsu S, Monje ML, Morhardt D, Rola R, Palmer TD, Pike JR. Extreme 
sensitivity of adult neurogenesis to low doses of X-irradiation. Can. Research. 63: 
4021-4027, 2003. 

3. LimoU CL, Giedzinski E, Rola R, Otsuka S, Palmer TD, Pike JR. Radiation response 
of neural precursor cells: linking cellular sensitivity to cell cycle checkpointsm, 
apoptosis and oxidative stress. Radiation Research, Submitted. 

4. Raber J, Rola R, LePevour A, Morhardt D, Curley J, Mizumatsu S, Pike JR. 
Radiation-induced cognitive impairments are associated with changes in hippocampal 
neurogenesis. J. Neuroscience, Submitted. 
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Abstracts: 

1. Mizumatsu S, Morhardt D, Rola R. Monje ML, Palmer TD, Pike JR. Neural precursor 
cells are extremely sensitive to ionizing irradiation. Neuro-Oncology 4: 356,2002. 

2. Fike JR, Mizumatsu S, Morhardt D, Rola R, Raber J. Ionizing radiation caused long- 
term inhibition of neurogenesis in the dentate gyms. J. Neurochem. 85 (Suppl 1), 3, 
2003. 

CONCLUSIONS: 

The studies reported this year give further quantitative support that proliferating precursor 
cells and their progeny are extremely sensitive to irradiation. Coupled with our neurogenesis 
data this sensitivity may play a critical role in late developing cognitive impairment after 
exposure to modest doses of ionizing radiation. Our extensive in vitro studies suggest that ROS 
play a major role in the sensitivity of neural precursor cells, and may act in concert with p53 and 
cell cycle dependent processes. Our finding that conditions of reduced cell density, such as that 
seen after radiation-induced cell depletion, are associated with increased ROS is a novel and 
potentially critical finding with respect to how surviving cells respond to cell loss. The resultant 
stimulation of ROS-dependent proliferation may be an essential component with respect to the 
ultimate recovery of neural and other primary progenitor cells after protracted radiation 
exposure. Unregulated proliferation may result in the fixation of radiation-induced damage, and 
impair long-term functionality that may have deleterious consequences to cognitive function. 
Modulating ROS using antioxidant compounds may provide the means to control proliferation 
in damaged cells, thereby allowing for repair and recovery after radiation injury. Our in vitro 
studies show that antioxidant treatment can, in fact, reverse some of the density-related effects, 
and ongoing studies both in culture and in animals are testing the ability of such treatment to 
modulate the extent of injury in neural precursor cells. 

As part of our original experimental design we proposed to use multiple small doses 
delivered over a 1-2 week period to simulate a battlefield exposure. Studies were done this year 
to address this, and in the course of the experiments, we found that there was little if any 
biological sparing when a given dose was fractionated. This suggests that the effectiveness of 
multiple doses is additive, and that from an experimental perspective a single dose will be just as 
informative and relevant as a fractionated paradigm. Furthermore, we showed that technical 
considerations such as anesthesia and stress have a profound effect on the survival of neural 
precursor cells and their progeny. This again highlights the exquisite sensitivity of these cells to 
toxic agents and provides additional rationale for studying their response and how the loss of 
these cells can negatively impact individuals exposed to stressful situations (such as battlefield 
scenarios) combined with cytotoxic agents such as ionizing irradiation. 

Given the extreme sensitivity of neural precursor cells we have begun to address specific 
mechanistic factors that are not only associated with oxidative processes, but that may provide 
additional targets for interventional treatment. Cell cycle perturbations, p53, mitochondrial 
influences and the role of inflammation, among others, all appear to play a role in the response of 
neural precursor cells to irradiation, and may provide insight into the methods/approaches that 
might minimize the adverse impact of low dose radiation exposure. In the coming year we will 
address how some of these factors, along with anti-oxidant treatment, affect neurogenesis and 
ultimately cognitive function. The ability to ameliorate non-lethal radiation effects would not 
only provide a potential protective strategy for military personnel exposed to moderate doses of 
irradiation, but also could have a clinical impact on patients undergoing therapeutic uradiation 
involving the brain. 
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In both pediatric and adult patients, cranial radiation therapy causes a debilitating cognitive de- 
cline that Is poorly understood and currently untreatable. This decline is characterized by hip- 
pocampal dysfunction, and seems to involve a radiation-Induced decrease In postnatal 
hippocampal neurogenesis. Here we show that the deficit in neurogenesis reflects alterations in 
the microenvironment that regulates progenitor-cell fate, as well as a defect in the proliferative 
capacity of the neural progenitor-cell population. Not only Is hippocampal neurogenesis ab- 
lated, but the remaining neural precursors adopt glial fates and transplants of non-irradiated 
neural precursor cells fail to differentiate Into neurons In the Irradiated hippocampus. The Inhi- 
bition of neurogenesis is accompanied by marked alterations in the neurogenic microenviron- 
ment, including disruption of the microvascular angiogenesis associated with adult 
neurogenesis and a marked increase in the number and activation status of microglia within the 
neurogenic zone. These findings provide clear targets for future therapeutic interventions. 

Radiation therapy is an important adjuvant treatment for pri- 
mary brain tumors, tumors metastatic to the brain, central ner- 
vous system involvement of leukemia/lymphoma and head 
and neck cancers. Unfortunately, in both pediatric and adult 
patients, cranial irradiation causes a debilitating cognitive de- 
cline. Months to years after treatment, patients that survive 
their initial disease present with progressively severe deficits in 
the hippocampal-dependent functions of learning, memory 
and spatial information processing'"'. For most pediatric pa- 
tients, this cognitive deterioration leads to special education or 
institutionalization'. With increasingly successful cancer treat- 
ments in the adult population, there is an alarming rate of de- 
mentia in long-term survivors*'. These deficits frequently 
occur in the absence of overt vasculopathy or demyelination, 
indicating that a more subtle pathology may be at work. 

Radiation-induced learning and memory deficits in animal 
models'* are accompanied by an increase in hippocampal 
apoptosis'"", a decrease in hippocampal proliferation and a de- 
crease in adult neurogenesis'"". It is likely that postnatal neu- 
rogenesis plays a critical role in normal hippocampal 
function'^" and that radiation-induced alterations in neuroge- 
nesis contribute to cognitive deficits. Differentiation of neural 
precursor cells depends on a specific neurogenic microenviron- 
ment and is influenced by intercellular cues""". This work ex- 
plores whether inhibition of hippocampal neurogenesis 
following Irradiation is simply a function of neural progenitor- 
cell depletion, or reflects more profound changes in the neuro- 
genic microenvironment. 

IVIodel of cranial radiation therapy 
A rat model of 10-Gray (Gy), single-dose, whole-brain cranial 
radiation exposure with body shielding was used to explore the 
effects of radiation on adult neurogenesis. A single 10-Gy x-ray 
irradiation dose to rat brain is well below the threshold for 

frank vascular changes, demyelination or radionecrosis'". 
Because rat brain is more resistant to radiation injury than 
human brain, a 10-Gy dose in the rat approximates a clinically 
relevant dose in humans"'". Effects on hippocampal progeni- 
tor cell biology were examined one or two months after radia- 
tion exposure. 

In many of our experiments, we used the thymidine ana- 
logue bromodeoxyuridine (BrdU) to label proliferative cells. 
BrdU is incorporated into DNA during both DNA synthesis 
and repair. A theoretical complication thus exists as increased 
rates of DNA repair would be expected in irradiated tissue. A 
previous study using ionizing radiation to induce DNA dam- 
age demonstrated that the methods used in this work are not 
sensitive enough to detect BrdU incorporated during DNA re- 
pair". 

Irradiation Inhibits neural precursor cell proliferation 
Hippocampal cell proliferation is reduced following cranial ir- 
radiation'. To confirm this result, animals were given six daily 
BrdU injections to label proliferating cells at one month after 
Irradiation and killed 3-4 weeks later (that is, at two months 
post-radiation exposure). The number of surviving BrdU-la- 
beled cells was quantified in the dentate gyrus and underlying 
subgranule zone of the hippocampus (Fig. \a-c) using im- 
munohistochemical staining of BrdU and unbiased stereologi- 
cal counting methods". We scored the granule cell layer, 
including the subgranule zone, and the hilus of the dentate 
gyrus. The number of newborn cells in the irradiated granule- 
cell layer and hilus was decreased to 38% (P < 0.005) and 52% 
(P < 0.02), respectively, relative to non-irradiated levels (« = 4) 
(Fig. Irf). 

The reduction in cell proliferation/survival could be due to 
radiation-induced acute ablation of the precursor population, 
impaired growth potential or impaired mitogenic signaling of 
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Fig. 1 Irradiation decreases neural precursor proliferation and growth poten- 
tial, a, Inset shows the caudal half of a rat brain coronally bisected to expose 
the dorsal-medial poles of the hippocampal formations (red box outlines the 
right hippocampal formation shown in panel). The hippocampal formations 
are banana-shaped stmctures that extend caudally and ventrally from this 
plane. The regions within the hippocampus scored for this study include the 
hilus, the granule cell layer (CCL, blue) and the subgranule zone (SCZ, green), 
which is a thin lamina at the boundary of the CCL and hilus. Cell counts were 
made within the indicated GCL including a 50-(im hilar margin of the SGZ 
(blue and green areas combined) or within the hllus, 6 and c, Confocal micro- 

1 2 
Passage 

graph (x10 magnification, zoom of 1) of the dentate gyrus in a control animal 
(b) and an irradiated animal (c). NeuN (mature neurons) are shown in blue; 
BrdU (proliferative cells) are green. Scale bar, 200 nm. d. Radiation-induced 
suppression of proliferation is documented by scoring the total number of 
BrdU* cells per CCL/SCZ and hilus of the entire hippocampal dentate gyrus in 
control animals (D) and at two months post-irradiation (■). Data are means ± 
s.e.m.; n = 4 animals per group, e - f, Precursor cell growth in culture. Adult 
rats were sacrificed one month after exposure to 0 Cy (♦), 2 Cy (■) or 10 Gy 
(A) and hippocampi (e) or whole brain (Q were used to establish cultures 
highly enriched for precursor cells (n = 3 animals per group). 

m 
the hippocampal environment. To determine viability and 
growth potential following irradiation, we cultured precursor 
cells from the hippocampus and whole-brain one month after 
exposure to 0, 2 or 10 Gy irradiation. Irradiated and non-irradi- 
ated brains yielded an equivalent number of viable precursors 
(3.9 X 10' cells per hippocampal pair in normal animals versus 
5.6 X 10' cells in 10-Gy irradiated animals; P = 0.52; w = 3 inde- 
pendent cultures from separate animals). This result indicates 
that an acute ablation of precursor cells does not occur. 
However, precursor growth in vitro was Impaired in a dose-de- 
pendent manner (Fig. le and f). The virtual depletion of neural 
progenitor cells exposed to 10 Gy irradiation likely reflects ra- 
diation-induced mitotic catastrophes occurring over the course 
of multiple cell divisions. 

