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Abstract

lonizing irradiation significantly affects hippocampal neurogenesis and is associated with cognitive
impairments; these effects may be influenced by an altered microenvironment. Oxidative stress is a
factor that has been shown to affect neurogenesis, and one of the protective pathways to deal with
such stress involves the antioxidant enzyme superoxide dismutase (SOD). This study addressed how
the deficiency of cytoplasmic (SOD1) or mitochondrial (SOD2) SOD impacts radiation effects on
hippocampal neurogenesis. Wild type (WT), SOD 1 and SOD2 knock out (KO) mice received a
single x-ray dose of 5 Gy, and quantification of the survival and phenotypic fate of newly generated
cells in the dentate subgranular zone was performed 2 months later. Radiation exposure reduced
neurogenesis in WT mice but had no apparent effect in KO mice, although baseline levels of
neurogenesis were reduced in both SOD KO strains prior to irradiation. Additionally, there were
marked and significant differences between WT and both KO strains in how irradiation affected
newly generated astrocytes and activated microglia. The mechanism(s) responsible for these effects
are not yet known, but a pilot in vitro study suggests a ‘protective’ effect of elevated levels of
superoxide. Overall, these data suggest that under conditions of SOD deficiency, there is a common
pathway dictating how neurogenesis is affected by ionizing irradiation.
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Introduction

Radiation-related brain injury is a limiting factor during therapeutic irradiation of the brain
[1], and while overt tissue injury generally occurs only after relatively high doses [2], there is
astrong likelihood of developing adverse reactions in terms of cognitive decline after relatively
lower doses [3,4]. Such impairment has a diverse character, but in humans it often includes
hippocampal dependent functions involving learning, memory and spatial information
processing [5-8]. Similar findings have been reported in experimental settings, confirming the
importance of hippocampus-related effects in the evolution of radiation-induced cognitive
injury [9-13]. The underlying mechanisms responsible for radiation-induced cognitive
impairment have remained elusive, but important possibilities include alterations in the
neurogenic cell populations in the dentate gyrus [9,10,12-17], loss of mature neurons in the
dentate gyrus [10,18], alterations in NMDA subunits [19], genetic risk factors [20] and
reductions in the immediate early gene Arc [21].

Neurogenesis occurs in the subgranular zone (SGZ) of the dentate gyrus [22], and recent data
show that newly born neurons from the SGZ are functionally integrated into the hippocampal
circuitry [23,24]. The importance of this is highlighted by considerable data showing a positive
correlation between dentate neurogenesis and behavioral performance [25,26]. Data from us
and others, show that the neurogenic cells are very radiosensitive, and that the process of
neurogenesis is reduced after doses that are below the threshold for overt tissue injury [9,12,
14,27]. Recent data from human patients similarly show that neurogenesis is severely depressed
after treatment of malignant brain tumors with irradiation [28].

Radiation-induced reductions in neurogenesis and, presumably, cognitive performance, are
strongly associated with the neurogenic microenvironment [12,14,27,29-32]. One of the
microenvironmental factors that significantly impacts neurogenesis is oxidative stress, a
biochemical mechanism involving multiple reactive species that have been shown to regulate
the function and fate of neural precursor cells [33]. The central nervous system (CNS) is
inherently susceptible to oxidative injury, and because there are relatively low levels of
endogenous antioxidants in the CNS [34,35], that sensitivity has been implicated as playing a
causative or contributory role in a number of pathologic conditions [36-39]. It has been
suggested that radiation-induced increases in the production of reactive oxygen species (ROS)
can contribute to the spread and ultimate expression of tissue injury [1,40], and in irradiated
cultured hippocampal neural precursor cells, early apoptosis, specific cell cycle blocks, and
activation of functional cell cycle checkpoints have been shown to be coupled with elevated
levels of ROS [41]. Indications of persistent oxidative stress after irradiation have also been
demonstrated in the brains of mice [42] and rats [43]. Taken together, these data suggest that
ROS may constitute critical environmental cues to control precursor cell survival and
differentiation, and may play an important role in altered neurogenesis and perhaps cognitive
impairment after irradiation [41].

