Chapter 3

Repair Process after 5-Azacytidine (5AzC)-
induced Injury in the Developing Fetal Brain
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Introduction

Cytotoxic stresses can induce excessive cell death and suppress cell proliferation in
the developing brain (Katayama et al., 2002, 2005a; Ueno et al., 2002a, b, c, 2005;
Semont et al., 2004). This damage causes structural abnormalities such as reduction in
brain size, disorganization of cortical lamina, and dilatation of the ventricles (Zhang et
al., 1995; Sun et al., 1999; Katayama et al., 2000; Kitamura et al., 2001; Furukawa et al.,
2004).

Although the mechanisms of fetal brain injury and features of brain abnormalities
after birth have been studied, the processes between those stages remain unclear. It is
supposed that repair processes are initiated by prenatal damage, because most of the
structures of the brain remain after birth even if the fetal brain suffers damage, while
some abnormalities are included. Although a few researchers have studied the repair
period after damage in the developing brain (Oyanagi et al., 1998; Kikuchi-Horie et al.,
2004), it remains unclear how the developing brain responds to the damage, or how the
repair process is regulated.

The results in the previous chapters showed that SAzC induced damage with excess
cell death and inhibition of proliferation in the fetal brain. To study the relationship
between fetal brain damage and repair, fetal rat brains were exposed to 5AzC, and the
resulting recovery and changes in histology and cell proliferation were examined. The
role of microglia and cytokines was also investigated in the repair process, since
microglial precursors appear in the neuroepithelium at around embryonic day (E) 11

(Ashwell, 1991; Sorokin et al., 1992; Alliot et al., 1999; Kaur et al., 2001), and are
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activated in the injured fetal brain (Hao et al., 2001a). Finally, DNA microarray
analysis was performed to identify the genes that are activated during the repair process

in the developing brain.

Materials and methods
All procedures were approved by the Animal Care and Use Committee of the

Graduate School of Agricultural and Life Sciences, The University of Tokyo.

Animals
Pregnant Jcl:Wistar rats were obtained from Japan CLEA . Animals were kept in

the same condition as shown in chapter 1.

Chemical

5AzC was obtained from Sigma.

Treatment

On day 13 of gestation, pregnant rats were injected i.p. with 10 mg/kg of 5AzC, and
then euthanized at 24, 36, 48, or 60 h after treatment. Control pregnant rats were
injected with an equivalent volume of saline, and euthanized at the same time points

after treatment.

Histopathology and immunohistochemistry
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Collected fetuses were fixed in 10% neutral-buffered formalin and embedded in
paraffin. Paraffin sections (thickness, 4 pm) were stained with HE for
histopathological examination, or immunostained for ED-1 and Iba-1, markers of
microglia, and osteopontin by the LSAB method with streptavidin (Dako). For
preparation of frozen sections, fetuses were fixed in 2% periodate-lysine-
paraformaldehyde (PLP) for 6 h and then incubated in 15% sucrose/PBS overnight.
They were then embedded in O.C.T. compound (Sakura, Tokyo, Japan) and kept at
—80 °C until used. Frozen sections (6 pm thick) were used for immunohistochemical
staining for ED-1 and CD11b, markers of microglia, by the LSAB method. Mouse
anti-ED-1 monoclonal antibody (BMA Biomedicals, Augst, Switzerland), rabbit anti-
Iba-1 polyclonal antibody (Wako, Osaka, Japan), mouse anti-CD11b monoclonal
antibody (Serotec, Oxford, UK), and rabbit anti-osteopontin (IBL, Fujioka, Japan) were
used as the primary antibodies, and biotin-labeled goat anti-rabbit/mouse IgG
(Kirkegaard & Perry) as the secondary antibody. Signals were visualized by using a
peroxidase-DAB reaction, and the sections were counterstained with methyl green.
For double staining, FITC-labeled anti-rabbit IgG (Santa Cruz) and biotin-labeled goat
anti-mouse IgG (Kirkegaard & Perry) with rhodamine-labeled avidin (Vector,

Burlingame, CA) were used as the secondary antibodies.

TUNEL method
Cells with DNA fragmentation (apoptotic cells) were detected by the TUNEL

method using an apoptosis detection kit (Apop Tag; Chemicon, Temecula, CA), as
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described in chapter 1.

