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Enrichment stimulates hippocampal neurogenesis following high-dose total body
irradiation.

Exercise increases the number of microglia in the granule cell layer of the
hippocampus.

Increased microglia densities with exercise are due to local proliferation, not blood
monocyte recruitment

Monocyte-derived microglia numbers in the irradiated brain are not influenced by
housing conditions

There is no relationship between sites of monocyte infiltration and radiation-sensitive
brain areas, i.e. neurogenic niches



ABSTRACT

Birth of new neurons in the hippocampus persists in the brain of adult mammals and critically
underpins optimal learning and memory. The process of adult neurogenesis is significantly
reduced following brain irradiation and this correlates with impaired cognitive function. In
this study, we aimed to compare the long-term effects of two environmental paradigms (i.e.
enriched environment and exercise) on adult neurogenesis following high-dose (10 Gy) total
body irradiation. When housed in standard (sedentary) conditions, irradiated mice revealed a
long-lasting (up to at least 4 months) deficit in neurogenesis in the granule cell layer of the
dentate gyrus, the region that harbors the neurogenic niche. This depressive effect of total
body irradiation on adult neurogenesis was partially alleviated by exposure to enriched
environment but not voluntary exercise, where mice were single-housed with unlimited access
to a running wheel. Exposure to voluntary exercise, but not enriched environment, did lead to
significant increases in microglia density in the granule cell layer of the hippocampus; our
study shows that these changes result from local microglia proliferation rather than
recruitment and infiltration of circulating Cxscr1*/9" blood monocytes that subsequently
differentiate into microglia-like cells. In summary, latent neural precursor cells remain present
in the neurogenic niche of the adult hippocampus up to at least 8 weeks following high-dose
total body irradiation. Environmental enrichment can partially restore the adult neurogenic
process in this part of the brain following high-dose irradiation, and this was found to be

independent of blood monocyte-derived microglia presence.
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running



INTRODUCTION

Continual production of new neurons from a pool of precursor cells persists within the sub-
granular zone of the adult hippocampus, the brain structure that underpins learning and
memory. This neurogenic process is regulated by a number of intrinsic and extrinsic factors,
including hormones, neurotransmitters, growth factors, behavioural influences, drugs, and
neurodegenerative diseases (for review see (1)). Reductions in the magnitude and/or rate at
which new neurons are produced during ageing, inflammation, stress, social deprivation or
following exposure to irradiation, correlate with deficits in hippocampal-dependent learning
and memory tasks (2-5). Recent technological advances have provided direct evidence that
newborn neurons are indeed important for optimal learning as their selective ablation or
optogenetic silencing impairs cognitive performance (6-8).

Extensive radiation therapy is still used clinically to treat blood-related cancers, for
example lymphomas, leukaemias and brain tumors. It is now known, from patient follow-up
studies, that significant cognitive deficits are associated with this type of radiation treatment
(for review, see 9,10). Cognitive deficits in association with irradiation are also seen in
experimental animal studies, alongside dramatic reductions in adult neurogenesis (11-13). The
adverse side effects of irradiation can be ameliorated through pharmacological (14) and/or
immune-modulatory interventions (e.g. (12)).

To what extent the deleterious side effects of high-dose total body irradiation can be
reversed through either exercise or provision of a stimulating (i.e. enriched) environment has
only been addressed to a limited extent. Previous studies have clearly demonstrated, however,
that introducing an animal into an enriched environment and/or allowing it to exercise can
significantly boost adult neurogenesis, including following whole brain / cranial irradiation
(15-18), and even improve behavioural performance (19,20). We therefore hypothesized that

introducing animals to an enriched environment and/or allowing them the opportunity to



exercise voluntarily on a running wheel may also alleviate reductions in neurogenesis
following total body irradiation.

Apart from its detrimental effect on neurogenesis, irradiation of the brain also leads to
the influx of circulating monocytes and the differentiation of these cells into microglia (21,22).
Brain microglia play an important role in fighting disease and maintaining tissue homeostasis;
more recent studies have also shown, however, that microglia are also involved in a variety of
other physiological processes, including the regulation of neurogenesis. In particular, recent
studies have suggested that microglia provide the instructions and/or growth factors required
by neural stem cells to proliferate (23-29). To what extent monocyte-derived microglia may
contribute has not been investigated to date. In addition, whether or not there is specific
recruitment of blood monocytes to neurogenic regions following brain irradiation due to its
especially damaging effects on highly proliferative cells (i.e. neural precursors) had also
remained unknown. The present study aimed to address these outstanding questions in the

bone marrow (BM) chimeric mouse model.