Irradiation alters the cell fate profile in vivo 
To examine the in vivo cell fate profile of the remaining prolif- 
erative population, animals were given six daily BrdU injec- 
tions at one month post-irradiation and killed 3-4 weeks later, 
a time when most of the BrdU-labeled precursors in the normal 
hippocampus would have differentiated into granule-cell neu- 
rons". Proliferative cell fate was determined using immunoflu- 
orescent staining and confocal microscopy. The percent of 
BrdU-labeled cells that adopt a particular cell fate is shown in 
Fig. 2a. The total number of newborn cells of each phenotype 
was also estimated by correcting the proportion of each BrdU- 
labeled cell type for total number of BrdU* cells per hippocam- 
pal dentate gyrus (Fig. 2b). 

We found a 97% reduction in newborn neurons two months 
after cranial irradiation (P < 0.004; n = A) (Fig. 2a-d), whereas 
the production of astrocytes and oligodendrocytes was rela- 
tively spared. There was no significant difference in the pro- 
portions of newborn astrocytes (P = 0.56; n = 4) (Fig. 2a and e) 
or endothelial cells (P = 0.08; « = 4) (Fig. 2a and g). There was a 
relative increase in the percent of cells adopting an immature 
oligodendrocyte phenotype after irradiation (177% of control; 
P < 0.003; w = 4) (Fig. 2a and /). However, this did not corre- 
spond to an increase in the total number of oligodendrocytes 
(Fig. 2b). There was a decrease in the absolute number of all 
newborn cell types following cranial irradiation. The one no- 
table exception was a striking increase in the number of prolif- 
erative microglia. Activated microglia, the resident immune 
cells of the brain, accounted for 22 ± 6.8% of the BrdU-labeled 
cells in the irradiated hippocampus, but were virtually absent 
from the proliferative population of control brains (P < 0.009; 
« = 4) (Fig. 2fl and /j). 

Irradiated precursors differentiate into neurons in vitro 
To investigate whether radiation-induced failure of in vivo neu- 
rogenesis could be due to a defect intrinsic to progenitor cells, 
we investigated the potential of irradiated progenitor cells to dif- 
ferentiate into neurons when removed from the environment of 
the irradiated brain. Primary cultures isolated from brains one 
month after 0, 2 or 10 Gy radiation exposure (Fig. 1) were al- 
lowed to differentiate for 5 days following growth factor removal 
and stimulation with retinoic acid. Immunofluorescent staining 
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Fig. 2 Irradiation alters the cell fate profile of the hippocampus, a and b, 
Relative proportion (o) and absolute number (b) of precursors adopting a rec- 
ognized cell fate. BrdU-labeled cell phenotype was determined by confocal 
analysis (full z-stack resolution). Only those nuclei clearly associated with the 
Indicated marker were scored. Phenotype was scored only for BrdU-labeled 
cells in the GCL+SCZ of controls (D) or animals that had received 10 Cy cra- 
nial irradiation (■). Data are means ± s.e.m.; n = 4 animals per group. The rel- 
ative proportions of cells adopting specific fates were corrected for total 
newborn cells per SCZ+DG to give an estimate of total cells of each type pro- 
duced in Irradiated and non-irradiated hippocampi (b). While the relative 
proportion of Immature ollgodendrocytes is increased (o), correction of per- 
cent-positive values into total endogenous newborn ollgodendrocytes shows 
that the number produced in control and irradiated brains is not significantly 
different (b). c-h, Confocal micrographs (x40 magnification, zoom of 4) 
demonstrating examples of each cell type. In all images, BrdU-labeled nuclei 
are shown in red. Cell markers were: c, NeuN (a nuclear antigen in mature 
neurons, green); d, p-tubulin recognized by the Tuj-1 antibody (tubule-asso- 
ciated protein specifically expressed by immature neurons, green); e, CFAP 
(an intermediate filament protein in astrocytes, blue); f, NC2 (a chondroitin 
sulfate proteoglycan expressed by Immature ollgodendrocytes and their pre- 
cursors, green); g, Rat endothelial cell antigen-1 (RECA, luminal surface anti- 

»*' ■      > .    "'■ ,^- 

gen expressed by endothelial cells, blue). Nuclei of capillary endothelium are 
flattened and wrap tightly around the vessel wall. The morphology is diag- 
nostic and this example is imaged in cross-section, h, IB4/CD18 (a cell-surface 
marker expressed by all cells of the monocyte/microglial lineage, green) and 
EDI (a lysosomal antigen expressed specifically by activated monocytes/mi- 
croglia, blue). The BrdU-labeled cells shown here are within the subgranule 
zone and the granule cell layer is positioned in the upper left quadrant of each 
panel. The hilus is in the lower right. Scale bar, 10 ^.m. 

demonstrated that precursors from both normal and irradiated 
brains were able to differentiate into immature neurons and glla 
(Fig. 3a-d). Contrary to expectations, the 10 Gy cultures con- 
tained a higher number of differentiated cells than control or 
2 Gy cultures. Although the total number of differentiated cells 
increased, the ratio of neurons to glia was not different (neurons 
/ astrocytes + ollgodendrocytes = 1.7 versus 1.5, respectively). 
Furthermore, immature type-Ill p tubulin-expressing neurons 
from 10-Gy irradiated brains were morphologically distinct with 
larger soma and more long thin processes (Fig. 3d). The signifi- 
cance of this morphological difference is not yet known but it is 
possible that cell-cycle arrest induced by radiation damage may 
promote neural precursor differentiation. 

Non-irradiated grafts do not differentiate In vivo 
The ability of irradiated precursor cells to differentiate into 
neurons in vitro suggests that reduced neurogenesis following 
radiation exposure may not be merely a function of reduced 
progenitor-cell number or proliferative activity. Loss of neuro- 
genesis may also reflect an alteration in neural stem-cell fate. 

To explore the hypothesis that alterations in the neurogenic 
microenvironment contribute to the inhibition of neurogene- 
sis, we stereotaxically transplanted highly enriched non-irradi- 
ated neural stem/precursor cells into the dentate gyrus one 
month after irradiation. As above, we killed the animals 3-4 
weeks later and examined grafted cell fate at two months after 
irradiation. The grafted cells were labeled with BrdU before 
transplant^'" and the fate of the transplanted cells was ana- 
lyzed with immunohistochemistry and confocal microscopy 
(Fig. 4). Although transplanted cell survival is comparable in 
control and irradiated animals (Fig. 4a and b), differentiation 
of grafted stem/precursor cells into neurons (Fig. 4d and e) was 
reduced by 81% in the irradiated brain relative to control, indi- 
cating a marked disruption of the microenvironment necessary 
to support neurogenesis (24.7% NeuN- + Tujl-positive in con- 
trols versus 4.6% NeuN + Tujl positive in 10 Gy-irradiated ani- 
mals; P < 0.005; n = 3). In contrast, gliogenesis in the grafted 
stem/precursor cells was preserved in the irradiated hippocam- 
pus, with an equal proportion of stem/precursor cells adopting 
an astrocyte fate (Fig. 4/) and a moderate increase in the rela- 
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Fig. 3 Precursor cells from irradiated brains can differentiate into neurons in vitro, a, Differentiation of pre- 
cursor cells Isolated from animals exposed to 0 Cy (D), 2 Cy (■) or 10 Gy (■) cranial radiation. Data are means 
± s.e.m.; n = 3 animals per group, fc-d, Confocal micrographs of precursor cells isolated from brains exposed to 
either 0 Cy (fc), 2 Cy (c) or 10 Cy (d) that were cultured for 5 d under differentiation conditions. Cells were im- 
munostained for type III p-tubulin (immature neurons, green), CFAP (astrocytes, red) and NC2 (Immature 
oligodendrocytes, blue). Scale bar, 50 \im. 
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tive proportion of stem/precursor cells expressing an immature 
oligodendrocyte phenotype (NG2; Fig. 4^) relative to control 
(P<0.05, n = 3). 

Irradiation increases activated microglla 
Expression of pro-inflammatory cytokines has been shown to 
Increase acutely in response to cranial irradiation^'. Mounting 
evidence suggests that microglial activation, and resultant cy- 
tokine expression, influences neural precursor cell prolifera- 

^4 --^^f''^"-t 

1 ■•fcjtei tion and fate'*, and hip- 
pocampal function". To 
determine if a chronic in- 
flammatory response is 
correlated with inhibition of neurogenesis, we examined mi- 
croglial activation at two months after irradiation. In addition 
to the increase in proliferative microglia (Fig. 2a, b and h), 
there was also an overall increase in the absolute number of ac- 
tivated microglia (Fig. 5a-d). Radiation Induced a 250% in- 

Flg. 4 Irradiation disrupts the neurogenic microenvironment. a and b, Non- 
irradiated neural stem/precursor cells were transplanted into the dentate gyrus 
of non-Irradiated (o) and irradiated (b) animals. Transplanted cells were pre-la- 
beled with BrdU. Low-power confocal micrographs show an overview of the 
surviving cells within the hippocampus, a, Non-in-adiated hippocampus stained 
for NeuN (mature neurons, blue) and BrdU (transplanted cells, red), b, 10 Cy-ir- 
radiated hippocampus stained for NG2 (immature oligodendrocytes, blue) and 
BrdU (transplanted cells, red). Distributions of transplanted cells are roughly 

equivalent in control and irradiated hippocampi, c. Cell-fate profile of neural 
stem/precursors transplanted to the nonnal (D) or 10 Cy (■) irradiated hip- 
pocampus (n = 3 animals per group), d-g, Confocal micrographs of trans- 
planted cells, d, mature neuron (NeuN, blue; BrdU, red); e, immature neuron 
(Tuj-1, green; BrdU, red); f, astrocyte (CFAP, blue; BrdU, red); g, immature 
oligodendrocyte (NC2, green; BrdU, red). Scale bars, 200 nm (a and b) and 
10 (im (d-g). The tissues surrounding the transplanted cells shown in d-g were 
also reconstructed in three dimensions (see Supplementary information). 
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crease in total activated mi- 
croglia per hippocampus in " 
both the granule cell layer (P < 
0.005) and the hilus (P < 0.02; 
n = 4). This increase may re- 
flect increased microglial pro- 
liferation, recruitment and/or 
survival, and speaks to a dra- 
matic chronic inflammatory 
response following cranial ra- 
diation exposure. 