There are several pathways that mitigate the physiological and pathological effects of ROS in
mammalian cells [44]. One of the pathways involves the antioxidant enzyme, superoxide
dismutase (SOD), which exists as three genetically and geographically distinct isoenzymes
[45]. The SODs convert superoxide anions to hydrogen peroxide, which is then enzymatically
removed by catalase and peroxidases. Superoxide can come from mitochondrial metabolism,
or can be derived from monoamine oxidase, cylco-oxygenase, nitric oxide synthase or NADPH
oxidase, and has been shown to have both positive and negative effects in the CNS [46-48].
Regardless of the source and relevant targets of superoxide signaling (e.g. kinases,
phosphatases), it is clear that ROS are important molecules underlying learning and memory
[46]. One way to characterize the extent to which ROS affects processes relevant to cognition,
and if they are affected by ionizing irradiation, is to use mutant mice that lack specific
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antioxidant molecules like SOD. We recently assessed how irradiation affected dentate
neurogenesis in mice deficient in extracellular isoform of SOD (EC-SOD, SOD3) [32]. That
study showed that a persistent level of oxidative stress in EC-SOD knock out (KO) mice was
associated with a lower baseline level of neurogenesis relative to wild type (WT) mice.
However, when those same mice were subjected to a modest dose of x-rays (5 Gy), there was
no effect on neurogenesis in KO mice but a highly significant reduction in WT animals [32].
Thus, we saw both negative (baseline neurogenesis) and positive (no apparent effect of
irradiation) effects in the EC-SOD KO mice, presumably as a result of mechanisms associated
with redox balance. These paradoxical effects highlight the importance of better understanding
the delicate balance in redox homeostasis [48], and how that may ultimately affect cell/tissue
function. Given this idea, we were interested in determining if the site of SOD deficiency
influenced how irradiation impacted neurogenesis. In the present study we assessed
neurogenesis after irradiation in mice deficient in the other SOD isoforms [45], CuZn SOD
(SOD1) which is generally localized in the cytoplasm, and MnSOD (SOD2) which is localized
in the mitochondria. Our results suggest that regardless of SOD isoform, when there is a
deficiency in SOD, there is a common mechanism with respect to how the process of
neurogenesis is affected by ionizing irradiation.

Heterozygous CuZnSOD (Sod1-/+) and MnSOD (Sod2—/+) mutant mice were generated as
described previously [49,50]. Both strains were congenic on the C57BL/6J background with
Sod1-/+ and Sod2—/+ mice generated from 21st generation (N21) and 29th generation (N29)
of backcross to C57BL/6J, respectively. Sod1—/+ and Sod2—/+ will be referred to as SOD1 KO
and SOD2 KO, respectively throughout this manuscript. All animal handling procedures were
done according to institutional IACUCs. Mice were kept in a temperature and light-controlled
environment with a 12 hr light/dark cycle, and provided food and water ad libitum.

Because the SOD mutant mice reported here (SOD1, SOD2) and previously (SOD3 KO;
[32]) were congenic on C57BL/6J and were raised in the same room with the same routine of
animal care within the same animal facility (VMU, VA Palo Alto Health Care System), a
common set of wild type (WT) controls were used for neurogenesis studies. Data from WT
controls were previously reported with SOD3 KO [32]. However, to ensure consistency in cell
counting across groups, all WT control sections were recounted by the same person who
counted all the sections from SOD1 KO and SOD2 KO mice.

For irradiation, animals were anesthetized with a mixture of ketamine hydrochloride (60 mg/
kg, Abbott Laboratories, North Chicago, IL) and medetomidine hydrochloride (0.25 mg/kg,
Orion Corp., Espoo, Finland), administered by intraperitoneal (i.p.) injection. Irradiations were
done using a Phillips orthovoltage X-ray system as previously described [32]. Briefly, animals
were exposed to a single dose of 5 Gy using a special positioning jig 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 fluoride thermal
luminescent dosimeters. The corrected dose rate was approximately 175 cGy/min at a source
to skin distance of 21 cm. Mice were irradiated at 8 weeks of age and were sacrificed, along
with age-matched non-irradiated controls, 2 months later.
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Quantification of antioxidant enzymes

To determine if the major antioxidant enzymes were altered before or after irradiation, cortices
and hippocampi were collected from WT and KO mice one month after irradiation, which is
the time when 5-bromo-2’deoxyuridine (BrdU, Sigma, St. Louis, MO) was administered for
determination of neurogenesis (see below). For tissue collection, mice were anesthetized with
i.p. injection of a mixture of ketamine hydrochloride (120 mg/kg) and medetomidine
hydrochloride (0.5 mg/kg) and decapitated. Brains were removed and dissected on ice, and the
hippocampus and cortex were isolated, frozen in dry ice and stored at —80°C. Cortex and
hippocampal tissues from each animal were homogenized separately in four volumes (weight
to volume ratio 1:4) of PBS, pH 7.4, containing Complete® protease inhibitor cocktail (Roche,
Switzerland), followed by 3 short pulses of sonication (5 sec each). To ensure complete
disruption of mitochondrial membranes, 3 rounds of freeze-thaw cycles between liquid
nitrogen and room-temperature water were carried out. The samples were centrifuged at 20,800
g at 4°C for 5 minutes, and the supernatants were stored in 20 pl aliquots at —80°C. Protein
concentration of each sample was measured in triplicates using the BCA Protein Assay Reagent
(Pierce, Rockford, IL).