MATERIALS AND METHODS

Animals

A total of 26 wild-type (WT) Balb/C female mice (6 weeks-of age) were used in these studies
(Animal Resource Centre, Canning Vale, Western Australia), along with 5 age-matched
heterozygous Cx3cr1*/9% female mice on the same genetic background (30). In Cx3cr1*/9%
mice, one of the Cx3crl alleles is disrupted by insertion of the coding sequence for eGFP; this
manipulation renders the chemokine receptor itself non-functional in the mutant allele and
places eGFP expression therefore under control of the Cx3crl promoter. Use of the
Cx3cr1*/9% strain therefore allows all cells in the monocytic lineage to be identified via eGFP
fluorescence; these mice were used as bone marrow (BM) donors during the generation of
chimeric mice (see below). All mice had unlimited access to water and the same type of food
throughout the experiment and were kept in the same room on a 12-h light/dark cycle. All
procedures were approved by the Animal Ethics Committees of The University of Western
Australia and The University of Queensland, and experiments conducted in accordance with

the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

Generation of BM chimeric mice

To ensure survival of experimental mice following high-dose total body irradiation, and to
allow infiltrating monocytes / monocyte-derived microglia to be distinguished from resident
brain microglia, [Cx3cr1*/9" > WT] BM chimeric mice were generated as detailed previously
(31). In brief, WT recipient mice were exposed to two doses of gamma irradiation using a
6MYV photon beam from a Varian 600C linear accelerator with a field size of 40cm x 40cm.
The mice were kept in standard polypropylene cages during the irradiation procedures, with
the cages positioned at 1 m from the source, i.e. the depth of dose maximum of the beam. The

total dose of 10 Gy was delivered in two 5 Gy fractions delivered 14 h apart, with the dose



rate being 2.5 Gy/min. The method of dose calculation for the irradiation procedure was the
same as that used for the treatment of radiotherapy patients. Irradiated WT recipient mice
were then given a BM transplant from Cx3cr1*/9" donor mice via the lateral tail to rescue
their hematopoietic system (3-4 h after the second dose of irradiation); for each irradiated
recipient animal, 5x10° donor BM cells were injected via lateral tail vein. Mice were left to

recuperate for 8 weeks, with 6-8 mice housed socially in standard cages.

Housing conditions and BrdU injections
To examine the effect of delayed exposure to enriched environment and exercise on
hippocampal neurogenesis and microglia (i.e. 8 weeks after high-dose irradiation and BM
transplantation), mice were randomly selected and transferred to one of three housing
conditions: One group of chimeric animals (n=8) was placed together in standard housing,
that is, a cage with nesting materials only. Mice in the second group (n=8) were co-housed
under environmentally enriched conditions. The third group of animals (n=6) was housed
solitary in cages that contained a running wheel with an odometer attached. A fourth group of
mice consisted of age-matched, non-irradiated wild-type controls (n=4), which was also
maintained in standard housing. The specific experimental design is illustrated in Figure 1A.
To maintain a high level of novelty for animals housed in enriched environment, we
slowly expanded the cage system as we hypothesized that this would maximally stimulate
neurogenesis; the maze attached to the standard housing was expanded and the complexity
increased on a weekly basis. Specifically, novel objects and accessible pathways within the
maze were added on a weekly basis. In week 1, the enriched environment involved only two
cages (on one level), which were connected by tubing; one cage had a food source and a
nesting area, the other cage had a running wheel. In each subsequent week, the setup of the

enriched environment was altered and expanded through the addition of more tubing and



mazes. Overall complexity of the enriched environment towards the end of the experiment
involved four levels of accessible areas for the mice. Location of food sources and the
orientation of the maze were re-located on a weekly basis, as were nesting boxes and other
objects. Mice were also provided with opportunities for food reward via almost vertical
climbs. The initial cage system is shown in Figure 1B; the expanded environment at the study
endpoint is shown in Figure 1C.

To compare cell proliferation and neural precursor cell activity within the sub-granular
layer of the adult hippocampus between housing conditions, all mice were intraperitoneally
injected with bromodeoxyuridine (BrdU; 100 mg/kg body weight); BrdU administration was
initiated following a 6-week exposure period to the various housing conditions (i.e. 14 weeks
following irradiation), once daily for 5 consecutive days while the animals remained in their
respective environments. BrdU injections were always given 2 h after commencement of the
light cycle to minimize the influence of circadian variations in neurogenesis between

conditions (32). All mice were euthanized one week after the last BrdU injection (see below).

Tissue collection and processing

Mice were anaesthetized with sodium pentobarbital (50 mg/kg) and transcardially perfused
using saline solution, followed by 4% paraformaldehyde in 100 mM phosphate buffer (pH
7.4). Brains were dissected out, post-fixed overnight at 4°C, and equilibrated in phosphate
buffered 10% and 30% sucrose for cryoprotection. A coronal cut was made just rostral to the
cerebellum, after which the cut aspect of the brain was placed onto a piece of sterile
cardboard, followed by snap-freezing in dry-ice cooled isopentane and storage at -80°C until
further processing. Coronal sections (50 pm) were cut using a cryostat and then transferred
into 48-well plates containing cryoprotectant (300 g sucrose, 300 ml ethylene glycol, 1.59 g

sodium phosphate monobasic, 5.47 g sodium phosphate dibasic, 9.0 g sodium chloride, 10 g



polyvinylpyrrolidone in 1 | of deionized water, pH 7.4); this solution preserves both the

integrity and antigenicity of the tissue when stored at -20°C.