Irradiation alters the neuro-angiogenic relationship 

Previous work has highlighted the importance of the anatomi- 
cal and signaling relationships between neural precursor cells 
and the microvasculature of neurogenic regions"'^''". 
Proliferative precursor cells in the adult hippocampus tend to 
be clustered around small vessels. Recruitment of the precursor 
cells is accompanied by a sjTichronous stimulation of microvas- 
cular angiogenesis and this relationship is thought to be impor- 
tant to normal neurogenesis". The focal accumulation of 
precursors as clusters within the vascular niche is evident after 
one week of BrdU labeling, but the labeled cells rapidly migrate 
away from these foci and are not observed as clusters at later 
time points. We therefore examined the hippocampal mi- 
croanatomy in rats killed immediately after six daily BrdU injec- 
tions given one month after inadiation. The BrdU-labeled cells 
in control animals clustered on and around the microvascula- 
ture as reported" (Fig. 6a and c). This association was lost in the 
irradiated hippocampus (Fig. 6b and d). Measurements of the 
distance between BrdU-labeled cells and the nearest vessel sup- 
port this observation (Fig. 6e). We examined a l-in-12 series 
through the hippocampus of representative animals, and found 
that the average distance from the midpoint of a BrdU-labeled 
nucleus to the nearest vessel was increased from 5.7 ± 0.6 nm in 
controls to 11.9 ± 1.3 \Lm in irradiated animals (P < 0.0001). 
Activated microglia comprise a significant proportion of the 
proliferative population of the irradiated hippocampus, but are 
absent from the controls. To avoid the confounding presence of 
proliferative microglia, reactive monocyte/microglial cells (ED- 
r) were identified by immunofluorescent staining and were ex- 
cluded from the distance measurements in Fig. 6e. The 
inclusion of microglia in the measurement would not have 
changed the result given that microglia (when measured inde- 
pendently) also showed a near-random distribution within the 
subgranule zone and granule-cell layer relative to the vascula- 
ture (11.3 ± 1.9 nm to the nearest vessel). 

In addition, irradiation disrupted the normal clustering of 
cells in proliferative foci around the vasculature. The number of 
cells present in loose clusters within the subgranule zone is plot- 
ted against the distance from the middle of the cluster to an ad- 
jacent vessel (Fig. 6/). A cluster of 3 cells in a typical perivascular 
arrangement is illustrated in a control animal (Fig. 6c). Labeled 
cells in the irradiated hippocampus were only found as individ- 
ual cells or doublets (Fig. 6d). The disruption of clustering is also 
clearly evident by eye when comparing the distributton of BrdU- 
labeled cells along the thin lamina of the subgranule zone (Fig. 
6fl and b). 

Discussion 
We have demonstrated that cranial irradiation markedly alters 
hippocampal progenitor-cell biology. Within the irradiated hip- 

Fig. 5 Irradiation induces a chronic Inflammatory response, a-b Confocal 
micrographs demonstrate the increase in activated microglia in the dentate 
gyrus at two months post-Irradiation (fa) compared with control (o). EDI 
(activated microglia, green); IB4 (microglia, blue); BrdU (proliferative cells, 
red), c. Detail of activated microglia in the subgranule zone at two months 
post-Irradiation. EDI, red; 184, blue; BrdU, green, d. Quantification of acti- 
vated microglia (dividing + non-dividing EDI * cells) in the CCL+SCZ in con- 
trols (D) and at two months after 10 Cy irradiation (■). Data are nieans ± 
s.e.m., n = 4 animals per group. Scale bars, 50 (im (o and fa) and 10 nm (c). 

pocampus, precursor proliferation is reduced by 62% and neuro- 
genesis is almost enfirely ablated. The absence of neurogenesis 
could be due to the dysfunction and/or loss of neuron-restricted 
precursors or stem cells. Our results suggest that irradiation af- 
fects the stem/precursor-cell pool and alters the signaling in the 
local environment that is necessary for neurogenesis. 

TherapeuHc radiation is used to eradicate dividing cancer cells 
and it is conceivable that the neural precursor pool would be 
similarly ablated in the irradiated brain. Although proliferative 
activity is reduced, normal numbers of neural progenitor cells 
can be isolated two months after radiation exposure. This argues 
against acute precursor-cell ablation as the major cause of the 
neurogenic defect observed at this time point, but does not pre- 
clude a longer-term depletion of neural precursor cells. The 
neural stem/precursor cells isolated from irradiated hippocampi 
grew for a short time in culture but failed to expand beyond 2-3 
passages. Over time, this mitotic deficiency may lead to a short- 
age of neural stem/precursor-cells in vivo. 

Irradiation spares 38% of the proliferative activity within the 
subgranule zone, yet these cells do not generate neurons. This 
could be due to the specific ablation of cells that can differenti- 
ate into neurons or to a cell-intrinsic defect in irradiated precur- 
sors that renders them unable to differenUate into neurons. Our 
in vitro data show that irradiated precursors can differentiate into 
neurons, and that irradiated precursors generate the same ratto 
of neurons to glia as control precursors (Fig. 3). This suggests 
that the defect is due neither to a lack of precursor cells nor to an 
intrinsic inability to differenfiate. However, differentiation was 
not entirely normal. In the 5-day differentiation paradigm used 
in the present study, roughly 2% of non-irradiated precursors 
differentiated sufficiently to express markers for neurons or glia. 
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In contrast, 8% of the cells from irradiated brains differentiated 
over the same time period and these cells displayed robust neu- 
rite elaboration (Fig. 3). This suggests that the basic differentia- 
tion machinery may be intact but aberrantly regulated following 
irradiation. 

Although irradiated neural precursors can differentiate into 
neurons in vitro, it is possible that they may be unable to respond 
to the more refined neurogenic signaling present in vivo. 
Alternatively, irradiated neural precursor cells, though some- 
what abnormal, may be fully responsive to normal signaling and 
the neurogenic signals may simply be absent or overridden in 
the local microenvironment of the irradiated hippocampus. 
Since non-irradiated stem/precursor cells transplanted to the ir- 
radiated hippocampus generate very few neurons relative to 
controls (Fig. 4), we surmise that the local signaling within the 
dentate gyms is defective and that the decrease in neurogenesis 
previously observed' represents a chronic dysfunction of the 
neurogenic microenvironment. 

Both stem cells and committed neuronal precursors are active 
within the adult hippocampus, and the alterations in signaling 
induced by irradiation may affect one or both of these popula- 
tions. Neurogenesis itself is highly restricted to discrete loca- 
tions within the adult brain and the production of neurons 
from multipotent stem cells or their committed progeny is en- 
tirely dependent on signaling within these neurogenic zones. 
Prior transplants of stem cells into the hippocampus demon- 
strate the importance of this local signaling. When a stem-cell 
population is injected into the dentate gyrus (Fig. 4a and b), 
only those cells that migrate into the subgranule zone differen- 
tiate into neurons, even though multipotent stem cells and 
neuron-committed precursors are distributed along a much 
larger injection tract. Those stem/precursor cells that remain 
outside of the subgranule zone generate only glia"". The rela- 
tive role of differential survival versus instruction in this con- 
text is not known. However, a similar precise anatomical 
restriction is seen in multipotent stem-cell transplants to the 
subependymal zone and rostral migratory stream""", suggest- 
ing that adult neurogenesis requires both competent cells and 
appropriate local signaling. 

Fig. 6 Irradiation disrupts the neuro-vascular relationship, o and b, 
Confocal images of non-Irradiated (a) and Irradiated (b) hippocannpal for- 
mations after 6 daily BrdU doses given one month post-radiation exposure. 
Sections are stained for BrdU (green), EDI* microglia (red) and tomato 
lectin-binding endothelial cells (blue), c and d. Higher magnification confo- 
cal micrographs illustrate that the vessel-associated proliferative clusters seen 
In the control dentate gyrus (c) are lost in the irradiated dentate gyrus (d). e, 
Distance from BrdU-labeled cells to nearest vessel at 1 mo post-irradiation ■, 
0 Cy; 0,10 Cy (n = 8 per group, 40-nm sections per animal), f. In normal 
animals, precursors divide in clusters within the SCZ. The number of cells per 
cluster and the proximity to the nearest vessel is plotted for individual clus- 
ters in controls (D) and irradiated animals (O). The mean values are also 
plotted for controls (♦) and irradiated (♦) animals. Error bars for s.e.m. are 
smaller than the symbol itself. The distance value for each cluster Is the aver- 
age of distances for all cells within a cluster. Scale bars, 200 nm (o and b) and 
10nm(candcO. 

Following irradiation, the subgranule zone may no longer in- 
struct multipotent stem cells to adopt a neuronal fate. If this 
were true, then one could overcome the deficit with transplants 
of committed neuroblasts. Alternatively, the signals specific for 
recruiting committed neuroblasts may be missing or blocked. If 
this were true, then neither transplants of committed cells nor 
multipotent stem cells would generate new neurons. Ongoing 
studies may provide a clear answer to these questions. 

The mechanisms behind post-irradiation neurogenic failure 
within the subgranule zone remain unknown but may include 
effects on stem-cell fate as well as changes in the relative amplifi- 
cation or survival of committed neuronal or glial progenitors. 
Seaberg and van der Kooy^^ suggest that multipotent stem cells 
reside within the ventricular margins of the hippocampus and 
not within the subgranule zone proper. This theory is still con- 
troversial but, if true, the primary defect may lie in the microen- 
vironment that normally promotes the survival and 
amplification of neuron-restricted progenitors which divide 
within the subgranule zone. 

Two perturbations in the subgranule zone microenvironment 
may contribute to radiation-induced failure of neurogenesis. 
First, the chronic increase in the inflammatory response follow- 
ing irradiation is likely to inhibit neurogenesis via the elabora- 
tion of interleukin-6 (ref. 18) and/or other pro-inflammatory 
cytoklnes. Second, the normal association between precursor 
cells and microvasculature is lost, indicating that the focal re- 
cruitment of neural precursors in an angiogenic microenviron- 
ment is disrupted. We have noted in earlier work that neurons 
are generated within small clusters of precursors found in close 
contact with miaocapillaries^^ and recent work by Louissant et 
ah has provided additional insights into the role that endothe- 
lium plays in adult neurogenesis'". The loss of this unique neuro- 
genic anatomy indicates a fundamental disruption of the 
cellular and molecular interactions that are central to normal 
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hippocampal progenitor-cell biology^'. Given the known effects 
of radiation on endothelium, it seems likely that activation or 
change in endothelial status may have a central role. Promising 
avenues of study include evaluation of microglial blockade and 
reconstitution of normal vascular biology. Undoubtedly, there 
are additional radiation-induced microenvironmental perturba- 
tions influencing neurogenesis that remain unexplored. 

Treatment strategies for radiation-induced deficits in cogni- 
tion will need to address both precursor-cell loss and damage to 
mechanisms of neurogenesis. It seems probable that successful 
therapeutic intervention will Involve both protection/replace- 
ment of the neural progenitor-cell population, as well as drug- 
based manipulation of microenvironmental factors. The 
aggressive management of microglial inflammation during and 
after irradiation may prove to be a feasible and important clini- 
cal intervention. 