Non-denaturing isoelectric focusing gel analysis—CuzZnSOD (SOD1) and MnSOD
(SOD?2) activities were determined by Ampholine PAGplate (Amersham Pharmacia Biotech,
Inc. Piscataway, NJ), pH 3.5 - 9.5, as described previously [51]. Two-fold serial dilution of
tissue lysates from 60 to 7.5 ug total protein were analyzed on the gel for CuZnSOD and
MnSOD activities. The optimal range was between 15 and 7.5 ug total protein for measuring
CuzZnSOD and 60 and 30 g for MnSOD. The activity stain creates clear bands on a dark purple
background and identifies the location of CuZnSOD and MnSOD in the gel. The band intensity,
which is proportional to the enzyme activity, was quantified by Image J 1.36b (NIH, USA) and
normalized to total protein loading.

Western blot analysis—The protein levels of CuZnSOD, MnSOD, EC-SOD, catalase,
peroxiredoxin (Prx1), and thioredoxin 2 (Trx2), were determined by western blot analysis.
Equal amounts of protein (cortex, 30 pg; hippocampus, 50 pg) from each sample were
separated by NUPAGE 4-12% Bis-Tris gel (Invitrogen) and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA). Primary and secondary antibodies used in this study are
listed in Table 1. Protein bands were visualized using DuoLuX Chemiluminescent/Fluorescent
Substrate Kit (Lumigen, Southfield, MI) after incubation with HRP-conjugated secondary
antibody. All blots were stripped with stripping buffer (Tris-HCI, 62.5 mM; (-
mercaptoethanol, 90 mM; 1% SDS) and reprobed with an antibody against g-actin (A 3854,
1:50,000, Sigma) as a loading control. Quantification of Western blot results was done by
normalizing the signal intensity of each sample to that of B-actin.

Neurogenesis

To determine the effects of irradiation on the survival and fate of newly generated cells in the
SGZ as a function of genotype, groups (n = 4-5) of sham irradiated and irradiated SOD1 and
SOD2 KO mice received a single i.p. injection (50 mg/kg) of BrdU daily for 7 days starting
30 days after irradiation. Three weeks after the last BrdU injection, mice were anesthetized as
described and perfused with ice-cold saline followed by freshly prepared, ice-cold 4%
paraformaldehyde. The brains were removed, processed, and sectioned using a sliding
microtome [32]. Fifty micrometer sections were stored at 4°C in cryoprotectant solution until
needed. Free floating sections were immunostained as described [14,32] using antibodies listed
in Table 1.

To calculate the numbers of BrdU-positive (BrdU+) cells in the dentate SGZ, at least 12
sections of a one-in-six series were scored per animal. All counts were limited to the dentate
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granule cell layer and a 50 pum border along the hilar margin that included the SGZ. Total
numbers were obtained by multiplying the measured value by 6; overestimation was corrected
using the Abercrombie method [52]. Total numbers of BrdU+ cells displaying neuron-specific
(NeuN) or astrocytic-specific (GFAP) markers were determined using confocal microscopy to
score the colocalization of BrdU and phenotypic indicators in representative sections from each
animal [14,32]. Confocal microscopy was performed using a Nikon C-1 confocal microscope
(Melville, New York), using techniques previously described [14,32]. Appropriate gain and
black-level settings were obtained on control tissues stained with secondary antibodies alone.
Upper and lower thresholds were always set using a range indicator function to minimize data
loss due to saturation. Each cell was manually examined in its full ‘z’ dimension with use of
split panel analysis, and only those cells for which the BrdU+ nucleus was unambiguously
associated with the lineage-specific marker were scored as positive. For each lineage-specific
marker, the percentage of BrdU+ cells expressing that marker was determined. Total numbers
of lineage-specific BrdU+ cells were then calculated by multiplying this percentage by the total
number of BrdU+ cells in the dentate gyrus.

Activated microglia

The impact of irradiation on the numbers of newly generated (BrdU+) activated microglia in
the SGZ was determined as previously described [14,32], using an antibody against CD68
(Table 1). Total numbers of newly generated activated microglia were quantified similarly as
described above.

Xanthine/xanthine oxidase treatments of neural precursor cells

Statistics

Neural precursor cells were isolated from postnatal C57BL6 mice and grown as neurospheres
in culture under serum free conditions [40]. For chronic exposure to superoxide, cells were
subjected to xanthine and/or xanthine oxidase, a superoxide generating system, using 1 mM
xanthine (Sigma, St. Louis, MO) and 0.5mU/ml of xanthine oxidase (Sigma) for 6 consecutive
days. Cultures undergoing treatments were given complete media changes every other day and
stocks of xanthine and xanthine oxidase were prepared fresh, in PBS, the day of use. On the
last day of treatment cells were y-irradiated using a 137Cs irradiator (J.L. Shepard and
Associates Mark 1) at a dose rate of 1.17 Gy/min over a dose range of 0 to 5 Gy. Following
irradiation, cells were counted and seeded into multi-well plates for the assessment of survival
5 days later.