Immunostaining
Series of 1 in 6 sections were selected for free-floating peroxidase-based
immunohistochemistry in order to visualize proliferating cells (BrdUP® cells), newborn
neurons (doublecortin-positive; DCXP® cells), total CNS microglia (IbalP® cells), and donor
BM-derived microglia (GFPP® cells). Of these series, an average of 8 to 10 sections per brain
contained the hippocampus. Sections were removed from cryoprotectant solution and
thoroughly washed three times, 1 h per wash, in phosphate-buffered saline (PBS; pH 7.4; 1.5
ml/well) before being left overnight in PBS at 4°C. The following day, sections were washed
an additional three times in PBS at room temperature (RT); all washing steps were performed
on an oscillating rocker.

Endogenous peroxidase activity was blocked by incubation in quenching solution, i.e.
10% methanol and 0.6% H20- in PBS, for 30 min at RT. For anti-BrdU staining an additional
DNA denaturation step preceded the quenching step, which involved immersion of the
sections in 2N HCI for 45 min at 37°C. Sections were then washed again, after which
blocking solution containing 2% bovine serum albumin (Sigma) and 0.2% Triton X-100 in
PBS was applied for 1 h at RT; blocking solution was also used as an antibody diluent in all
subsequent incubation steps. Rabbit anti-GFP antibody (1:1000, Vector Laboratories) was
used to stain for donor BM-derived microglia/macrophages, rabbit anti-mouse Ibal (1:500,
Wako Chemical Industries) was used for general microglia staining, rat anti-mouse BrdU
(1:1000, Serotec Laboratories) was used to visualize proliferating cells and rabbit-anti mouse
DCX (1:500, Abcam) was used to stain for newborn neurons. All primary antibodies were

applied overnight at 4°C. The following day, sections were washed extensively (3 x 10 min in



PBS) before being incubated for 90 min at RT with either biotinylated goat anti-rabbit (1:400,
Vector Laboratories) or biotinylated donkey anti-rat (1:200, Jackson Immuno Research
Laboratories) secondary antibodies. After another round of washings, sections were incubated
with an avidin-biotin-peroxidase complex (1:200, Vectastain Elite ABC; Vector Laboratories)
for 1 h at RT. The sections were then incubated in 3’-diamino-benzidine (DAB; Sigma) until
the brown precipitate that develops as part of the enzymatic reaction with peroxidase became
clearly visible under a light microscope (~ 5 min). The sections were the immersed in ddH,O
to stop the reaction, washed in PBS, mounted on Superfrost ™ Plus glass slides and then left
overnight to dry. The following day, slides were immersed in 4% paraformaldehyde for 30 to
60 min, after which the sections were counterstained for Nissl substance (thionine or cresyl
violet) and then dehydrated and coverslipped.

To confirm that GFPP® cells were indeed donor BM-derived brain microglia and/or
perivascular macrophages and/or brain microglia, a separate set of sections was double-
labelled with a mixture of GFP and Ibal antibodies. Sections were left overnight at 4°C
immersed in antibody diluent containing monoclonal mouse anti-GFP (1:200, Vector
Laboratories) and rabbit anti mouse-lbal (1:250). The following day, sections were washed
before being incubated for 1 h at RT in goat anti-mouse Alexa Fluor 488 (1:200, Invitrogen)
and goat anti-rabbit Alexa Fluor 546 (1:200, Invitrogen).

To distinguish perivascular macrophages from donor BM-derived microglia in the
brain parenchyma, sections were double-labelled with GFP and a pan-laminin antibody,
which stains vascular structures. GFPP® cells with a bipolar morphology were always found
in close association with microvessels, confirming them to be typical perivascular
macrophages; these cells were excluded from quantitative analysis as our primary aim was to
study donor BM-derived microglia in the irradiated host brain. The primary antibodies used

here were rabbit anti-mouse GFP (1:200, Vector Laboratories) and monoclonal mouse anti-
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pan-laminin (1:400; Sigma). Secondary antibodies used were goat anti-rabbit Alexa Fluor 488
(1:200, Invitrogen) and goat anti-mouse Alexa Fluor 546 (1:200, Invitrogen).

After incubation, sections were washed, mounted on to Superfrost™ Plus slides and
left to dry for 10 min. Slides were then coverslipped in fluorescence mounting medium
(Dako) containing Hoechst 33342 nuclear dye. Images were captured using a Biorad MRC

1000/1024 UV confocal microscope.