Methods 
Irradiation. Adult female Fisher 344 rats were anesthetized with ketamine 
and xylazine and exposed to cranial irradiation using a Philips orthovoltage 
X-ray system (Hamburg, Germany) operated at 150 kVp and 20 mA, as de- 
scribed'. Briefly, each rat was irradiated individually in a 5 x 6-cm treatment 
field with shielding of body, neck, eyes and snout. Only the cranium was 
unshielded. For 2 Cy, rats were placed in sternal recumbancy and given a 
single 2-Gy dose. For 10 Cy, rats were placed in lateral recumbancy and, by 
alternating sides, given sequential 5-Cy doses. Dosimetry was done using a 
Keithley electrometer ionization chamber (Cleveland, Ohio) calibrated 
using lithium fluoride thermal luminescent dosimeters. The corrected dose 
rate was approximately 175 cCy per min at a source to skin distance of 21 
cm. Sham-irradiated controls for all experiments received anesthesia only. 

BrdU injections and tissue preparation. Animals were injected intraperi- 
toneally with BrdU once a day for 6 d. Animals were then anesthetized and 
killed on the 7th or 28th day after the initial BrdU injection by transcardial 
perfusion with 4% paraformaldehyde. Brains were removed and postfixed 
overnight and then equilibrated in phosphate buffered 30% sucrose. Free- 
floating 40-nm sections were collected on a freezing microtome and stored 
in cryoprotectant as described". All animal studies were performed in ac- 
cordance with NIH guidelines for the humane use of animals and all proce- 
dures were reviewed and approved by the Institutional Animal Care and 
Use Committee. 

Immunohlstochemistry and immunofluorescent staining. Free-floating 
sections were immunostained as described" using the following primary 
antibodies and working concentrations: mouse anti-NeuN (1:4; gift from R. 
Mullen); guinea pig-anti CFAP (1:800; Harlan, Indianapolis, Indiana); 
mouse anti-type III p tubulin (Tuj-1, 1:500; Berkeley Antibody Co., 
Richmond, California); rabbit anti-NC2 (1:200; gift from W. Stallcup); 
mouse anti-rat endothelial cell antigen-1 (RECA-1,1:20; Pharmlngen, San 
Diego, California); mouse anti-integrin |32 (IB4, direct FITC conjugated, 
1:100; Sigma); mouse anti-ED-1 (1:100; Research Diagnostic, Flanders, 
New jersey); biotinylated-lycopers/con esculentum (tomato) lectin (1:200; 
Vector, Burlingame, California). 

Confocai microscopy. All confocal microscopy was performed using a 
Zeiss 510 confocal microscope (Thornwood, New York). Appropriate gain 
and black-level settings were determined on control tissues stained with 
secondary antibodies alone. Upper and lower thresholds were always set 
using the range indicator function to minimize data loss through satura- 
tion. 

Ceil counting and unbiased stereoiogy. All counts were limited to the 
hippocampal granule cell layer proper and a SO-fim border along the hilar 
margin that included the neurogenic subgranule zone. The proportion of 
BrdU cells displaying a lineage-specific phenotype was determined by scor- 
ing the colocalization of cell phenotype markers with BrdU using confocal 
microscopy. Split panel and z-axis analysis were used for all counting. All 
counts were performed using multi-channel configuration with a x40 ob- 

jective and electronic zoom of 2. When possible, 100 or more BrdU* cells 
were scored for each marker per animal. Each cell was manually examined 
in its full 'z'-dimension and only those cells for which the nucleus was un- 
ambiguously associated with the lineage-specific marker were scored as 
positive. Supplemental z-stacks with orthogonal views were provided for re- 
view. The total number of BrdU-labeled cells per hippocampal granule cell 
layer and subgranule zone was determined using diaminobenzadine- 
stained tissues. Stained BrdU* nuclei (Fig. 1 a) were scored under light mi- 
croscopy using Microbrightfield Stereo Investigator software and the 
Fractionator method. Overestimation was corrected using the Abercrombie 
method for nuclei with empirically determined average diameter of 13 urn 
within a 40-nm section. Distance measurements from BrdU-labeled nuclei 
to the nearest vessel were performed at x40 magnification and measure- 
ments were taken in the x-y plane from the center of a BrdU-labeled nu- 
cleus to the edge of the nearest vessel. Proliferative microglia and 
endothelial cells were excluded from distance measurements. 

Progenitor ceil culture. Whole hippocampal lobes were dissected from 
adult female rats that had received 0-, 2-, or 10-Cy cranial irradiation as de- 
scribed". The hippocampal formations were processed in parallel to the re- 
maining whole-brain tissues. Tissues were enzymatically digested with a 
mixture of papain, neutral protease and DNAse and then fractionated on a 
Percoll step gradient. Cells floating on a 65-35% interface were collected 
and plated into laminin-coated dishes in defined medium containing 
DMDM:F12 (1:1), N2 supplement (Gibco, Carlsbad, California) and 20 ng 
per ml FCF-2 (Peprotech, Rocky Hill, New jersey). Cultures were passaged 
in parallel when reaching confluence and total viable cell counts were made 
using a hemocytometer to score Trypan blue-excluding cells at each pas- 
sage. The transplanted cells were derived from a primary culture and trans- 
planted after roughly 10 population doublings in vitro. A clonal analysis 
previously done on this population indicated that roughly 23% of the cells 
were multipotent and self-renewing. 

Statistics. Unpaired, two-tailed Student's t-tests were used in all compar- 
isons. 

Note; Supplementary information is available on the Nature Medicine 

website. 
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ABSTRACT 

Therapeutic irradiation of the brain is associated with a number of 
adverse effects, including cognitive impairment. Although the pathogen- 
esis of radiation-induced cognitive injury is unknown, it may Involve loss 
of neural precursor cells from the subgranular zone (SGZ) of the hip- 
pocampal dentate gyrus and alterations in new cell production (neuro- 
genesis). Young adult male CS7BL mice received whole brain irradiation, 
and 6-48 h later, hippocampal tissue was assessed using Immunohisto- 
chemistry for detection of apoptosis and numbers of proliferating cells 
and immature neurons. Apoptosis peaked 12 h after irradiation, and its 
extent was dose dependent. Forty-eight h after irradiation, proliferating 
SGZ cells were reduced by 93-96%; immature neurons were decreased 
from 40 to 60% in a dose-dependent fashion. To determine whether acute 
cell sensitivity translated into long-term changes, we quantified neurogen- 
esis 2 months after irradiation with 0, 2, 5, or 10 Gy. Multiple injections 
of BrdUrd were given to label proliferating cells, and 3 weeks later, 
confocal microscopy was used to determine the percentage of BrdUrd- 
labeled cells that showed mature cell phenotypes. The production of new 
neurons was significantly reduced by X-rays; that change was dose de- 
pendent. In contrast, there were no apparent effects on the production of 
new astrocytcs or oligodendrocytes. Measures of activated microglia in- 
dicated that changes in neurogenesis were associated with a significant 
inflammatory response. Given the known effects of radiation on cognitive 
function and the relationship between hippocampal neurogenesis and 
associated memory formation, our data suggest that precursor cell radi- 
ation response and altered neurogenesis may play a contributory if not 
causative role in radiation-Induced cognitive impairment. 

INTRODUCTION 

Therapeutic irradiation of the brain can result in significant injury 
to normal brain structures. Although severe structural and functional 
injury generally occur after relatively high radiation doses (1-4), 
lower doses can lead to cognitive dysfunction without inducing sig- 
nificant morphological changes (5-10). Such cognitive changes can 
occur in both pediatric and adult patients and are often manifest as 
deficits in hippocampal-dependent functions of learning, memory, and 
spatial information processing (5, 7, 10-12). 

Within the hippocampus, memory functions are associated with the 
principal cells of the hippocampal formation, i.e., the pyramidal and 
granule cells of the dentate gyrus (13). New granule cells are produced 
from mitotically active neural precursor/stem cells in the SGZ;' this 
production of new cells occurs in all adult mammals, including 
humans (14-19). Newly bom cells migrate into the GCL (20), de- 
velop granule cell morphology and neuronal markers (15), and con- 
nect with their target area, CA3 (21, 22). Recent studies show that 
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these new cells become functionally integrated into the dentate gyrus 
and have passive membrane properties, action potentials, and func- 
tional synaptic inputs similar to those found in mature dentate granule 
cells (23). Most importantly, the new neurons play a significant role 
in synaptic plasticity (24), which can be considered as a cellular 
substrate for learning. Furthermore, reductions in the number of newly 
generated neurons using the toxin methylazoxymethanal acetate im- 
pair learning (25), and recently, investigators using a hippocampal 
slice model showed that radiation-induced reductions in dentate neu- 
rogenesis were associated with an inhibition of long-term potentiation, 
a type of synaptic plasticity (26). Thus, any agent that damages 
neuronal precursor cells or their progeny, such as ionizing irradiation, 
could have a significant impact on neurogenesis and ultimately on 
specific cognitive functions associated with the hippocampus. 

We (27-29) and others (30-32) have addressed the radiation re- 
sponse of cells in the dentate gyrus. In the rat, proliferating SGZ 
precursor cells undergo apoptosis after irradiation (27, 28), and re- 
ductions in precursor cell proliferation are still observed months after 
exposure (28). Furthermore, a single 10 Gy dose of X-rays to the rat 
brain almost completely abolishes the production of new neurons, 
whereas surviving precursor cells adopt a glial phenotype (29). Given 
the relationship between hippocampal neurogenesis and memory (19), 
and the significant effects of irradiation on SGZ precursor cells, it may 
be that radiation-induced impairment of SGZ neurogenesis plays a 
contributory if not causative role in the pathogenesis of cognitive 
dysfunction after irradiation. In the current study, we were interested 
in determining if there was a dose response relationship in terms of 
radiation-induced alterations in neurogenesis and, secondly, if acute 
changes in the SGZ were predictive of later developing changes in 
neurogenesis. Understanding how irradiation affects neurogenesis 
may provide useful insight into potential approaches/strategies to 
reduce cognitive impairment after cranial irradiation. 

MATERIALS AND METHODS 

Two-month-old male C57BL/J6 mice (~20 grams) were used in all studies. 
Mice were purchased from a commercial vendor (The Jackson Laboratory, Bar 
Harbor, ME) and housed and cared for in accordance with the United States 
Department of Health and Human Services Guide for the Care and Use of 
Laboratory Animals; all protocols were approved by the institutional Commit- 
tee for Animal Research. Mice were kept in a temperature and light-controlled 
environment with a I2/12-h light/dark cycle and provided food and water ad 
libitum. All mice were anesthetized for irradiation and perfusion procedures; 
anesthesia consisted of an i.p. injection of ketamine (60 mg/kg) and a s.c. 
injection of medetomidine (0.25 mg/kg). Sham-irradiated mice were anesthe- 
tized as described. 