For each endpoint, values for all animals of a given treatment group were averaged and standard
errors of mean (SEM) were calculated. Analysis of variance (ANOVA) was performed using
the statistical package SAS. Differences between WT and KO strains at baseline and post
irradiation were tested using contrast statements without adjustment for multiple comparisons.
For consideration of the effect of dose, initially an interaction term was included to determine
if the dose response appeared to be different among the animal strains. If there was no indication
of an interaction, then the simplified model without interaction was fit and the main effects
were tested for statistical significance. At the point that overall statistical significance was
determined, subgroup analyses were conducted to determine the nature of the differences. For
the analysis of the in vitro study, each plate of cells was considered an independent sample.
Means and SEM were calculated and an ANOV A was used to analyze the data. For the analysis
of protein levels and enzyme activities determined by western blotting and IEF gel, normalized
signal intensities from each genotype/treatment group were analyzed by two-tailed Student’s
t test.
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No differences in the level of major antioxidant enzymes between WT and SOD 1 or SOD 2

KO mice

The KO mouse strains used here were heterozygous for SOD KO, so detectable protein levels
(Fig. 1, left panel) and enzyme activities (Fig. 1, right panel) of the specific SOD isoforms
in each strain were reduced as expected, albeit not reaching the theoretical 50% reduction based
on gene dosage effect. Further, within each KO strain, there were no apparent compensatory
changes in the protein levels and activities for the other SOD isoforms (Fig. 1). In addition to
the three SOD isoforms, we investigated levels of several major peroxidases in this study,
including catalase, peroxiredoxin 1 (Prx1), and thioredoxin 2 (Trx2). Catalase is the major
enzyme for H,O, metabolism, while Prx1 is a cytosolic thiol-based peroxidase [53] and is
estimated to be present in 10 times the concentration of glutathione peroxidase [54].
Peroxiredoxins can react with lipid peroxide, peroxinitrite, and H,O. Trx2 is a mitochondrial
protein that is important in protection against oxidative stress [55]; it complements the
glutathione system and controls mitochondrial thiol redox state. There were no apparent
changes in the protein levels of catalase, Prxl or Trx2 either prior to or after irradiation (Fig.
1, left panel).

Newly generated cells and SOD deficiency in un-irradiated mice

The presence of BrdU+ cells 3—4 weeks following the administration of BrdU, represents the
long-term survival of newly generated cells, independent of phenotype. In non-irradiated WT
mice, the total number of BrdU+ cells in the dentate SGZ averaged 4186 + 614, while the
average values were 3145 + 188 and 4062 + 766, in SOD 1 and SOD 2 KO mice, respectively
(Fig. 2). These differences were not statistically significant (SOD1, P =0.23 and SOD2, P
=0.88). In WT mice, an average of 2086 + 354 newly generated cells had differentiated into
neurons (BrdU+/NeuN+; Fig. 3), while in non-irradiated SOD1 and SOD2 KO mice, the
numbers were lower, averaging 1048 + 41 (49% reduction, P = 0.02) and 1354 + 290 (35%
reduction, P =0.08), respectively (Fig. 3). With respect to newly generated cells that
differentiated into astrocytes (Brdu+/GFAP+), there was a significant difference across the
groups (p<0.001). In WT mice there was an average of 121 + 50 newly generated astrocytes,
while in SOD1 and SOD2 KO mice the average numbers were 1112 + 157 (P <.001 compared
to WT) and 568 £ 103 (P = 0.02 compared to WT), respectively (Fig. 4). The numbers of newly
generated activated microglia (BrdU+/CD68) present in the dentate SGZ were not different
between WT (600 + 82), SOD1 (706 + 38) or SOD2 (792 + 138) mice.

Newly generated cells and SOD deficiency in irradiated mice

For both newly generated cells independent of phenotype (BrdU+ only) and newly born
neurons (Brdu+/NeuN+), there was a statistically significant interaction between radiation and
animal strain (P < 0.01), indicating that the impact of irradiation depended on genotype. As
reported previously [32], and shown again here, in WT mice a single dose of 5 Gy significantly
reduced the average numbers of BrdU+ cells (Fig. 2) and BrdU+/NeuN+ cells (Fig. 3) observed
in the dentate SGZ; the reduction was ~75% in both cases (P <0.01). There was no indication
of an interaction between dose and strain when only the data from the 2 mutant strains were
considered (P > 0.5) (Fig. 3), but the number of cells expressing BrdU+ only tended to be
higher for SOD2 than SOD1 (P = 0.04). Looking only at post-irradiation data, the numbers of
newly generated cells (BrdU only) and newly generated neurons were higher in KO mice than
in WT after irradiation. For newly generated cells only, the significance values were P = 0.05
and P = 0.001 for SOD1 and SOD2 respectively, and for newly born neurons P = 0.02 and P
= 0.003 respectively.
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There was no indication of an overall dose by genotype interaction (P = 0.37) in terms of newly
generated cells that differentiated into astrocytes (BrdU+/GFAP+) after irradiation (Fig. 4).
When modeled without an interaction term there still was no indication of a dose effect (P =
0.89), but there was a significant difference across genotypes (P <0.001). Looking only at the
KO strains, there continued to be no indication of a dose effect (P = 0.83), but there was some
indication of a difference between the strains (P =0.07) (Fig. 4). Paired comparisons between
WT and each of the SOD KO strains showed a significant genotype difference (P < 0.001).