Lectin staining and electron microscopy

Fetuses were fixed in 4% PFA for light microscopic examination, or 1% PFA/1%
glutaraldehyde for electron microscopy, for 6 h, and then incubated in 15% sucrose/PBS
overnight. They were then embedded in O.C.T. compound (Sakura) and kept at
—80 °C until used. Peroxidase-conjugated BS-I (lectin from Bandeiraea simplicifolia;
10 ug/ml: Sigma), was used for detecting microglial cells. Cryosections (thickness, 8
um) were washed in TBS and placed in 0.3% H,O,/methanol for 30 min to inactivate
endogeneous peroxidases. Sections were then incubated in 8% skim milk/TBS for 40
min to reduce non-specific staining, and incubated in BS-I overnight at 4 °C. The
sections were visualized by a peroxidase-DAB reaction and then counterstained with
methyl green. For electron microscopic examination, lectin-stained sections were
postfixed in 1% osmium tetroxide in 0.2 M PB for 2.5 h.  After dehydration through an
ascending ethanol series and propylene oxide, tissues were embedded in Epok 812 resin
(Oken). Semi-thin sections were stained with toluidine blue for light microscopic
examination. Ultrathin sections were double-stained with uranyl acetate and lead

citrate, and observed under a JEOL-1200EX electron microscope (JEOL).

Cell cycle analysis
The telencephalons from two fetuses from each dam (24 to 60 h after treatment)

were obtained carefully under stereoscopic microscopy, and divided into two parts, one
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containing the dorsal to lateral telencephalic wall and one containing the basal ganglia.
They were then prepared for flow cytometric analysis using propidium iodide (PI; 50

ug/ml, Sigma) as described in chapter 1.

RNA extraction, microarray, and data analysis

Microarray expression analysis was performed with the Affymetrix GeneChip
system as described in chapter 2.  Six to eight fetal telencephalons from each dam (24,
36, or 48 h after treatment, and controls; n = 2 dams per time point) were used for

analysis.

Real-time PCR and PCR

Real-time PCR was performed as described in chapter 2.  Oligonucleotide primers
sets corresponding to the cDNA sequences of Mif (NM_031051.1), Lgals3
(NM_031832.1), Osteopontin ~ (AB001382.1), P4hal  (BI274401), Pkm2
(NM_053297.1), Fgfl5 (NM_130753.1), and Gapdh were used. ~ Sense and antisense
primers were as follows: Mif-1, 5-CAAGCCGGCACAGTACATCG-3' and 5'-GGT-
CGCTCGTGCCACTAAAAG-3', respectively; Lgals3, 5'-GACCACTTCAAGGTT-
GCGGTC-3' and 5-GGAAGCGCTGGTGAGGGTTAT-3'; Osteopontin, 5'-CTGTCT-
CCCGGTGAAAGTGG-3' and 5-GAGATGGGTCAGGCTTCAGC-3'; P4hal, 5'-
CAGGCTGAGCCGAGCTACA-3' and 5-CATAGCCAGACAGCCAAGCAC-3';
Pkm2, 5-GGAGGCCAGCGATGGAATC-3' and 5'- CTGGGTGGCGCAGATGACT-

3'; Fgfl5, 5'-GGGCTGATTCGCTACTCGG-3' and 5-GGTGGTGCTTCATGGACC-
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TGT-3'; and Gapdh, 5- CCTGCACCACCAACTGCTTAG-3' and 5'- CATGGACTG-
TGGTCATGAGCC-3'. Relative intensity against Gapdh was calculated, and the fold
change relative to control is shown as the mean + SD from 3 dams.

PCR was performed as described in chapter 2, using oligonucleotide primer sets
corresponding to the cDNA sequences of 7NF-a (NM_012675.1), IL-1p
(NM_031512.1), M-CSF (AF514356), and Gapdh. Sense and antisense primers were
as follows: TNF-a, 5'-GCTCTTCTGTCTACTGAACTTCG-3' and 5'-CAGCCTTGT-
CCCTTGAAGAGAA-3', respectively (36 cycles); IL-1B8, 5'-GATTGCTTCCAAGCC-
CTTGACT-3' and 5-AGGTGGAGAGCTTTCAGCTCA-3' (36 cycles); M-CSF, 5'-
CTCTCCCCATTTTGCCAC-3' and 5-TCCTCCGCTTCCAACTGTA-3' (34 cycles);
and Gapdh, 5-GAGTATGTCGTGGAGTCTACTG-3' and 5- GCTTCA-

CCACCTTCTTGATGTC-3' (21 cycles).