Microscopic analysis and quantification
Immunohistochemically stained slides were digitized using a slide scanner (Scanscope XT
system, Aperio Technologies) at 40x digital zoom. Scanned images were presented as a single
plane of focus, so a modified optical fractionator method with Abercrombie correction factor
was used to estimate the total number of BrdU-, DCX-, GFP- and Ibal-positive cells within
the hippocampus. Stained (i.e. BrdU*, DCX™, Iba-1* or GFP™) cells were counted in the
discrete layers of the hippocampus along its rostro-caudal axis, -0.94 to -4.04 mm from
Bregma using an extensive sampling scheme. Every sixth section was counted using a
fractionator method (33), with counts obtained from 8 to 10 sections per mouse; sampled
sections were 300 um apart. The dorsal (anterior) portion of the dentate gyrus starts at -0.94
mm from Bregma while the ventral (posterior) aspect of the dentate gyrus only starts at -2.46
mm from Bregma (34). Random sample comparisons were made for 4 animals between the
GFPP% cell counts derived from scanned images as compared to those obtained through
manual counting using a light microscope (Leica) with a 40x objective. Both methods
produced similar cell counts (data not shown), validating the use of images from the Aperio
scanner for quantification.

BrdU-labelled cells were only included in the counts if they displayed a darkly stained

nucleus, which was spherical in shape, and for GFPP* cells if they were present within the
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parenchyma, that is they were not associated with cells within (or lining) blood vessels and/or
meningeal structures (Figure 5A,B). The total analysed image area was not significantly
different between mice in the various experimental groups. In all instances, the individual

performing the counts was blinded to the experimental conditions.

Statistical analysis
Data sets are presented as dot plots or as mean £ SEM, and were examined for statistical
significance using either a one- or 2-way repeated measures ANOVA followed by Tukey’s
post-hoc. Data sets were considered significantly different from each other at p<0.05 and a
statistical power level of 0.8 or greater.
RESULTS
Enrichment augments hippocampal neurogenesis following total body irradiation

To assess the long-term impact of high-dose irradiation treatment on adult
neurogenesis in the dentate gyrus of the hippocampus, animals were injected with BrdU over
5 days and then sacrificed 7 days after the last injection (Figure 1A). A cohort of non-
irradiated wild-type mice (n=4), which was age-matched and kept for 16 weeks in the same
standard housing as their irradiated sedentary counterparts (n=7), was included for reference.
Numerous BrdUP® cells were found in the granule cell layer of 22-week-old non-irradiated
wild-type mice that were kept in standard housing (Figure 2A). Note that age-matched,
irradiated mice, which were maintained under the same standard housing conditions, showed
significantly fewer BrdUP® cells in the granule cell layer (Figure 2B). Quantitative counts
confirmed these visual observations and revealed a 78% decrease in BrdUP* cell numbers
within the granule cell layer of irradiated mice compared to non-irradiated, sedentary controls
(Non-irradiated: 1212 + 95 cells vs. Sedentary: 272 + 21 cells; p<0.0001; Figure 2E). This

adverse effect of high-dose total body irradiation was partially mediated in mice that were
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housed in environmentally enriched conditions (Figure 2C), whereas the running paradigm
did not appear to have any beneficial effect (Figure 2D). Quantitative counts again confirmed
these observations; specifically, mice that lived in environmentally enriched housing were
found to have a significantly greater number of BrdUP® cells in the granule cell layer of the
dentate gyrus compared to both irradiated, sedentary animals and those housed with running
wheels (Env Enrichment: 625 £ 75 cells vs Sedentary: 272 + 21 cells p<0.001; Env
Enrichment: 625 + 75 cells vs Running wheel: 313 £ 17 cells; p<0.005; Figure 2E).

In addition to BrdUP® cell numbers, there was also a 95% reduction in the presence of
DCXP% cells (i.e. immature neurons) in the granule cell layer of the hippocampus at 16 weeks
after high-dose total body irradiation (Non-irradiated: 1265 + 22 vs Sedentary: 64 * 10 cells;
p<0.0001; Figure 2F), illustrating the long-term deleterious effects of such treatment on
neurogenesis in the dentate gyrus. Consistent with the increase in BrdUP® cell numbers in
mice that were living under environmentally enriched conditions, this group also had a greater
number of DCXP® cells in the granule cell layer of the dentate gyrus compared to their
irradiated counterparts that were housed under sedentary conditions (Env. Enrichment: 322 +
47 cells vs Sedentary: 64 + 10 cells; p<0.01) or with access to a running wheel (Env.
Enrichment: 322 £ 47 vs Running Wheel: 155 £ 33 cells; p< 0.05; Figure 2F). It should be
noted here that we were only able to analyze DCXP® cell numbers from just two mice that
were housed under environmentally enriched conditions due to limited tissue availability.
Whilst we are cognizant of this limitation, extensive statistical modeling has shown that
unequal and very small (even down to n=2) can still yield acceptable power under the
following conditions: 1) a large effect size (i.e. an > 5-fold difference between groups — as
observed here), and 2) that the findings are in general agreement with existing relevant
literature in the field (35). Wheel running for an 8-week period did not lead to a statistically