In terms of newly generated activated microglia, there was a dose by genotype interaction (P
=0.003) (Fig. 5) suggesting genotype impacted this element of neuroinflammation. While a
single dose of 5 Gy had no significant effect on the numbers of activated microglia in WT (P
=0.71) or SOD1 KO mice (P = 0.21), there was a significant effect in SOD2 KO (P = 0.03).
When only post-irradiation values were considered, there was no significant difference
between WT and SOD1 mice (P = 0.21) but a highly significant difference between WT and
SOD2 (P = 0.001). When comparing the post-irradiation values for the SOD mice only, the
average value obtained from SOD1 mice (792 + 138) was significantly different (P = 0.005)
from that observed in SOD2 KO mice (1939 + 375).

Excess superoxide affects radiation response of neural precursor cells in culture

Cultured neural precursor cells subjected to a 6-day treatment of either xanthine alone or the
combination of xanthine plus xanthine oxidase did not exhibit any significant cytotoxicity in
the absence of irradiation (Fig. 6). After irradiation there was a highly significant dose effect
for all groups (P < 0.001), but there was no indication that the dose-dependent decrease in cell
number differed based on xanthine or xanthine oxidase treatment. However, regardless of
radiation dose, after treatment with either xanthine alone or the combination of xanthine plus
xanthine oxidase, cell numbers tended to be greater than corresponding cultures that received
irradiation only (Fig. 6). The cell yields after xanthine only treatment were 121, 122 and 135%
compared to cultured cells that received radiation only at doses of 1, 2 or 5 Gy, respectively.
For those cultures given xanthine plus xanthine oxidase treatments, cell yields were higher by
168, 118 and 163%, after 1, 2 or 5 Gy, respectively, compared to cultures that received y-
irradiation only. An ANOVA of these data showed statistical significance after 1 and 5 Gy but
not after 2 Gy. While these data are limited, they suggest that elevated superoxide levels may
provide a protective effect in this system.

Discussion

The main findings of the present study were: 1) before irradiation, the numbers of newly born
neurons generated in the dentate SGZ were lower in SOD KO mice compared to WT mice; 2)
irradiation did not reduce the numbers of newly generated neurons in SOD KO mice; 3) both
before and after irradiation the numbers of newly born astrocytes in SOD KO mice were
significantly elevated relative to that seen in WT mice; and 4) changes in neuroinflammation,
at least in the context of newly born activated microglia, are genotype dependent. These
findings confirmed our earlier observations in EC-SOD KO mice, in that after irradiation an
environment lacking SOD was much more permissive in the context of hippocampal
neurogenesis [32]. The mechanism(s) behind this observation are not yet known, but given that
all SOD KO mice should have variable levels of increased oxidative stress, it likely will involve
persistent and elevated levels of ROS.

SODs, which are critical elements of the cellular antioxidant defense mechanism [56], are
oxidoreductases that remove superoxide by catalyzing the dismutation of the superoxide radical
to hydrogen peroxide. Hydrogen peroxide is then metabolized to molecular oxygen and water
by catalase or peroxidases. The 3 different SOD isoforms catalyze the same chemical reaction,
but have different enzymatic properties and distinct subcellular localizations. Therefore,
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deficiency in SOD, regardless of location, should result in relatively higher levels of ROS and
altered redox state, which will induce a state of persistent oxidative stress. While ROS have
often been considered to be hostile or destructive entities, data also exist showing that ROS
can have beneficial effects [47,48], and in the brain, they are critically involved in a number
of important processes, particularly those involved in learning and memory formation [46,
57,58]. This information documents the paradoxical effects associated with ROS, where
differing levels can either be good or bad, depending upon the circumstances [46,57,59-61].

Here we found that partial depletion of the SOD1 and SOD2 isoforms was associated with
reduced baseline levels of neurogenesis, but was also associated with a “protective’ effect after
irradiation. These effects were not coupled with any obvious compensatory changes in other
anti-oxidant enzymes (Fig. 1), at least in the context of western blot analyses of brain extracts.
Furthermore, there were no compensatory changes in SOD1 or SOD2 activities (Fig. 1). Itis
possible that circulating antioxidants, including ascorbic acid, tocopherol, uric acid, bilirubin,
proteins and other compounds, could be increased as a compensatory mechanism, but we did
not address that in the current study. The fact that a partial deficiency in the SOD1 and SOD2
isoforms as seen here, as well as a full deficiency in SOD3 reported earlier [32], all imparted
a common protective effect in the hippocampus, suggests that there are common effectors
throughout the cell capable of engaging prosurvival or differentiation pathways. While the
precise mechanism(s) responsible for this type of response is not yet known, in a general sense
this effect resembles a preconditioning [62], adaptive (reviewed in [63]), or inducible-like
radioprotective response [64], where a sublethal or potentially injurious stimulus (i.e. oxidative
stress) induces tolerance to a subsequent and potentially more damaging insult (irradiation).
Lower levels of SOD should lead to higher levels of oxidative stress [65] which should in turn
result in an increase in reactive species that are derived from superoxide, e.g. HoO5, and data
exist showing that the presence of such compounds can reduce the effects of a subsequent insult
[66,67]. In the CNS, this could involve specific trophic factors and signaling molecules that
favor differentiation and long-term survival of newly generated neurons and which are up-
regulated or activated in the brains of irradiated SOD KO mice. Such factors could include
brain derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), and
nitric oxide (NO), all of which have been shown to favor differentiation and survival of neurons
[68-71]. Regardless of the mechanism involved, our findings clearly suggest that SOD
deficient mice have developed a resistance to radiation-induced inhibition of neurogenesis that
may involve some type of adaptation within the microenvironment, without, necessarily, any
compensatory changes in other major intracellular antioxidants.