Results
Histopathological changes

All analyses were performed on the telencephalon, because S5AzC-induced
histopathological changes there reflected those in other areas of the central nervous
system, including the diencephalon, mesencephalon, and metencephalon (Fig. 1-2B).
5AzC induced apoptosis in the proliferating neural progenitor cells in the VZ, from 6 to
12 h after treatment (Fig. 1-2A, B). Apoptosis was then induced in differentiating
neural cells in the DF, outside of the VZ, at 24 h after treatment (Fig. 1-2A-e, 3-1A-b).

The number of apoptotic cells peak between 12 and 24 h after treatment (Fig. 1-2B, 2-

77



3B).

The repair process after 5AzC-induced cell death was examined in two areas of the
telencephalon, the telencephalic wall and the basal ganglia (see Fig. I-2A), at various
time points between 24 and 60 h. The number of apoptotic cells, defined as cells
positive for TUNEL staining, gradually decreased after reaching a peak at 24 h (Figs. 3-
1A-b, j, C). Most apoptotic cells were observed in the DF, where postmitotic neural
cells are located (arrowheads in Figs. 3-1A-b, d, f, B-b), although there were also some
apoptotic cells in the VZ. From 24 to 48 h, many aggregating bodies of apoptotic cells
were observed in the VZ and DF (arrowheads in Fig. 3-1B-b, ¢). At 48 h, the apoptotic
cells in the telencephalic wall had almost completely disappeared (Fig. 3-1A-f, C), but
were still present in the basal ganglia. By 60 h, apoptotic cells disappeared in the
telencephalon, but the thickness of the telencephalic wall was remarkably decreased
(Fig. 3-1A-g, h). These results indicate that the recovery from 5AzC-induced damage

is completed by around 60 h, and that the process of brain development continues.

Cell cycle analysis

Cell cycle analysis was then performed using flow cytometry to evaluate the
proliferation activity after the insult. In the telencephalic wall, many apoptotic cells in
the sub-G1 phase were observed at 24 h (control, 0.9 + 0.1%; 5AzC: 12.6 + 0.6%), and
thereafter the number of apoptotic cells decreased remarkably (Fig. 3-2a, c). The
number of S-phase cells increased between 24 and 48 h (Fig. 3-2a, c; control, 24 h: 18.6

+ 0.4%, 36 h: 19.0 + 1.4%, 48 h: 16.5 + 0.8%; 5AzC, 24 h: 29.5 + 5.2%, 36 h: 24.6 +
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43%, 48 h: 22.1 + 0.7%). At 60 h, the distribution of cells in each cell cycle stage
recovered close to control levels (Fig. 3-2a, c; control, sub-G1: 0.9 + 0.1%, GO/G1: 74.3
+4.7%, S: 16.9 + 3.6%, G2/M: 7.9 £ 1.1%; 5AzC, sub-G1: 1.1 + 0.4%, GO/G1: 72.1 =
0.8%, S: 17.0 = 1.4%, G2/M: 9.7 + 0.2%).

In the basal ganglia, the number of apoptotic cells reached a peak at 36 h (Fig. 3-2b,
d; control, 0.6 + 0.3%; 5AzC: 7.6 + 0.6%), and then decreased. This peak occurred
later than that in the telencephalic wall (12-24 h), and paralleled changes in
histopathology (Fig. 3-1C). The proportion of S and G2/M phase cells increased at 48
h (Fig. 3-2b, d; control, S: 8.8 + 0.3%, G2/M: 5.1 + 0.9%; 5AzC, 48 h: 13.7 + 3.0%,
G2/M: 83 + 0.3%), and remained slightly elevated at 60 h, although the overall cell
cycle distribution was similar to that in controls (Fig. 3-2b, d; control, sub-G1: 04 +
0.1%, GO/G1: 852 «+ 1.1%, S: 9.0 £ 0.9%, G2/M: 54 + 0.3%; 5AzC, sub-G1: 1.1 =
0.3%, GO/G1: 81.6 + 0.2%, S: 11.1 + 0.1%, G2/M: 6.3 + 0.1%). These results indicate
that the restoration of normal cell cycle control following SAzC treatment is completed

by 60 h, which is consistent with the histopathology results.