significant increase in DCXP® cell numbers in our experimental paradigm compared to
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sedentary controls (Running Wheel: 155 + 33 cells vs Sedentary: 64 + 10 cells; p=0.16)
despite the fact that, on average, ‘runner’ mice ran 16.04 km/week (ranging from 10.43 km to
19.99 km per week); the distance covered by individual animals also had no bearing on
neurogenesis. It should be noted, however, that these mice were housed solitary and the
distance run appears to be less than what has been previously reported in literature (i.e. 28-84
km/week; 26, 60, 61). Overall, mice that were housed with environmental enrichment
displayed a 50% increase in BrdUP® cell numbers compared to non-irradiated controls. The
increase in the DCXP® cell numbers under environmentally enriched conditions accounted for
~20% of the total number of DCXP® cells seen in age-matched non-irradiated animals

(Figure 2F).

Exercise results in an increased number of microglia in the granule cell layer

In addition to examining how different housing conditions influenced neurogenesis in the
hippocampus following exposure to high-dose irradiation, we also examined whether the
different housing environments had an impact on the total number of microglia in the granule
cell layer and the dentate gyrus. Ibal staining revealed a relatively uniform distribution of
ramified microglia throughout the dentate gyrus of all animals, regardless of housing
conditions (Figure 3A & B). Quantitative counts did, however, reveal a significant increase
in 1bal1P% cell numbers within the granule cell layer of runner mice compared to (irradiated)
sedentary mice (Running Wheel: 2055 + 240 cells vs Sedentary: 1232 + 173; p<0.05; Figure
3C); enriched environment did not increase the number of 1balP* cells in the granule cell
layer compared to their sedentary counterparts (Env. Enrichment: 1702 + 158 cells vs
Sedentary: 1232 + 173; p=0.24). Similar trends were seen for total IbalP® cell numbers in the
entire dentate gyrus (Figure 3D). In summary, the present data show that voluntary wheel

running most significantly affected microglia proliferation in the granule cell layer of the
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dentate gyrus following total body irradiation, as evidenced by the increase in total Ibalf*

cell numbers.

Monocyte recruitment to the irradiated brain is not associated with increased adult
neurogenesis under environmentally enriched conditions

Having shown that enriched environment increases adult neurogenesis in the granule
cell layer, we next examined whether this increase also involved recruitment of circulating
blood monocytes (blood monocyte-derived microglia) into this region. Since we used
Cxscr1*/9® BM transplants to ensure mouse survival following total body irradiation,
infiltrating microglia-like cells of peripheral origin could be distinguished from host microglia
on the basis of GFP expression (Figure 4A & B). We observed that all ramified GFPP® cells
within the hippocampus of chimeric mice were positive for the pan-microglia marker Ibal.
Double immunofluorescence staining for GFP and laminin confirmed that these ramified cells
were indeed newly differentiated microglia of donor bone marrow origin, as opposed
perivascular macrophages that were mostly bipolar in morphology and closely associated with
basement membrane structures of blood vessels (Figure 4A & B). This clear morphological
distinction was used in stereology protocols to estimate microglia numbers in the
hippocampus after immunohistochemical staining for GFP or Iba-1.

BM-derived microglia-like cells at the study endpoint were predominately found in
the more ventral aspects of the cortex (Figure 4C). Relatively few GFPP% cells were
encountered in the more dorsal aspects of the brain after total body irradiation, though small
clusters of GFPP® cells did appear on occasion within the cortical parenchyma here.
Substantial numbers of GFPP® cells were observed within meningeal structures surrounding
the brain, regardless of anatomical location. Consistent with the neocortical observations,

only few GFPP% cells were observed in the dorsal (anterior) dentate gyrus of the hippocampus
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(Figure 4D), while a much greater number of GFPP® cells was observed in the ventral-
posterior aspects of the dentate gyrus (Figure 4E). Quantitative assessment of GFPP® cell
numbers in the granule cell layer of dentate gyrus and also other parts of the hippocampus, as
specified in Figure 4F,G, revealed no statistically significant differences (p>0.05, repeated
measures two-way ANOVA) in the number of GFPP cells between the chimeric sedentary
mice (standard housing; n=5), those housed in an enriched environment (n=5), and those with
access to just running wheel (n=5). This finding indicates that the environment in which the
animal is housed 8 weeks after total body irradiation does not have an impact on the number
of donor BM-derived (i.e. GFPP®) microglia-like cells in this part of the brain. As the GFPP®
donor BM-derived microglia comprised only a small proportion (<1% in the dorsal and 7% in
the ventral granule cell layer) of the total 1balP® microglia within the granule cell layer, the
significant increase in 1balP® cell numbers in the granule cell layer following running (see
Figure 3D) thus mostly results from local microglia proliferation.