Astrocytes are now recognized as dynamic regulators of a variety of neuron-related functions,
including neurogenesis [72—74]. In fact, it has been suggested that the astrocytes within the
neurogenic niche are highly specialized and contribute to the regulation of proliferation and
fate specification of neural precursor cells [74]. In the present study, before irradiation the
relative abundance of newly born astrocytes was 5-9 fold higher in SOD KO mice compared
to WT controls (Fig. 4), and the ratio of new neurons to new astrocytes was about 17 in WT
and 1-2 in the SOD KO mice. The finding of increased numbers of newly generated astrocytes
in SOD1 and SOD2 KO mice needs to be considered in the context of an increase in steady-
state levels of superoxide due to a ~ 50% reduction in CuZnSOD or MnSOD. It is possible that
increased steady-state levels of superoxide and downstream ROS derived from superoxide alter
the differentiation pattern of neuronal progenitor cells in favor of astroglial lineage.
Alternatively, it may be that astrocytes are more resistant to superoxide than neurons, leading
to a better outcome in terms of long-term survival. The notion that astrocytes are more resistant
to superoxide and other ROS is consistent with previous findings showing that primary
astrocytes are more resistant to menadione induced apoptotic cell death than primary neuronal
cultures [75] and that astrocytes are more efficient in repairing oxidative mitochondrial DNA
damage mediated by menadione [76]. Astrocytes tend to produce lower steady-state levels of
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ROS during metabolism, and primary astrocytes derived from hippocampus have been shown
to have lower steady-state level lipid peroxidation than primary neurons derived from the same
region [77]. It has been shown in different experimental systems that a more oxidized cellular
environment facilitates progenitor cell differentiation as opposed to proliferation [33,61], but
whether the more oxidized redox state favors differentiation toward one cell lineage over
another is less clear. In our experimental system, the data suggest that the SOD deficient
environment favors differentiation toward an astrocytic lineage.

It is particularly interesting to note that prior to irradiation, the average number of newly born
cells that differentiated into astrocytes in SOD1 mice (1112 + 157) was higher than that seen
in SOD2 (586 * 102), which in turn was higher than the value for SOD3 (291 + 98; [32]). A
critical redox-related factor associated with differentiation may be more predominant in the
cytoplasm rather than in the mitochondria or extracellularly, but this conclusion is highly
speculative. Additionally, when the number of newly born cells that differentiate into neurons
prior to irradiation was analyzed between the different SOD isoforms the opposite trend was
found, where SOD1, SOD2 and SOD3 deficient mice have an average of 1048 +40, 1355 £
290, and 1793 * 226 [32] new neurons, respectively. These trends are provocative and it is
tempting to speculate that the different cellular compartments from which the SOD isoforms
evolved may contain redox-sensitive factors that play a deciding role in the lineage
commitment during precursor cell differentiation [78].

Irradiation had little or no effect on newly born cells that become astrocytes, regardless of
genotype, but the new neuron to new astrocyte ratio after irradiation fell to about 5 in WT mice
but remained around 1-1.5 in the KO animals. Given the supportive role of astrocytes in
neurogenesis [72—74], the relatively higher numbers of the newly generated astrocytes in the
KO mice may have promoted the survival of newly born neurons after irradiation, although
our data do no provide definitive proof of this thesis. Alternatively, the higher numbers of
newly born astrocytes seen after irradiation in the SOD KO mice might simply be associated
with gliosis, which has been shown to be mediated in part by reactive species [79]. Finally,
there are data suggesting that the putative stem cell in the adult mammalian brain is astrocytic
[80], so it may be that the SOD deficient background favors the selection/survival of stem like
cells in the dentate SGZ. This latter idea is supported, in part, by data suggesting that oxidative
stress and redox regulation play important roles in self-renewal and differentiation in specific
precursor cell populations [33,61]. Whether or not the differences in the astrocytic cell
population is responsible for ‘protecting’ neurogenesis after irradiation, or is merely a sign of
some sort of non-specific activation or process due to a persistent oxidative stress needs to be
further investigated.