Irradiation was done using a Phillips orthovoltage X-ray system as de- 
scribed previously (28, 33). Briefly, a special positioning jig was used so 4 
animals could be irradiated simultaneously; the heads were centered in a 5 X 6 
cm treatment field. The beam was directed down onto the head, and the body 
was shielded with lead. Dosimetry was done using a Keithley electrometer 
ionization chamber calibrated using lithium fluoiide the'rmal luminescent do- 
simeters. The corrected dose rate was ~175 cGy/min at a source to skin 
distance of 21 cm. 

Acute Radiation Response. To determine the time of peak apoptosis in the 
SGZ, groups of mice were irradiated with a single 10-Gy dose, and tissues 
were collected from 6 to 48 h later. Four sham-irradiated mice were lulled at 
the time of irradiation. For determination of the radiation dose response for 

4021 



RADIATION AND NEUROGENESIS 

SGZ apoptosis, whole brain doses of 0,1,2,5, and 10 Gy were given to groups 
of mice, and tissue was collected at the time of peak apoptosis; sham-irradiated 
mice were also killed at the time of peak apoptosis. To determine how radiation 
affected the cellular composition of the SGZ at a time when apoptosis was 
complete, groups of mice were irradiated with doses of 0, 2, 5, and 10 Gy, and 
tissues were collected 48 h later. 

Mice were reanesthetized for tissue collection, and 50 ml of a 10% buffered 
formalin solution were infused into the ascending aorta using a mechanical 
pump (Masterflex Model 7014; Cole Farmer, Chicago, IL). After 5 min, mice 
were decapitated, and the brain was removed and immersed in a 10% buffered 
formalin solution for 3 days; tissue was stored in 70% ethanol until gross 
sectioning and paraffin embedding as described previously (28). A rotary 
microtome was used to cut 6-/Am-thick transverse sections that were placed on 
polylysine-coated glass microscope slides. 

In the SGZ, apoptosis is characterized by cells showing morphological 
changes and/or TUNEL staining (28); only rarely does a given cell show both 
characteristics. Therefore, to get an estimate of the total number of apoptotic 
cells at a given time, both criteria were used in the present study. TUNEL- 
positive cells appeared as highly stained brown nuclei against the hematoxylin 
counterstain (Fig. 1, A and B). For the TUNEL procedure, all reagents were 
part of a kit (Apotag; Serologica! Corp., Norcross, GA), and the procedures 
were carried out as described previously (28, 34). Morphological changes 
included fragmentation, or the compaction of chromatin into two or more 
dense, lobulated masses, and pyknosis, which was characterized by small, 
round, darkly staining nuclei. To minimize the impact of including any normal 
cell profiles (i.e., glia) in our counts of apoptosis, if any cytoplasm was 

observed in conjunction with a small, dense nucleus, that cell was not consid- 
ered as apoptotic. 

To determine radiation-induced changes in the cellular composition of the 
SGZ, proliferating cells were labeled with an antibody against Ki-67, a nuclear 
antigen that is expressed during all stages of the cell cycle except GQ (35, 36). 
Immature neurons were detected using an antibody against Dcx, the predicted 
gene product of the XLIS gene (37) that is associated with neuronal or 
neuroblast migration (37-39). For all immunostaining, binding of biotinylated 
secondary antibodies was detected using an ABC system (Vector, Burlingame, 
CA). To quench endogenous peroxidase activity, deparaffmized specimens 
were soaked for 30 min in 0.3% HjOj (Sigma, St. Louis, MO) in 70% ethanol. 
After the primary and secondary antibodies were applied, the specimens were 
incubated with the ABC reagent for 30 min and developed with 0.025% DAB 
(Sigma) dissolved in double distilled water containing 0.005% HjOj. Sections 
were then counterstained with Gill's hematoxylin, dehydrated, and mounted. 

Ki67. After deparaffinization and quenching of endogenous peroxidase, 
tissue sections were soaked in 10 mM sodium citrate buffer (pH 6.0) and boiled 
for 10 min using a microwave oven. Sections were left in the citrate buffer for 
another 20 min, washed in PBS, and then incubated with 2% normal rabbit 
serum for 30 min. Sections were incubated overnight at 4°C with primary 
antibody (DakoCytomation, Carpinteria, CA) diluted 1:100 in PBS with 2% 
normal rabbit serum. After washing, sections were incubated for 30 min at 
room temperature with biotin-conjugated rabbit antirat IgG (Vector) diluted 
1:200 in PBS with 2% normal rabbit serum. Finally, the specimens were 
incubated with ABC reagent, developed with DAB, and counterstained. 

.cn CD- 

Fig. 1. Photomicrographs depicting specific cel- 
lular responses in mouse dentate gyrus before irra- 
diation (A, C, and E) and either 12 h (B) or 48 h after 
10 Gy (D and £). Panels include apoptosis (A and 
B), proliferating cells (Ki-67, C, and D), and imma- 
ture neurons (Dcx, E, and F). The SGZ is a narrow 
band of cells between the hilus (fl) and GCL. Ap- 
optotic nuclei are characterized by TUNEL labeling 
(arrows in A and B) or dense chromatin/nuclear 
fragmentation (arrowhead, B). Although an occa- 
sional apoptotic nucleus was seen in tissues from 
uninadiated mice (A), a significant increase in ap- 
optosis was seen in the SGZ 12 h after in-adiation 
(B). Proliferating Ki-67-positive cells (arrows, Q 
are spread out within the SGZ in tissues from unir- 
radiated animals; only an occasional Ki-67-positive 
cell was found after 10 Gy (D). Dcx-positive cells 
are highly concentrated in the SGZ and lower re- 
gions of the GCL of unirradiated mice (arrows, E). 
After  10 Gy, there are substantially fewer Dcx- 
positive cells (F). All micrographs are X40; the 
scale bar in F represents 50 ii.m. The inset in each 
panel is a low power image (XIO) of the dentate 
gyrus; black boxes, the areas photographed at X40. 
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Fig. 2. Cells in tlie dentate SGZ undergo dose-dependent apoptosis after low to 
moderate doses of X-rays, Apoptosis was quantified based on TUNEL labeling and 
morphological clianges in irradiated cells. The steepest part of the response was dominated 
by loss of actively proliferating cells, whereas the shallower slope, >2 Gy, largely 
represented the response of immature neurons. Each datum point represents a mean of 4-7 
mice; error bars, SE. 

Dcx. After deparaffmiEation and quenching, sections were microwave 
treated in citrate buffer as described above. After washing with PBS and 
blocking for 30 min using 5% normal horse serum, sections were incubated 
overnight at 4°C with primary antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA) diluted 1:500 in PBS with 5% normal horse serum. Sections were 
washed and incubated for 60 min at room temperature in biotinylated antigoat 
IgG (Vector) diluted 1:500 in 5% normal horse serum. Sections were finally 
incubated with ABC reagent, developed with DAB, and counterstained. 

The number of cells showing specific characteristics of apoptosis, along 
with the numbers of proliferating cells and immature neurons, were scored 
blind using a histomoiphometric approach (27, 28, 34). A standardized count- 
ing area was used that involved 6-;u.m-thick coronal sections from three 
different brain levels representing the rostral/mid hippocampus (27, 28). The 
brain levels were ~50 ixm apart, and the most rostral brain level corresponded 
to a point —2.5 mm behind the bregma. For each mouse, three nonoverlapping 
sections were analyzed, one each from the three regions of the hippocampus. 
Quantification was made of all positively labeled cells within the SGZ of the 
suprapyrimidal and infrapyrimidal blades of the dentate gyrus. The total 
number of positively labeled cells was determined by summing the values from 
both hemispheres in all three tissue sections. 

Nenrogenesis. To determine the effects of irradiation on the production of 
new cells in the SGZ (i.e., neurogenesis), groups of mice were given whole 
brain doses of 0, 2, 5, or 10 Gy and allowed to recover from anesthesia. Four 
weeks after irradiation, each mouse received a single i.p. injection (50 mg/kg) 
of BrdUrd (Sigma) daily for 7 days. Three weeks after the last BrdUrd 
injection, mice were anesthetized and perfused with cold saline followed by 
cold 4% paraformaldehyde made up the day of perfusion. The brain was 
removed and postfixed in paraformaldehyde overnight and then equilibrated in 
phosphate-buffered 30% sucrose. Free floating 50-pim-thick sections were cut 
on a freezing microtome and stored in cryoprotectant. Sections were immu- 
nostained as described (29, 40) using the following primary antibodies and 
working concentrations: (a) rat anti-BrdUrd (1:10; Oxford Biotechnology, 
Kidlington, Oxford, United Kingdom); (b) mouse anti-NeuN (1:200; Chemi- 
con, Temecula, CA); (c) rabbit anti-NG2 (1:200; Chemicon); (d) guinea pig 
anti-GFAP (1:800; Advanced Immunochemical, Inc., Long Beach, CA); and 
(e) rat anti-CD68 (FAll; 1:20; Serotec, Inc., Raleigh, NC). 

Confocal microscopy was performed using a Zeiss 510 confocal microscope 
(Thornwood, NY), using techniques described previously (29, 40). The pri- 
mary confocal end point was the proportion of BrdUrd-positive cells that 
coexpressed each lineage-specific phenotype. Cell counts were limited to the 
dentate GCL and a 50-/xm border along the hilar margin that included the SGZ. 
When possible, ~100 BrdUrd-positive cells were scored for each marker per 
animal. Each cell was manually examined in its full "z" dimension, and only 
those cells for which the BrdUrd-positive nucleus was unambiguously asso- 
ciated with the lineage-specific marker were scored as positive. 

Statistics. For immunohistochemical end points, values for all animals in a 
given treatment group were averaged, and SE were calculated. A two-sided 
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Jonckhere-Terpstra test was used to determine whether cellular changes in 
radiation response were monotonic, i.e., either increasing or decreasing with 
increasing treatment dose. 

RESULTS 

The SGZ is an area of active cell proliferation in young adult mice, 
and proliferating Ki-67-positive cells occur along both blades of the 
dentate gyrus (Fig. IQ. Proliferating cells were observed occasionally 
in the hilus, but no Ki-67-positive cells were observed in the dentate 
GCL. In our standardized counting area, the number of Ki-67-positive 
cells averaged 137.2 ± 7 (n = 7) in sham-irradiated mice. Immature 
neurons (Dcx positive) were observed in large numbers in the SGZ 
(Fig. IE), averaging 480.3 ± 19.9 (K = 4) in sham-irradiated animals. 
Dcx-positive cells were also observed in the GCL, averaging 
135.8 ± 9.6 (n = 4) in the first 25 ;u,m from the SGZ, 27.3 ± 3.1 in 
the next 25 jam, and 2 ± 0.8 in the rest of the GCL. 