Having established that there was no overall change in the total number of donor BM-
derived microglia, we examined the relative distribution of these cells with regards to the
neurogenic regions of the hippocampus. GFPP® donor BM-derived microglia-like cells were
most plentiful in the ventral (posterior) subregion of the granule cell layer of the hippocampal
dentate gyrus with only few cells detected septally (Figure 5 C-E). Indeed, a significant
change (p<0.0001; repeated measures two-way ANOVA) was observed for the number of
infiltrating GFPP* in the dorsal vs ventral hippocampus (Hip), dentate gyrus (DG), granule
cell layer of the dentate gyrus (GrDG), polymorph layer of the dentate gyrus (PoDG),
pyramidal cell layer of the dentate gyrus (PyDG) and oriens layer of the hippocampus (OrDG)
(Figure 5 F,G). In contrast, BrdUP® cells were significantly more abundant in the more
dorsal (i.e anterior) aspect of the granule cell layer for all chimeric mice regardless of housing

conditions, which is consistent with there only being a very limited amount of neurogenic
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niche (i.e. granule cell layer) present within the ventral aspect of the dentate gyrus.
Recruitment and/or presence of blood monocyte-derived microglia in the hippocampus thus
did not specifically link to the neurogenic niche, i.e. the area most sensitive to irradiation-

induced cell death.

DISCUSSION

The present study found that high-dose total body irradiation had a long-term detrimental
effect on the proliferative capacity of cells within the hippocampus; exposure to an enriched
environment partially reversed this effect, but solitary wheel running did not. Compared to
sedentary animals, total microglia numbers were higher in the granule cell layer of mice
exposed to enriched environment but particularly so following voluntary wheel running.
There was no relationship between the presence of bone marrow-derived microglia and areas
of neural precursor cell proliferation within the granule cell layer of the dentate gyrus

following total body irradiation.

Environmental enrichment alleviates the depression of hippocampal neurogenesis
following high-dose irradiation

Irradiation exerts a direct suppressive effect on highly proliferative stem/progenitor cells in
the brain and also negatively alters the signaling in the local microenvironment that normally
underpins neurogenesis (36). Comparisons with age-matched non-irradiated WT mice indeed
revealed the significant and long-term detrimental effect of irradiation on proliferative
capacity in the dentate gyrus of sedentary bone marrow chimeric mice, for at least 16 weeks
after exposure to high-dose total body irradiation (2x 5 Gy, delivered 14 h apart). These
observations are also consistent with previous studies showing that the detrimental effects of

cranial irradiation on hippocampal neurogenesis are dose-dependent, with dosages of 5-6 and
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10 Gy (but not 2 or 4 Gy) resulting in reduced levels of cell proliferation at least 17 weeks (13,

37-41).

The positive influence of voluntary physical activity (20, 42) and enriched
environments (19) on cell proliferation in the neurogenic niches of the adult brain is well
established. In this study, we found that environmental enrichment is particularly effective in
promoting proliferative capacity in the dentate gyrus following a high (sub-lethal) dose of
total body irradiation. This significant increase in the number of proliferating cells was
accompanied by an increased presence of doublecortin-positive newborn neurons within the
granule cell layer of the hippocampus compared to sedentary animals. Previous work by Fan
et al. (43) reported that gerbils receiving a 10 Gy dose of irradiation, which was targeted to
the brain, also showed enhanced neurogenesis after exposure to environmental enrichment 4-
weeks after a 10 Gy dose of irradiation. The present findings show that hippocampal
neurogenesis can be stimulated, at least in the rodent, for up to at least 8 weeks after total
body irradiation. Interestingly, in a mouse model with a fractionated 15 Gy dose of irradiation,
enriched housing for 15 weeks after an 8-week rest period was reported to have no effect on
irradiation-induced reductions in cell proliferation within the dentate gyrus (44). This finding
could indicate an upper threshold after which the neurogenic capacity of the SGZ can no
longer recover from irradiation and/or a critical time period (i.e. less than 8 weeks), in which
intervention strategies must be initiated.