Previous studies have suggested that neuroinflammation, and in particular elevated numbers
of activated microglia, may negatively impact neurogenesis after irradiation [12,14,27,30].
However, with the wide diversity of cell types involved, including astrocytes, and differences
in activation state, it is now being recognized that neuroinflammation may be supportive as
well as detrimental to neurogenesis (reviewed in [81,82]). In fact, in our previous EC-SOD
study we saw that there were more activated microglia in EC-SOD KO mice than in WT mice,
and concluded that in an SOD deficient background, increased numbers of activated microglia
had no apparent association with neurogenesis [32]. In general, this agrees with work from
others showing that microglial phenotype critically influences the ability of these cells to
support or impair cell renewal processes in the adult brain [83], and suggests that microglia
may respond differently to a given stimulus (irradiation) depending upon the presence of
another and preceding stimulus (oxidative stress). The present data further complicate this issue
inasmuch as irradiation induced a very substantial increase in numbers of newly born activated
microglia in the irradiated SOD2 background, but had no apparent effect in the SOD1
background, while both showed a protective effect in the context of neurogenesis. This could
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mean that the numbers of newly born activated microglia per se play a limited role in the
observed changes in neurogenesis, or that the deficiency of mitochondrial SOD impacts
specific elements of neuroinflammation to a greater extent than cytoplasmic SOD deficiency.
Identification and investigation of potential pathways and molecules that may be responsible
for such observations should provide us the information to determine the significance of these
findings.

Given the normal physiologic role of SOD, it seems likely that a major factor in the responses
seen in the SOD KO mice relate to superoxide levels. The evolution of the different SOD
isoforms must in part be related to the poor diffusion of the superoxide anion across different
cellular compartments, as well as the need to remove this mildly reactive molecule from
specific intracellular and extracellular spaces. Previous studies with MnSOD deficient mice
(Sod2—/+) showed a significant reduction in reduced GSH and an increase in 8-0xodG in the
brain, suggesting an increased steady state level of oxidative stress in SOD2 KO [50,65]. Even
though similar types of measurements have not been carried out in SOD1 KO (Sod1—/+) brains,
studies focusing on liver and skeletal muscles in homozygous SOD1 KO (Sod1—-/-) mice all
showed increased steady state level of oxidative damage [49,84]. Therefore, SOD deficiency
should increase superoxide levels in cells; but we did not directly measure this in vivo due to
a limited quantity of hippocampal tissue. Therefore, to determine if elevated superoxide has
an influence on how neural precursor cells responded to irradiation, we performed an in
vitro study where we could actually subject cells to elevated levels of superoxide prior to
irradiation. While cells exposed to xanthine plus xanthine oxidase showed a similar dose
response as controls, on average, at the doses used, there was about a 1.5-fold increase in cell
number compared to that seen after irradiation only (Fig. 6). There were also increased cell
numbers noted in the presence of xanthine alone (Fig. 6), suggesting that there was some
endogenous xanthine oxidase activity available that led to intermediate levels of superoxide.
While these in vitro data are limited, they do suggest that the presence of excess superoxide
prior to irradiation has significant positive effects on the proliferation and/or survival of
multipotent neural precursor cells. Further, the data are qualitatively consistent with our in
vivo studies, and suggest that superoxide may act to stimulate a redox-sensitive pathway/s that
ameliorates the inhibition of neurogenesis typically found after irradiation.

In summary, our findings have clearly demonstrated that SOD deficiency has paradoxical
effects with respect to hippocampal neurogenesis. In the absence of irradiation, SOD deficient
animals exhibited reduced baseline neurogenesis and, presumably, increased basal oxidative
stress, the latter of which may have been sufficient to elicit a ‘protective’ or adaptive response
following low dose radiation exposure. This effect was independent of specific isoform and
whether the deficiency was complete (SOD3) [32] or partial (SOD1, 2). Further, the effect did
not apparently involve compensatory responses in other major antioxidant defenses, nor was
it associated with a clear trend in detrimental neuroinflammation. Interestingly, a pilot in
vitro study carried out under excess superoxide levels also revealed beneficial effects in terms
of increased survival and/or proliferation. Opposing trends in the yields of newly generated
astroglia versus newly generated neurons in unirradiated animals deficient for specific SOD
isoforms suggest that factors controlling the phenotypic fate of multipotent hippocampal
precursor cells might be restricted to and/or concentrated in specific subcellular compartments.
While the precise mechanism behind the neuroprotective effects of SOD deficiency is not
known, further studies need to be performed to determine whether adaptation to pre-existing
oxidative stress plays a key role. The use of conditional tissue-specific SOD knockout animals
[85] should help delineate the time required to develop any favorable adaptation before
exposure to irradiation, and continued in vitro experimentation will elucidate the redox
responsive pathways for conferring the neuroprotective phenotype found in irradiated animals
deficient in SOD.
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Figure 1.