In sham-irradiated mice from our dose response study, the total 
number of apoptotic nuclei in our standardized counting area averaged 
33.8 ± 2.9 (n = 5); apoptotic nuclei occurred in both blades of the 
dentate gyrus and usually appeared alone. Apoptotic nuclei were 
observed in the GCL of sham-irradiated mice rarely, and only an 
occasional apoptotic body was observed in the hilus. After irradiation, 
apoptotic nuclei occurred singly or in small groups and were detected 
in the SGZ of both blades of the dentate gyrus (Fig. IS). Apoptotic 
nuclei were seen in the GCL and hilus after irradiation but at much 
lower levels than in the SGZ. On the basis of morphological identi- 
fication of the microvasculature, there were few apoptotic endothelial 
cells seen after irradiation. 

The time course for SGZ apoptosis was determined to select a time 
for tissue collection in our dose response study. Six h after irradiation, 
the number of apoptotic nuclei was not substantially different from 
that seen in sham-irradiated mice; apoptosis peaked 12 h after irradi- 
ation and then decreased to near control levels by 48 h (data not 
shown). The dose response curve for SGZ apoptosis was then deter- 
mined at the time of peak apoptosis, 12 h after irradiation. There was 
a significant increase in apoptosis with radiation dose (P < 0.001), 
and the dose response curve had two components: (a) a steep portion 
from 0 to 2 Gy; and (b) a shallower slope after higher doses (Fig. 2). 
Relative to sham-irradiated controls, the numbers of proliferating cells 
observed at 12 h were reduced (Fig. ID) by 75% after 1 Gy and -90% 
after doses of 2-10 Gy. At that time, the numbers of immature 
neurons in the SGZ were reduced (Fig. IF) by 36, 51, 56, and 67% 
after 1, 2, 5, and 10 Gy, respectively. 

To estimate the full acute impact of irradiation on the SGZ, we 
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Fig. 3. Numbers of proliferating cells (left panel) and immature neurons (right panel) 
in the dentate SGZ are significantly decreased 48 h after irradiation. Antibodies against 
Ki-67 and Dcx were used to detect proliferating cells and immature neurons, respectively. 
All doses substantially reduced the numbers of proliferating cells, and the dose response 
from 2 to 10 Gy was significant (P < 0.05). Immatore neurons were also reduced in a 
dose-dependent fashion (P < 0.001). Each bar represents an average of 4 animals- error 
bars, SE. 
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Fig. 4. Two months after irradiation, cell fate in tlie dentate gyms is altered by low to moderate doses of X-rays. Confocal images {top) were used to quantify the percentage of 
BrdUrd-positive cells that coexpressed mature cell markers. Proliferating cells were labeled with BrdUrd (red/orange stain in confocal images), and 3 weeks later the relative proportion 
of cells adopting a recognized cell fate was determined as a function of radiation dose {bottom). Neurons (green cells in A, top), oligodendrocyles (green cells in B, top) and astrocytes 
(blue cells m C, top) were labeled with antibodies against NeuN, NG2, and GFAP, respectively. Each of the confocal images shows a double-labeled cell. The production of new neurons 
(A, bottom) was reduced m a dose-dependent fashion (P < 0.001), whereas there was no apparent change in the production of GFAP with dose (C. bottom). In contrast the percentaje 
of BrdUrd-posiUve cells adopting an oligodendrocyte fate (B, bottom) appeared to increase, particularly after 10 Gy. In the graphs, each circle represents the value from an individual 
ammal; each A represents the mean value for a given dose group. 

quantified the numbers of proliferating cells and immature neurons 
remaining after apoptosis was complete. Forty-eight h after exposure, 
there was a substantial reduction in the number of proliferating cells 
(Fig. 3); the dose response in Ki-67 labeling from 2 to 10 Gy was 
significant (P < 0.05). Dcx-positive cells were reduced by all doses, 
and the dose response relationship was highly significant (P < 0.001; 
Fig. 3). Because immature neurons generally move into the GCL as 
they differentiate, we quantified the numbers of Dcx-positive cells in 
the GCL to determine whether the sensitivity of immature neurons 
changed as they moved away from the SGZ. In the SGZ, the percent- 
age decrease in cell number relative to controls was 41, 53, and 61% 
in the SGZ after 2, 5, and 10 Gy. The numbers of Dcx-positive cells 
in the GCL were decreased -19.8, 26, and 52.7% after 2, 5, and 10 
Gy, respectively. 

To determine the fate of new cells produced by surviving precursor 
cells, we gave multiple injections of BrdUrd and 3 weeks later 
used cell-specific antibodies to assess the phenotype of BrdUrd- 
positive cells. Overall, BrdUrd labeling was reduced by all of the 
doses used here, with 2 and 5 Gy reducing the number of BrdUrd- 
positive cells by 40-50% and 10 Gy by -75%. In sham-irradiated 
controls, 85.3 ± 5.1% (n = 4) of BrdUrd-positive cells coexpressed 
the neuronal marker NeuN. After irradiation, there was a significant 
dose-dependent decrease in the percentage of BrdUrd-positive cells 
coexpressing NeuN (P < 0.001; Fig. 4A), and after the highest dose 
used here (10 Gy), the fraction of double-labeled cells was -19% of 
control. 

In contrast to our results for new neuron production, there was no 
apparent effect of irradiation on the percentage of BrdUrd-labeled 
cells that coexpressed GFAP (Fig. 4C). With respect to newly pro- 

duced immature oligodendrocytes, there appeared to be a significant 
(P < 0.001) dose-related increase in the percentage of BrdUrd-labeled 
cells colabeling with NG2; however, that increase was dominated by 
the response seen after 10 Gy (Fig. 4S). Subsequent studies by us 
indicated that after 10 Gy, many BrdUrd-NG2 double-labeled cells 
also colabeled with the monocyte marker CDl IB and represent infil- 
trating peripheral monocytes.'' 

On the basis of our earlier rat study showing that decreased neu- 
rogenesis after irradiation was attributable in part to an altered mi- 
croenvironment (29), we were interested in determining if the dose- 
related changes we observed in neurogenesis were accompanied by 
changes in the local inflammatory response. Forty-eight h after 10 Gy, 
there were no activated microglia detected in or around the SGZ (data 
not shown). However, there was a significant dose-related increase in 
the number of activated microglia (P < 0.001) observed 2 months 
after irradiation (Fig. 5). 

DISCUSSION 

The main findings of the present study are: (a) cells of the dentate 
SGZ are extremely sensitive to X-rays; (b) hippocampal neurogenesis 
is altered by irradiation with the production of new neurons decreas- 
ing as a function of radiation dose; (c) a dose-dependent inflammatory 
reaction occurs in conjunction with altered neurogenesis; and (d) 
acute dose-related changes in SGZ precursor cells qualitatively cor- 

" M. L. Monje and T. D. Palmer, unpublished observations. 
' J. Raber, R. Rola, A. LeFevour, D. R, Morhardt, J. Curley, S. Mizumatsu, and J. R. 

Fike. Radiation-induced cognitive impairments are associated with changes in hippocam- 
pal neurogenesis, submitted for publication. 
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Radiation Dose (Gy) 
Fig. 5. Two months after irradiation, there is a substantial inflammatory response in the 

dentate SGZ. Proliferating cells were first labeled with BrdUrd, and 3 weeks later, the 
relative proportion of cells (Percent) adopting a microglial phenotype was determined as 
a function of radiation dose. Activated microglia were detected using an antibody against 
CD68. There were no activated microglia detected in unirradiated controls (D), but there 
was a significant (P < 0.001) dose-related increase in activated microglia after irradiation. 
Each circle represents the value from an individual animal; each X represents the mean 
value for a given dose group. 

relate with later decreases in new neuron production. Given the 
potential of ionizing irradiation to induce significant cognitive effects 
in adults and children undergoing radiotherapy, and the role of the 
hippocampus in specific cognitive functions, our findings support the 
idea that changes in SGZ neurogenesis may play an important role in 
radiation-induced cognitive impairment. 

The effects of ionizing irradiation on hippocampal structure and 
function have been addressed primarily in prenatal or neonatal ani- 
mals (41-46) but also in adults (47-49). Although some investigators 
have proposed a link between radiation-induced hippocampal damage 
and cognitive deficits, it was not until recently that it was suggested 
that changes in the neural precursor population in the hippocampus 
might be involved (28, 29). Studies in rats (28, 31) indicated that 
proliferating SGZ cells were particularly sensitive to irradiation, a 
finding confirmed here in mice at both 12 and 48 h (Fig. 3) after 
irradiation. Our results, showing that ~90% of Ki-67-positive cells 
were already gone at the time of peak apoptosis, independent of 
dose > 1 Gy, suggested that the steep portion of the apoptosis dose 
response curve (Fig. 2) primarily reflected the response of actively 
proliferating cells. Given that the number of apoptotic nuclei meas- 
ured here represented only a snapshot in time, the numbers of dying 
cells seen at 12 h far surpassed the number of proliferating cells in our 
standardized counting area. This difference was largely accounted for 
by the significant reduction in the number of immature neurons. The 
dose response relationship for Dcx-positive cells seen both 12 and 
48 h (Fig. 3) after irradiation indicated that the death of immature 
neurons likely dominated the apoptosis dose response curve from 2 to 
10 Gy. Thus, radiation not only affected the input of new cells in the 
SGZ {i.e., proliferating Ki-67-positive cells) but also early differen- 
tiating neurons, and those effects were dose dependent. Our finding 
that irradiation affected Dcx-positive cells in the SGZ zone to a 
greater extent than those that had migrated into the GCL suggested 
that as cells migrated further away from the SGZ, they became less 
sensitive to irradiation. Whether this response represented different 
environmental factors or simply the fact that the cells were becoming 
more differentiated is not yet clear. 