Detection of microglia

After E11, amoeboid microglia infiltrate the developing brain from the surrounding
tissues, and some of them ingest the apoptotic cells that normally occurred during
normal brain development (Ashwell, 1991). These cells are activated by chemical-
induced damage (Hao et al., 2001a). To investigate the distribution of microglia in the

5AzC-injured fetal brain, cells were labeled for the microglial markers ED-1, CD11b,
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Iba-1, and lectin (BS-I) (Fig. 3-3A; Hao et al., 2001a; Imai and Kohsaka, 2002).

In the control telencephalon, cells positive for Iba-1 or BS-I were observed in the
VZ, DF, ventricle, and surrounding mesenchymal tissues (Fig. 3-3A-a). Cells in the
ventricle were round, whereas cells in other areas were dendritic or spindle in shape
(Fig. 3-3A-a, C-a, D-a). ED-1-positive cells were observed mainly in the
mesenchymal tissues around the brain, with only a few positive cells in the
telencephalon.

5AzC treatment increased the number of microglia in the telencephalon (Fig. 3-3A-
b—f). The number of ED-1-positive cells in the telencephalic wall increased from 24 h
after 5AzC-treatment, and that in the basal ganglia increased after 36 h (Fig. 3-3B-a, b).
In contrast, the number of Iba-1-positive cells did not increase remarkably in the basal
ganglia, but did increase in the telencephalic wall (Fig. 3-3A-a, b; B-c, d), suggesting
that 5AzC treatment activates microglia in the basal ganglia, but does not dramatically
increase cell proliferation. Indeed, double-staining with ED-1 and Iba-1 showed Iba-1
single-positive cells with ramified morphology in the control basal ganglia (Fig. 3-3C-a),
but double-positive cells with amoeboid morphology in the SAzC group (Fig. 3-3C-b),
indicating that injury activates Iba-1-positive microglia, followed by expression of ED-1
and subsequent morphological changes.

The aggregated bodies composed of apoptotic cells were also positive for these
markers (Fig. 3-1B-b, ¢ [arrowheads]; 3-3A-e, f, C-b), suggesting that these aggregates
are microglia that have ingested apoptotic cells. To confirm this hypothesis, electron

microscopy was performed with BS-I staining. Between 24 and 48 h, phagocytotic

80



cells positive for lectin in the cytoplasmic membrane were observed (Fig. 3-3D-b).
Some cells had ingested many apoptotic bodies, indicating that these aggregating bodies
were lectin-positive microglia. Their shapes were rounded like amoeboid microglia,
whereas dendritic or spindle-type microglia were observed in control brains (Fig. 3-3C-
a, D-a).

In the telencephalic wall, most microglia were observed in the DF along the pia
mater (Fig. 3-3A-b, ¢, d), indicating that microglia infiltrated from surrounding
mesenchymal tissues. In the basal ganglia, most microglia assembled at the boundary
of the VZ and DF, where apoptosis primarily occurred (Fig. 3-3A-b, e, f), whereas they
were diffusely distributed in the controls (Fig. 3-3A-a). These results indicate that
microglia normally residing in the basal ganglia migrated into the injured area and were

transformed into phagocytotic cells.

Expression of cytokines

I determined the expression levels of three cytokines, TNF-a, IL-1f, and M-CSF,
that play roles in microglial induction, proliferation, and activation (Nakajima and
Kohsaka, 2001; Hao et al., 2001a, b, 2002; Hanisch, 2002). The mRNA levels of all
cytokines were up-regulated: TNF-a increased between 24 and 60 h, IL-18 between 24
and 36 h, and M-CSF between 24 and 48 h (Fig. 3-4), suggesting that microglia were

activated by these cytokines.

Gene expression in the repair process
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DNA microarray analysis was used to determine which genes were modulated by
the repair process after 5AzC injury. According to the criteria described in the
Materials and Methods, 535 genes were identified (236 genes increased, 299 genes
decreased), in which 317 ESTs were included (Table 3-1). Genes categorized by
GenMAPP as important in glial cells, inflammation (response to wounds), the
extracellular matrix, glycolysis, and neural development were upregulated (Table 3-1).
Real-time PCR was used to confirm the mRNA expression levels of several genes that
showed changes in the DNA microarray analysis.