The finding that voluntary wheel running did not significantly increase cell
proliferation within the neurogenic region of the hippocampus appears, at least at first sight,
somewhat contrary to published reports (15, 45-47). Reasons for this seeming discrepancy
may include social isolation (i.e. solitary housing) and/or the duration of exercise. Specifically,
in most other studies, mice or rats were housed socially in small groups with shared access to

a running wheel, and this is normally associated with increased cell proliferation in the
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hippocampus compared to controls housed in standard caging (20, 42). In the present study,
animals with running wheels were housed individually in order to ascertain the distance run
by individual mice per day. This experimental set up may, however, have contributed to lack
of an exercise effect in these mice. Specifically, a previous study by Stranahan et al. (48)
reported that social isolation of male rats retarded the effect of voluntary exercise (wheel
running) on increasing hippocampal neurogenesis; this was coincided by increased
corticosterone levels as an indicator of heightened stress levels. Leasure and Decker (49)
reported that female rats were also sensitive to the depressive effects of social deprivation (i.e.
solitary housing) with regards to exercise-induced neurogenesis in the hippocampus. The time
for which animals were allowed to exercise (i.e., 8 weeks) may also have contributed to the
lack of a rescue effect on hippocampal neurogenesis following irradiation in the runner group

(61).

Microglia density in the granule cell layer is not altered by monocyte recruitment

We also explored whether monocyte recruitment to the brain following high-dose total body
irradiation contributes significantly to increases in microglia density within the granule cell
layer of the hippocampus, which reportedly occur following housing in environmentally
enriched (i.e. neurogenic) conditions and/or with access to a running wheel. Specifically,
previous studies by Ziv et al. (24) and Williamson et al. (51) reported an increase in number
of microglia in the dentate gyrus of (non-irradiated) rats after exposure to environmental
enrichment. In the present study, we did not observe a statistically significant increase in the
number of microglia under our own enriched environment paradigm. The number of 1balP*
microglia in the granule cell layer of the hippocampus was, however, significantly increased

after wheel running. Thus, while the enriched environment paradigm appeared most effective
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in stimulating proliferation of neural precursors, the exercise regimen appeared to have the

most potent effect on microglia proliferation.

Taking advantage of the fact that high-dose total body irradiation requires a bone
marrow transplant to ensure survival, we were able to explore whether changes in microglia
density resulted from local proliferation of CNS resident microglia, recruitment of blood
monocytes, or both. As we did not observe significant differences in the number of donor
BM-derived (i.e. GFPP%) microglia within the granule cell layer of the hippocampus between
the experimental/housing conditions (along with the fact that their overall numbers were
relatively small), increases in the density of 1ba1P® microglia due to e.g. voluntary wheel

running must be mostly due to local proliferation (52).

New monocyte-derived microglia have previously been reported throughout the CNS
in various neurogenic and non-neurogenic locations using a similar chimeric animal model
(53), and their presence relies on brain irradiation as a conditioning/recruiting factor (21, 22).
The signals that direct recruitment of monocytes towards specific (inflamed) brain regions
involve the chemokine receptor CCR2 and its ligand, CCL2 (54, 55). GFPP* donor BM-
derived microglia were primarily present in the ventral (i.e. more posterior) portion of the
hippocampus. Similar to Morganti et al. (56), some recruitment and differentiation of donor
bone marrow-derived cells into microglia was observed in the dorsal hippocampus but these
were far fewer in numbers compared to the ventral hippocampus. This differential pattern of
donor BM-derived microglia for different parts of the hippocampus (as well as other brain
regions) has been consistently observed by us in multiple independent experiments, with
survival times of up to 6 months post-chimerisation (unpublished observations). These
differences in anatomical distribution, which resemble the pattern of YFPP® cells in the brains
of CD11c-YFP reporter mice (57), may have resulted from region-specific differences in local

inflammation and/or blood-brain barrier integrity following irradiation. Alternatively, and not
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mutually exclusive, microglia proliferation rates, including those of donor BM origins, may
vary between regions. Regardless, the present study shows that donor BM-derived cells do
not appear to be specifically recruited to neurogenic areas in which cell death after total body
irradiation would have been higher due to the presence of proliferating (i.e. radiosensitive)
precursor cells as no positive correlation was observed between BrdU- and GFP-positive cell
numbers.

In summary, we demonstrate that neural stem/progenitor cells still exist within the
neurogenic niche of the hippocampus following high-dose total body irradiation, and that
impairments in neurogenesis under these conditions can be partially alleviated through
environmental enrichment. Given that hippocampal neurogenesis is how known to occur in
humans throughout life (58), these findings may be of particular significance to patients who
undergo total body irradiation and/or high-dose chemotherapy for the treatment of various
malignancies, and in which cognitive deficits have been reported (9, 10), alongside

profoundly inhibited hippocampal neurogenesis (59).
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FIGURE LEGENDS

Figure 1: Experimental design and housing conditions. (A) Following an 8-week recovery
period after irradiation, mice were placed in one of three experimental housing conditions for
an additional 8-week period, during which BrdU injections were administered to label
proliferating cells. Sedentary animals were housed in standard laboratory cages with nesting
materials (n=8). Runners were housed in similar standard laboratory cages containing a
running wheel with odometer attached (n=6). Enriched animals were housed in several cages
interconnected by plastic tubing (n=8). The overall design increased in complexity and
changed in orientation each week over the 8 weeks of the experiment. In week 1 the set-up
consisted of cages, a running wheel and a separate food supply over two levels (B). In week 6

there were additional cages, a maze and increased tubing over five levels (C).