The process of neurogenesis consists of distinct developmental 
processes, including proliferation, survival, and differentiation (50). 
Many investigators use only proliferation as an indicator of neuro- 
genesis, and immunostaining for BrdUrd is a well-established tech- 
nique to detect cells in the S phase of the cell.cycle. However, to 
measure migration and differentiation, post-BrdUrd survival time has 

to be long enough to allow newly born cells to move away and begin 
to express mature cell markers. Our BrdUrd-labeling paradigm in 
conjunction with immunochemistry and confocal microscopy facili- 
tated our assessment of all three criteria of neurogenesis. In our study, 
there was a clear dose response with respect to the percentage of 
BrdUrd-labeled cells that coexpressed neuron-specific NeuN; after 10 
Gy, the reduction was 81% relative to sham-irradiated controls. In 
rats, a similar dose almost completely ablated neuronal production 
(29). Although this difference is probably species dependent, in both 
cases, there was a clear impact of X-rays on the production of new 
neurons, and in the present study, the impact was dose dependent and 
occurred after clinically relevant doses, i.e., 2-5 Gy. Although the 
production of new neurons was substantially reduced relative to 
control, glial cell fate was unchanged by irradiation (astrocytes) or 
appeared to increase (immature oligodendrocytes). The relative in- 
crease in the percentage of cells adopting an oligodendrocyte pheno- 
type was high relative to control but only after 10 Gy (Fig. 4). 
However, recent studies in rats show that after 10 Gy, about half of the 
cells double labeled with BrdUrd and NG2 are infiltrating mono- 
cytes.* This agrees with recentiy published work that showed that 
after central nervous system injury, infiltrating monocytes were im- 
munoreactive for the anti-NG2 antibody used here (51, 52). Thus, it is 
likely that the increase in immature oligodendrocytes seen here (Fig. 
AB) did not really reflect the production of new oligodendrocytes but 
rather was a manifestation of a postirradiation inflammatory response. 
This is consistent with our previous work in rats (29) that showed that 
after irradiation, gliogenesis was relatively preserved compared with 
the production of new neurons. Whether this represents a relative 
resistance of glial progenitor cells, an aberrant regulation of differen- 
tiation, or alterations in the microenvironment that could adversely 
affect fate decisions is not known. Whatever the mechanism(s) in- 
volved, our data clearly showed that the production of new neurons 
was more sensitive to low doses of irradiation than the production of 
glia. 

Neurogenesis depends on a complex microenvironment that in- 
volves signaling between multiple cell types, and irradiation could 
affect any or all of these cells or interactions (29). Although the 
precise nature of such effects has not yet been clarified, chronic 
inflammatory changes and disturbance of the normal association 
between precursor cells and the microvasculature have been suggested 
(29). We did not specifically address the microvasculature in this 
study, but we did see significant differences between irradiated ani- 
mals and controls in the numbers of activated microglia (Fig. 5). 
Although our data indicated that activated microglia did not seem to 
be associated with the acute losses of proliferating cells and immature 
neurons, they did appear to be temporally related to changes in 
neurogenesis. Given the potential role of proinflammatory cytokines 
in radiation brain injury (53-55), and the impact of specific cytokines 
on neurogenesis (56), it is possible that the activation of microglia 
may constitute a critical factor in the radiation-induced depression of 
neuron production. 

Low to moderate single doses of X-rays clearly induced early 
dose-related changes in the mouse SGZ, and cell proliferation was still 
reduced months after irradiation. Furthermore, although some prolif- 
eration still took place after irradiation, there were significant reduc- 
tions in the production of new neurons. Although acute and later- 
developing changes in the SGZ were both dose dependent, there are 
some uncertainties about the relationship between these effects. Our 
earlier study in rats suggested that acute radiation toxicity in the SGZ 
primarily affected rapidly expanding yet committed precursor cell 
populations (29), and the present studies support that idea. However, 
later effects may involve another population: relatively quiescent 
stem/precursor cells that appear to be responsible for repopulating a 
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damaged SGZ (57). A loss of such a population could result in 
changes that are slower in evolving and that are dose dependent; our 
neurogenesis data constitute such a finding. Clearly, the relationships 
between acute and later-developing effects are complex, and the 
mechanism(s) linking cell loss, reduced neurogenesis, and other fac- 
tors, such as inflammation, need to be determined. 

Given the apparent relationship between hippocampal neurogenesis 
and associated memory formation (19), the responses seen here may 
have an important impact in our understanding of radiation-induced 
cognitive impairment. Although the present data do not directly link 
altered neurogenesis with cognitive function, in a separate study, we 
have been able to show that 3 months after a single dose of 10 Gy, 
there is a persistent and significant decrease in the numbers of pro- 
liferating cells and immature neurons in the SGZ and a concomitant 
impairment of hippocampal-dependent cognitive function.^ Although 
a cause-and-effect relationship has yet to be shown, the present data 
along with our unpublished cognitive studies are highly suggestive 
that there is a link between radiation-induced depression of neuron 
production and subsequent functional impairment. If true, and given 
the various factors that influence neurogenesis (24, 58-60), it may be 
possible to ameliorate or rescue individuals at risk for cognitive 
dysfunction after therapeutic irradiation involving the brain. 
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176. THE EFFECT OF HYDROCEPHALUS ON IQ PRIOR TO 
. FOCAL IRRADIATION IN CHILDREN WITH LOCALIZED 
EPENDYMOMA 
Thomas E. Merchant, Heather Lee, Junhong Zhu, Xiaoping 
Xiong, Gregory Wheeler, and Raymond K. Mulhern. St. Jude 
Children's Research Hospital, Memphis, TN 

To determine the influence of hydrocephalus, as determined by 
ventricular dimensions, on pre-irradiation IQ in children with local- 
ized,  infratentorial ependymoma. Two classical measurements  of 
ventriculomegaly, the, Evans index and the cella media index, were 
performed on MR imaging studies obtained at the time of diagnosis 
and up to 12 months after the initiation of radiation therapy in'59 
children  with  localized,  infratentorial  ependymoma.  The  Evans 
index (El)  is the ratio of the distance between the' most lateral 
aspects of the anterior horns of the lateral ventricles and the maxi- 
mum lateral diameter of the cerebrum. The cella media index (CMI) 
is the ratio of the distance between the outer aspects of the lateral 
ventricles in the cella media and the lateral diameter of the skull in 
the parietal  region.  The study included 29 female  and 30 male 
patients with a median age of 2.6 years (range 1.1-22.9 years) at the 
time of irradiation. Fifty (85%) had a clinical diagnosis of hydro- 
cephalus and 23 (39%) required CSF shunting. The extent of resec- 
tion was classified as gross or near-total in 50 (85%). Pre-irradiation 
IQ was measured using age- appropriate testing. The correlation 
between ventricular indexes and pre-irradiation IQ was investigated 
using a standard regression  technique using index measurements 
from the time of diagnosis, and serial index measurements modeled 
from the time of diagnosis and up to one year after irradiation. For 
the serial  measurements,  a  linear expression was  used for each 
patient and the resultant intercept and slope were used as variables 
in the final riiodel. IQ was considered the primary response variable. 
A generalized linear model was used that included important clinical 
variables. There  was  a  strong correlation  between  El  and  CMI 
(p<0.0001). The indexes obtained at the time of diagnosis predicted 
baseline IQ with higher El and CMI values associated with lower IQ 
scores (p=0.0088). When serial measurements were modeled as a 
function of time, pre-irradiation IQ was found to be significantly 
influenced by El and CMI obtained at the time of diagnosis (inter- 
cept) (p<0.05) and by the presence of CSF shunting when combined 
with the intercept value (p<0.05). Patients with higher index meas- 
urements and CSF shunting had lower scores. The rate of change in 
El or GMI did not significantly influence pre-irradiation IQ. The 
resulting linear regression model for the IE index is: IQ pre-irradia- 
tion = 103.51 - 49.89 X (baseline El) -35.07 x (baseline El) x (shunt), 
where shunt is classified according to presence (value = 1) or absence 
(value=0). The study patients were characterized by an El of 0.31 ± 
0.11 (range 0.20 - 0.91) and CMI of 0.34 ± 0.10 (0.04 - 0.62) at the 
time of diagnosis (median ± SD). IQ scores were 89.50 ±  17.86 
(range 50.0 - 132.0) prior to irradiation. IQ measured prior to irra^ 
diation is significantly influenced by the extent of hydrocephalus at 
diagnosis. Hydrocephalus is an important clinical factor to include 
in the analysis of the effects of therapy. Additional analyses are 
required to determine its long-term effects. 

177. PRELIMINARY TOXICITY REPORT ON RTOG 9803, A 
PROSPECTIVE DOSE ESCALATION TRIAL USING 3D 
CONFORMAL RADIATION THERAPY (3DCRT) IN 
GLIOBLASTOMA MULTIFORME 
Jeff Michalski, Kathryn Winter, Matthew Arquette, James Purdy, 
David Brachman, Walter Curran, Joseph Simpson, and Minesh 
Mehta. Washington University, St. Louis, MO (J.M., M.A., J.S.); 
Radiation Therapy Oncology Group, Philadelphia, PA (K.W.)j 
Image-Guided Therapy Center, St. Louis, MO (J.P.); Foundation 
for Cancer Research, Phoenix, AZ (D.B.); Thomas Jefferson 
University, Philadelphia, PA (W.C.); University of Wisconsin, 
Madison, WI (M.M.) 

The RTOG is conducting a radiation dose escalation trial of 3- 
DCRT in patients with newly-diagnosed glioblastoma multiforme 
(GEM). Tljis report describes acute and late toxicit'y on the first two 
dose levels of this trial (66Gy or 72Gy in 2Gy daily fractions). The 
study was designed not to allow excessive irreversible CNS toxicity 
compared to the RTOG historical experience. 104 patients were reg- 
istered and 100 eligible patients have received protocol therapy; 44 
to 66Gy and 56 to 72Gy. Each patient was treated with 3D CRT to 
an initial clinical target volume defined by the resection cavity, resid- 
ual gross tumor and a margin of 1.5 cm and 0.3cm for setup error 
(PTVl). The resection cavity, residual gross tumor volume plus 
0.3cm (PT'V2) was boosted to a total 66Gy or 72Gy. Patients were 
stratified according to their boost planning target volume (PT'V2 < 
or ^ 75cc). All patients received BCNU in addition to radiation ther- 

apy. Median followup is 10 months after 66Gy and 7 months after 
72Gy. 14 patients at 66Gy and 10 patients at 72Gy experienced 
grade 3+ acute (<90days'after start of RT + BCNU) non-hematologic 
toxicities. None of the acute neurological toxicities could be directly 
attributed to the.radiation dose escalation. Another 5 patients expe- 
rienced grade 3+ non-hematologic' BCNU toxicity following RT, 
including one BCNU related pulmonary death. There were only 3 
occurrences of grade 3+ late RT toxicity. Two patients developed 
grade 3 brain toxicity after 66Gy and one patient developed grade 4 
brain toxicity after 72Gy. This preliminary analysis reveals that 
excessive acute and late radiation toxicity has not been encountered 
with'3DCRT administered to doses up to 72Gy in 2Gy fractions. The 
78Gy dose level is currently being tested. This work was supported 
by grant number RTOG UIO CA21661, CCOP UIO CA37422, Stat 
UIO CA32115) from the National Cancer Institute. Its contents are 
solely the responsibility of the authors and do not necessarily repre- 
sent the official views of the National Cancer Institute. 