The microglial marker Iba-1 was upregulated at 24 h, which is consistent with the
results that Iba-1-positive microglia increased (Fig. 3-3A, B). Other markers of cells
from macrophage lineages, Lgals3/Galectin3, Mif, and osteopontin (Walther et al.,
2000; Imai and Kohsaka, 2002; Calandra and Roger, 2003; Sano et al., 2003; Choi et al.,
2004), were also upregulated between 24 and 36 h (Table 3-1). The elevated
expression was confirmed by real-time PCR (Fig. 3-5A). Osteopontin staining was
detected in phagocytic microglial cells that co-expressed ED-1 (Fig. 3-5B). Further,
various genes related to response to wounds (inflammation) were upregulated from 24
to 36 h (Table 3-1), suggesting that, even in the developing brain, the inflammatory
response is induced by injury. Indeed, the elevated expression of three cytokines, IL-
1B, M-CSF, and TNF-q, that are related to inflammation and microglial activation, was
detected as mentioned above (Fig. 3-4). The upregulation of these cytokines in the
DNA microarray analysis could not be detected, because IL-1f and M-CSF were not

present in the microarray used in this study, and the expression of TNF-o was too low
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to evaluate.

The expression of genes involved in regulating the extracellular matrix and
glycolysis was elevated between 24 and 48 h (Table 3-1). The upregulation of P4hal,
the gene for an enzyme for collagen synthesis, and Pkm2, encoding a glycolytic enzyme,
were confirmed with real-time PCR (Fig. 3-5C-a, b), which supports the microarray data
showing that these genes were changed by 5AzC treatment. The expression of genes
related to neural development was also changed between 24 and 48 h (Table 3-1). It
was confirmed that the expression of Fgfl5, a growth factor important for brain
development, was also elevated with real-time PCR (Fig. 3-5C-c).

The expression of genes involved in proliferation, cell cycle control, and apoptosis
was also changed between 24 and 48 h (Table 3-1). These changes may be related to
the cell cycle alterations after 5AzC treatment, or may be important in the recovery of

proliferation.

Discussion

Extrinsic stresses can negatively affect brain development. Treatment with
cytotoxic chemicals leads to apoptotic cell death in fetal brain and brain malformation
in neonatal pups. However, the developmental process seems to continue after injury,
as was shown by the present histopathologic examination (Fig. 3-1) and analysis of cell
cycle kinetics (Fig. 3-2), indicating that the fetal brain maintains the capacity for repair

and recovery.



Regulation of proliferation and regeneration

The number of S-phase cells increased from 24 to 48 h after SAzC-treatment, similar
to the results indicating observed some increase of BrdU-positive S-phase cells in the
VZ at 24 h (Fig. 1-3A-g, B). It is reported that like 5AzC, ethylnitrosourea (ENU), a
DNA damaging agent also causes neuroepithelial cells to synchronize in the S phase
during recovery and then return to normal proliferation (Oyanagi et al., 1998) and this
suggests that DNA repair might be coincident with S-phase retardation. Further, these
results suggest that damage initiates regeneration more easily in the developing brain
than in adults. While the adult brain can reproduce neurons, astrocytes, and
oligodendrocytes after brain injury (Magavi et al., 2000; Doetsch, 2003), the degree of
regeneration is not large. On the other hand, regeneration occurs rapidly after damage
to the developing brain (Shimada and Langman, 1970; Houle and Das, 1983; Oyanagi et
al., 1998), which is consistent with the present results. Thus, the present experimental

model may offer important information on the mechanisms of brain regeneration.

The role of microglia

The present results showed that brain injury stimulated microglia to participate in
the repair process by clearing dead cells. These microglia could have originated
intrinsically, because microglia are present in the brain after E11 (Ashwell, 1991), or
infiltrated from the surrounding mesenchymal areas, blood vessels, or ventricles, as
suggested by their presence near the pia mater of the telencephalic wall (Fig. 3-3A).

Indeed, these tissues are the sources of the monocytes and hematopoietic cells that
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eventually form microglia (Sorokin et al., 1992; Cuadros and Navascues, 1998; Kaur et
al., 2001), although some studies indicate that microglia can also arise partly from a
neuroepithelial lineage (Cuadros and Navascues, 1998).