Figure 2. Cell proliferation in the hippocampus of non-irradiated and irradiated mice.
Representative photomicrographs of BrdUP® cells in the dentate gyrus of naive controls (i.e.
age-matched non-irradiated Balb/C mice; A), and irradiated bone marrow chimeric mice (B-
D) that were housed in standard laboratory cages (B), in environmental enrichment (C), or in
standard cages with running wheel (D). Insets (upper right in photomicrograph) show a higher
power image of BrdUP® cells within the granule cell layer (boxed area). (E,F) Scatter plot
showing total estimated BrdUP* (E) and DCXP® (F) cell numbers in the granule cell layer of
individual mice for each of the experimental groups. Note that DCXP* cell counts for the
environmentally enriched condition were derived from just two mice, and this should be taken
into account when interpreting these findings. One-way ANOVA, Tukey’s post-hoc, *p<0.05;

***p<0.001; ****P<0.0001.
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Figure 3. Quantitative analysis of 1balP® cells in the granule cell layer and the dentate
gyrus of the hippocampus. (A) Representative image of the distribution of Ibal-stained cells
in the dentate gyrus of mice that were housed under environmentally enriched conditions. (B)
Enlargement of the boxed area in A, showing 1bal1P® microglia with typical ramified
morphology, both within and close to the granule cell layer. (C, D) Scatter plots showing the
total estimated IbalP® cell numbers in the granule cell layer and the enitre dentate gyrus for
individual mice under the various housing conditions. One-way ANOV A, Tukey’s post-hoc

*p<0.05.

Figure 4. Influx of microglia precursor cells into the hippocampus of chimeric mice
under different housing conditions. (A) Confocal photomicrographs of donor, bone
marrow-derived cells (GFPP® cells) in the hippocampus of chimeric mice at 16 weeks post-
transplantation. Confocal z-stack images showing that ramified GFPP® cells (green) co-stain
with microglia marker Ibal (red) (arrows). (B) Double immunofluorescent staining showing
ramified (arrow) and elongated (open arrows) GFPP® cells (green) in relation to pan-laminin
expression (red). Note that pan-laminin immunoreactivity in vascular structures is co-
extensive with the elongated but not ramified GFPP® cells. Hoechst- 3 labelled nuclei are
shown in blue. (C) Donor bone marrow-derived cells were immunohistochemically stained
for GFP (brown). Few GFPP® cells were encountered in the dorsal (green box) aspect of the
dentate gyrus; ventral dentate gyrus indicated by a purple box (D). A greater number of
GFPP® cells was observed in the ventral dentate gyrus (E). (F) Schematic diagram illustrating
the anatomy of the hippocampus at -1.94 mm (top left) and -2.92 mm (right) from Bregma.
The arrow and arrowhead signify the dorsal and ventral part of the dentate gyrus, respectively.
(G) Estimated GFPP® cell numbers for the entire hippocampal formation (Hipp), dentate

gyrus (DG) and anatomical sub-regions. Note the differences in spatial distribution of donor
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BM-derived microglia between the dorsal and ventral subregions of the hippocampus
(p<0.0001, repeated measures two-way ANOVA). Housing conditions did not influence the
number of GFPP® (i.e., infiltrated) cells (n=5 per experimental group; repeated measures two-
way ANOVA, p>0.05). Abbreviations: GrDG, granule cell layer of the dentate gyrus; PoDG,
polymorph layer of the dentate gyrus; MoDG, molecular layer of the dentate gyrus; Or, oriens
layer of the hippocampus; Py, pyramidal cell layer of the dentate gyrus; Rad, radiatum layer

of the hippocampus; LMol, lacunosum moleculare layer of the hippocampus.
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Table 1. BM-derived Cxscrl1*9® cell numbers in sub-regions of the hippocampus (Mean

+ SEM)

Hi Dorsal 20+15 30£12 31+10
PP “Ventral  454+115 395458 565129
DG Dorsal 7+4 1618 1618
Ventral 206146 217+43 235438
Dorsal 613 815 1318
Eie® Ventral 93+23 94+28 130+28
Dorsal 1+1 2+1 0+0
PODG  \enral  104+24 120429 97+16
Dorsal 0+0 615 3+2
MoDG  \ iral 9+9 3+2 9+6
p Dorsal 242 2+1 5+4
y Ventral  189+47 126423 249+89
Rad Dorsal 00 915 8+7
Ventral 19+12 7+6 26+10
or Dorsal 10+£10 242 1+1
Ventral 41+16 44412 5614
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