178. NEURAL PRECURSOR CELLS ARE EXTREMELY 
SENSITIVE TO IONIZING IRRADIATION 
S. Mizumatsu', D. Morhardt', R. Rola', M.L. Monje^, T.D. 
Palmer^ and J.R. Fike'. 'Brain Tumor Research Center, 
Department of Neurological Surgery, University of California, San 
Francisco, CA; and ^Department of Neurosurgery, Stanford 
University, Stanford, CA 

Therapeutic irradiation is commonly used in the tSjsStment of 
brain tumors but can result in significant injury to normal brain 
structures. Severe tissue damage generally occurs after relatively 
high radiation doses, but less severe morphologic injury can also 
occur which has been associated with cognitive impairment. Radia- 
tion-induced cognitive changes may involve the hippocampus, but 
the pathogenesis of such injury is not well understood. We addressed 
acute hippocampal radiation response in male and female C57BL 
mice by exposing them to whole brain irradiation (0.5 -15 Gy) and 
quantifying cell responses using immunohistochemistry. Apoptotic 
cells (TUNEL), proliferating cells (Ki67) and immature neurons 
(Doublecortin) were quantified in the subgranular zone (SGZ) as a 
function of time and dose. In addition, neurogenesis (proliferation, 
migration and differentiation) was assessed 2 months after doses of 
0, 2, 5 and 10 Gy. The dose response for SGZ apoptosis was deter- 
mined 12 hr after irradiation and was characterized by an extremely 
steep dose response from 0-2 Gy and a plateau from 2-15 Gy; 
females appeared slightly less sensitive after lower doses. Proliferat- 
ing cells and immature neurons were the most sensitive cells, and 48 
hrs after irradiation they were reduced by 96 ± 3.5% and 78 ± 1.4%, 
respectively, relative to controls. SGZ proliferation was still reduced 
2 months following irradiation, and in irradiated mice fewer BrdU- 
positive cells expressed the neuronal marker NeuN. These results 
show that proliferating SGZ cells and immature neurons are very 
sensitive to irradiation, and that acute cell loss is manifest at later 
times as reduced proliferation and neurogenesis. The functional con- 
sequences of such changes need to be determined but it is possible 
that prolonged changes in SGZ proliferation and neurogenesis may 
play a key role in radiation-induced cognitive dysfunction. Sup- 
ported in part by NIH R21 NS40088 and DAMD17-01-1-0820. 

179. RADIOSENSITIZATION OF HUMAN MALIGNANT 
GLIOMA BY THE SIGNALING INHIBITOR LY294002 
J.L. Nakamura, N.D. Arvold, and D.A. Haas-Kogan. Department 
of Radiation Oncology, University of California, San Francisco, 
CA 

The phosphoinositide 3-kinase (PI3-kinase) signaling pathway is 
frequently activated in glioblastoma multiforme (GM) by mutation 
or loss of the 3' phospholipid phosphatase PTEN. Recent studies 
indicate that PI3-kinase activation increases resistance to radiation 
induced cell death, and PI3-kinase inhibition can radiosensitize var- 
ious tumors. While this has not been confirmed in glioma, GM 
radioresistance may be a consequence of PTEN loss and PI3-kinase 
activation. We sought to determine whether PI3-kinase inhibition 
would radiosensitize GM cell lines and to identify signaling effectors 
that mediate such radiosensitization. The effects of LY294002, an 
inhibitor of PI3-kinase, on the toxicity of radiation were examined 
in two malignant glioma cell lines with known PTEN mutations: U87 
MG and U251 MG. After treatment with LY294002 one hour prior 
to irradiation and every 24 hours thereafter, cells were irradiated 
with single doses ranging from 1-6 Gy. Cell proliferation was 
assessed using MTS assays. The effects of LY294002 with and with- 
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Workshop WOl: Regenerative Responses of Neural Stem Cells 
to Injury and Disease 

W01-01 
', New oligodendrocytes are generated after neonatal 

hypoxic-lschemfc brain injury in rodents 
^ A. U. Zaidi, D. A. Bessert, H. Xu, J. D. E. Barks, F. S. Silverstein 
-5 andR. P. Skoff 

Department of Anatomy and Cell Biology, Wayne State University 
,' School of Medicine, Detroit, MI and Departments of Neurology, and 

Pediatrics, Univeristy of Michigan School of Medicine, Ann Arbor, 

I MI, USA 

Neonatal hypoxic-ischemic (HI) white matter injuiy is a major contributor to 
chronic neurological dysfunction. In a P7 neonatal rodent stroke model, we 
studied oligodendrogenesis after HI injuiy. P35 control and Hl-injured rats 
received multiple BrdU injections from either P12-14 or P21-P22. P35 brain 
sections were double-labeled for BrdU and glial markers for OLs [carbonic 
anhydrase-n (CA-Il)], astrocytes [glial fibrillary acidic protein (GFAP)] and 

' microglia (ED-1). In the injured corpus callosum and striatum, the number of 
BrdU+ cells is consistently greater than controls. At P35, generation of new 
astrocytes is seen in the gliotic infarct core and a microglial response is 
evident on the injured side. Significantly more CA-II+/BrdU+ cells are 
observed in the injured striatum, cingulum, corpus callosum and, surpris- 
ingly, in the infarct core. These results indicate the neonatal brain retains the 
potential to generate new OLs up to 4 weeks after an HI injury, at levels 
significantly above their normal rate of production. 

W01-03 
Proliferation and migration of subventrlcular zone cells 
in intact adult mice and after cortical lesions 
F. G. Szele, G. E. Goings and H. K. Chin 
Department of Pediatrics, North-western University, Chicago, 
IL,USA 

Cells in the aduh subventricular zone divide and give rise to young neufons 
which migrate rostrally to the ol&ctoiy bulbs. Injury to the adult brain 
increases SVZ cell numbers and induces a periventricular radial glial 
piienotype. We hypothesized that the total number of cells and the number of 
cells in S-phase would increase in the aduU mouse SyZ after unilateral 
lesions of the cerebral cortex. We also hypothesized that SVZ cells would 
migrate into, and that radial glia-like'tells would appear in adjacent structures 
such as the striatum. In contrast to what We have previously shown in rat, we 
found no changes in total cell numbers, but biphasic decreases in the numbers 
of cells in S-phase in mouse. We also demonstrated that in intact adult mice, 
retroviraly infected cells could migrate from the SVZ not only to the 
olfactory bulbs but also into the periventricular striatum, septum, and corpus 
callosum. This pattern of migration was confirmed in the same eXtra-SVZ 
regions by the expression of doublecoitin, in cells with migratory ihorphol- 
ogy. Migration out of the SV2 was especially robust in the veritrkl-mbst areas 
of the lateral ventricle. The niajority of the periventricular region was devoi# 
of radial glia-like cells in intact mice and cortical lesions did hot change this 
pattem, however, we found a population of vimentiri and GFAP-pbsitive 
radial glia-like cells at the base of the lateral ventricles. Our results 
demonstrate that there are interspecies differences in the regulation of SVZ 
cell numbers after injury.'They also suggest that a small number of SVZ cells 
can migrate to non-olfactory bulb areas, even without brain injury. Finally, 
we propose that the ventral-most SVZ contains specialized cells that niay 
serve as a substrate for migration. 

I 

W01-02 ' 
Recruitment of neural stem cells following perinatal 
hypoxic/iscliemic insult 
S. W. Levisoh, M. J. Ronianko, R. P. Rothstein and M. J. Snyder 
Neuroscience and Anatomy, Penn State College of Medicine, 
Hershey, PA, USA 

Babies bom prematurely frequently experience episodes of hypoxia and 
ischemia (H/I) which can permanently damage the brain. As neural 
precursors are abundant and generate new brain cells during this period, 
we have been studying the vuhierability and responses of neural stem cells 
and progeiiitori/H perinatal H/I. Approxmiately 25% of the total cells in the 
subventricular zone (SVZ) die as a result of a moderate to severe H/I episode. 
The ihajority of the dying cells are located in the most lateral tip of the SVZ, 
which is a region that is enriched in progenitors. By contrast, cells in the 
more medial aspect of the SVZ, which is where the neuralstem cells reside, 
sustain little perinaneht dainage; At 2 days of recovery, the mitotic activity of 
the medial SVZ cells was increased as assessed by BrdU incorporation and 
PCNA staining. Additionally, the numbers of both PCNA/Nestin* and 
PGNA/GFAP* cells was mcreased. Furthermore, primary and secondary 
neurosphere assays revealed an approximate doubling m the number of stem 
cells ill the damaged hemisphere vs. controls. This was corroborated by a 
significant increase in the percentage of the spheres that were multipotential. 
These data indicate that neural stem cells proliferate m response to a hypoxic/ 
ischemic insult. We conclude that neural progenitors are vulnerable to 
perinatal H/t, whereas neural stem cells are not only resistant, but that they 
transiently uicrease in abundance. These data demonstrate that compensatory 
responses are mitiated by neural stem cells in response to brain damage, 
which if appropriately harnessed and extended could provide the means to 
regenerate brain cells after perinatal injury. 
Acknowledgeiiienfs: Supported by MH 59950 and HD 30705 awarded to 
SWL. 

W01-04 
ionizing radiation causes long-term infiibition of 
neurogenesis in the dentate gyrus 
J. R. Fike, S. Mizumatsu, D. MofKardt, R. Rola and J. Raber 
Brain Tumor Research Center, Department of Neurological Surgery, 
UCSF, San Francisco, CA 94143 and Department of Behavioral 
Neuroscience/Neurology, OHSU, Portland, OR, USA 

Therapeutic irradiation involvmg the brain can result in significant injury to 
normal brain structures. Although severe tissue damage generally occurs after 
relatively high radiation doses, less severe injury can also occur which can 
lead to cognitive impairment. While the pathogenesis of such injury is not 
well understood, it may involve neural stem/precursor cells in the dentate 
stibgrariular zone (SG^. The SGZ is extremely sensitive to therapeutiCally 
relevant doses (2-10 Gy) of X-rays, and significant dose-dependent decrea- 
ses in the numbers of proliferating cells and immiature neiirons are observed 
12-48 h after irradiation. Cell prohferation is still reduced mbnths after 
irradiation and neurogenesis is substantially affected. While fiiere are no 
apparent changes in production of new astrocytes, there is a dose-dependent 
decrease in the production of new neurons and a slight increase in the number 
of new ohgodendrocytes. While the mechanism behind these changes in 
neurogenesis is not yet clear, it may involve environmental factors including 
local inflammation and changes in the microvasculature. Recent data show 
that after an X-ray dose that significantly affects the birth of new neurons, 
there is a concomitant reduction in hippocampal-depeiident cognitive 
fiinction. These results show that X-irradiation substantially alters neuro- 
genesis in the dentate'SGZ, and suggests that such changes may play a 
contributory if not casual role in radiation-induced cognitive impairment. 
Acknowledgements: Supported in part by NIH R21 NS40088 and 
DAMD17-01-1-0820. 
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