Changes in gene expression profiles were analyzed by using DNA microarrays and
upregulated genes important in glial cells, and inflammation, which is supposed to be
related to microglial functions, were identified. Iba-I and Lgals3/Galectin3 are both
expressed in phagocytotic cells (Walther et al., 2000; Imai and Kohsaka, 2002; Sano et
al., 2003), indicating that infiltrating microglia express these genes. Indeed, the
number of /ba-1-positive microglia increased dramatically after injury (Figs. 3-3A-b, B-
c). Moreover, I found elevated levels of markers for two other types of glial cell,
oligodendrocytes and astrocytes. The expressions of Olig-/ (Zhou et al., 2000) and
Fgfr3 (Bansal et al., 2003), markers of oligodendrocyte precursors, were elevated,
although their role in the present study remains unclear. Glast-1 is a glutamate
transporter whose gene is expressed in astrocytes in the adult brain, as well as on neural
progenitor cells (radial glia) in the developing brain (Hartfuss et al., 2001). It could
not be determined whether the increase observed in this marker was due to increased
expression by individual cells, or to an increased number of neural progenitor cells
expressing Glast-1. Microglia and astrocytes primarily mediate the repair of lesions in
the adult brain (Fawcett and Asher, 1999). However, any GFAP-positive astrocytes
could not be detected in this model (data not shown), because the astrocytes derived
from neural progenitor cells are generated later in development (Qian et al., 2000;

Takizawa et al., 2001; Sun et al., 2003; Namihira et al., 2004).
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Some genes involved in inflammation were also upregulated during the repair
process, suggesting that these neural cells have a capacity to respond to damage and to
initiate the repair process, followed by the activation of microglia. Osteopontin is
expressed on amoeboid microglia in the developing brain, and is important in regulating
migration and phagocytosis (Choi et al., 2004). Here I found that the expression of
Osteopontin mRNA was upregulated, and that protein production was detected in
phagocytotic amoeboid microglia (Fig. 3-5B). ENU-induced brain damage also leads
to upregulation of Osteopontin during the recovery phase (Katayama et al., 2005b),
suggesting that Osteopontin may play an important role in the repair of the developing
brain. In addition, I found increased expression levels of three cytokines involved in
the activation of microglial cells, TNF-a, IL-1f, and M-CSF (Fig. 3-4), as well as
increases in Mif (Table 3-1 and Fig. 3-5A-b), a cytokine with proinflammatory effects
(Calandra and Roger, 2003). The respective genes play roles in the induction,
proliferation, and activation of microglia (Nakajima and Kohsaka, 2001; Hanisch, 2002),
and their expression is upregulated by CP-induced injury to fetal brains (Hao et al.,
2001a). TNF-a is expressed in microglia and neural progenitor cells, and CSF-IR,
encoding an M-CSF receptor, in microglial cells (Hao et al., 2001a, b, 2002). These
reports indicate the importance of these cytokines for activating microglial cells. It is
known that microglia release two types of opposing signaling molecules, cytotoxins and
neurotrophic factors (Nakajima and Kohsaka, 2001), so their effects on damaged tissue
change depending on the local environment. Further investigation of microglial

function in this model is needed to clarify their role.
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Gene expression in the repair process

Upregulated genes important in the extracellular matrix, glycolysis, and neural
development were identified in the DNA microarray analysis, and many genes were
found to be regulated in response to chemical-induced damage and the subsequent
recovery.

The extracellular matrix is important in the remodeling that occurs after tissue
damage. 5AzC-treatment increased the gene expression of various types of collagen,
laminin, and proteases (Table 3-1). Glycolysis is usually induced under hypoxic
conditions. Chemical injury might induce hypoxia-like conditions, causing neural
progenitor cells to upregulate glycolytic genes. Hypoxia-inducible factors (HIFs) are
the key transcription factors that respond to hypoxic conditions and control various
target genes related to vascularization, glucose uptake/glycolysis, erythropoiesis, etc.
(Bracken et al., 2003; Michiels, 2004). Elevated expression of two HIF targets, P4hal
and Pkm2 was observed (Fig. 3-5C-a, b) (Bracken et al., 2003). Further work is
necessary to examine the expression of these transcription factors.