Antioxidant profilesin SOD1 and SOD2 KO mice. Hippocampi from 3-month-old male SOD1,
SOD2, and WT mice were analyzed by western blotting (left panel) for the levels of major
antioxidant enzymes and by non-denaturing IEF gels (right panel) for CuzZnSOD and MnSOD
enzymatic activities. SOD1 and SOD2 KO mice showed the expected reductions in CuZnSOD
and MnSOD protein and activity, respectively when compared to WT controls. The western
blot images of CuZnSOD and MnSOD from SOD1 and SOD2 KO, respectively, are outlined
with dark border to bring attention to the differences between WT and the corresponding KO.
There were no apparent compensatory changes in extracellular SOD (EC-SOD) or in catalase,
peroxiredoxin 1 (Prx1), or thioredoxin 2 (Trx2). SOD enzyme activities in the non-denaturing
IEF gels were quantified by Image J as pixel intensities and the value of percent WT controls
calculated. Three — 5 mice/genotype were analyzed/experimental group.
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Figure 2.

Effects of irradiation on the survival of newly generated (BrdU+) cells in the dentate
subgranular zone of WT and SOD KO mice. A dose of 5 Gy significantly reduced newly
generated cells in WT mice but not in SOD KO mice. Each bar represents a mean of 4-5 mice;
error bars are SEM. * irradiated vs. non-irradiated WT (p = <0.01); # irradiated SOD1 vs. WT
(p = 0.05); + irradiated SOD2 vs. WT (p = 0.001).
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Figure 3.

Effects of irradiation on the survival/differentiation of newly generated neurons (BrdU+/NeuN
+) in the dentate subgranular zone of WT and SOD KO mice. How irradiation affected newly
born neurons was dependent upon strain, with WT mice showing significant reductions after
irradiation in contrast to either of the KO strains. After irradiation there were more newly born
neurons observed in SOD KO mice relative to WT. Each bar represents a mean of 4-5 mice;
error bars are SEM. * irradiated vs. non-irradiated WT (p = <0.01); # irradiated SOD1 vs. WT
(p =0.02); + irradiated SOD2 vs. WT (p = .003).
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B oay
] 5 Gy

Effects of irradiation on the survival/differentiation of newly born astrocytes (BrdU+/GFAP
+) in the dentate subgranular zone of WT and SOD KO mice. How irradiation impacted newly

born astrocytes was dependent upon strain, with KO mice showing significantly higher

numbers relative to WT mice. * non-irradiated WT vs. non-irradiated SOD1 (p = <0.001); #
non-irradiated WT vs. non-irradiated SOD2 (p = 0.02); + irradiated SOD1 and 2 vs. WT (p =

0.001).
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Figure 5.

Effects of irradiation on the survival of newly generated (BrdU+) activated microglia in the
dentate gyrus of WT and SOD KO mice. The data showed a dose by genotype interaction (P
=0.003) suggesting genotype impacted this particular element of neuroinflammation. Each bar
represents a mean of 3-5 mice; error bars are SEM. * Irradiated WT vs. irradiated SOD2 (P =
0.001); # irradiated SOD1 vs. irradiated SOD2 (P = 0.005).
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Figure 6.

Elevated levels of superoxide affects the radiation response of neural precursor cells in culture.
Neural precursor cells grown as neurospheres and were treated before irradiation for 6
consecutive days with xanthine (X) or xanthine plus xanthine oxidase (X + XO) to generate
excess levels of superoxide. Controls received neither treatment. Radiation doses of 0, 1, 2, or
5 Gy were given at the end of each treatment and cells were counted 5 days later. There was a
highly significant (P < 0.001) dose effect in all treatment groups, and the cell yields after all
radiation doses were higher in the X and X + XO groups relative to control. Each bar represents
a mean of 3 plates and error bars are SEM.
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Target Origin Company Catalog no. Dilution
CuZnSOD Rabbit LabFrontier LF-PA0013 1:2,000
MnSOD Rabbit Stressgen SOD-110 1:4,000
EC-SOD Rabbit Custom-made 1 pg/mL
Catalase Mouse Sigma C0979 (clone CAT- 1:4,000
505)
Peroxiredoxin 1 Rabbit LabFrontier LF-PA0001 1:2,000
(Prx1)
Thioredoxin 2 Rabbit LabFrontier LF-PA0012 1:2,000
(Trx2)
B-actin Mouse Sigma A3854 (clone AC-15) 1:50,000
Mouse IgG~ Goat Bio-Rad 172-1011 1:10,000
Rabbit IgG* Goat Bio-Rad 170-6516 1:40,000
Neurons (NeuN) Mouse Millipore MAB377 1:200
Mouse 19G Goat Invitrogen A31553 1:200
Astrocytes Rabbit Dakocytomation 20334 1:500
(GFAP)
Rabbit 1gG Goat Vector BA-1000 1:200
S-phase cells Rat Accurate OBTO0030S 1:10
(Brdu)
Rat 1gG Donkey Jackson 712-295-153 1:200
Microglia Rat Serotec MCA1957S 1:20
(CD68)
Rat IgG Mouse Vector BA-4001 1:200

*
tagged with Horseradish peroxidase
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