The expression of genes related to neural development was changed during the
repair process, suggesting that tissue remodeling occurred. The normal, controlled
expression patterns of these genes during brain development are critical for the
formation of the complicated regional patterning of the brain (Rubenstein et al., 1998,
Grove and Fukuchi-Shimogori, 2003). Expression changes in patterning-related genes

that are expressed in a restricted region of the telencephalon, including Fgfl5 (Gimeno
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et al., 2003), Lax5 (Sheng et al., 1997), Lhx2 (Monuki et al., 2001), DIx5 (Eisenstat et
al., 1999), and BF-1 (Dou et al., 1999) were observed. Other genes are targets of the
brain signaling molecules, Wnt, Fgf, and Shh, which play critical roles in the
proliferation, differentiation, and patterning of the developing brain (Altmann and
Brivanlou, 2001; Salie et al., 2005). For example, Lef1 is a transcription factor in the
Wat signaling pathway (Galceran et al., 2000), Fgfr3 is an Fgf receptor (Johnson and
Williams, 1993; Bansal et al., 2003), and the expression of Fgfl5 is induced by Shh
(Saitsu et al., 2005). It is unclear whether these changes in expression reflect changes
in cell populations expressing the genes, or whether they reflect mechanisms controlling
the proliferation, differentiation, and patterning in response to tissue damage, but it
would be interesting to examine the sequential changes of these expression patterns in

more detail.

I show here that the developing brain has the capacity to respond to the damage
induced by extrinsic chemical stresses, including changing the expression of numerous
genes and recruiting microglia to aid the repair process (Fig. 3-6). The degree of
damage induced by extrinsic stresses, and the extent of the subsequent repair process,
would dramatically influence the level of abnormalities that would come in the neonatal
brain. My present results offer important insights into the mechanisms of repair and

regeneration in the developing brain.

Summary



The developing fetal brain is susceptible to many extrinsic stresses. Some of these
stresses induce excessive cell death, leading to anomalies in the neonatal brain.
However, it is unclear how the developing brain responds and adapts to the tissue
damage. Pregnant rats on day 13 of gestation were treated with 5AzC to damage the
fetal brain, and investigated the repair process up to 60 h after treatment. Histological
analysis showed that 5AzC induced strong apoptosis of neural cells. By 60 h,
apoptotic cells disappeared and the tissue was repaired, although the telencephalic wall
remained thinner than that in controls. Flow cytometry analysis showed that the cell
cycle distribution also returned to control levels at 60 h, suggesting that the repair
process was completed around 60 h. During the repair period, amoeboid microglia
infiltrated the brain and ingested the apoptotic cells. These microglial cells were
positive for the microglial markers, ED-1, Iba-1, CD11b, and BS-I. Further, mRNAs
for the microglia-related cytokines, TNF-a, IL-1p, and M-CSF, were upregulated.
DNA microarray analysis showed the upregulation of genes relevant to glial cells,
inflammation, the extracellular matrix, glycolysis, proliferation, and neural development.
The present results showed that the developing brain has the capacity to respond to the
damage induced by extrinsic chemical stresses, including changing the expression of

numerous genes and the induction of microglia to aid the repair process.
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Fold change

Accession No. Genes 24h 36 h 48 h
Glial Cell
NM_017196.1 Iba-1/ allograft inflammatory factor 1 (Aifl) 1.85+0.58
NM_031832.1 lectin, galactose binding, soluble 3 (Lgals3) 1.85£031 3.42+£1.1

/ galectin-3 / Mac2
NM_021770.2 oligodendrocyte transcription factor 1 (Oligl) 1.83+0.47
AF265360.1 GLAST-1a/ solute carrier family 1. member 3 (Slcla3) 1.77£0.02 1.61+0.38

Inflammation / Response to wounds
NM_053843.1 Fc receptor, IgG, low affinity III (Fcgr3) 1.67+0.06
NM_012512.1 Beta-2-microglobulin (B2m) 1.55+0.16
Al169104 platelet factor 4 (PF4) / small inducible cytokine 1.71+0.08
subfamily B, member 4 (Scyb4) / Cxcl4
NM_019905.1 calpactin I heavy chain (Anxa2) 1.49+0.28
Al411582 zyxin (Zyx) 1.48+0.32
BI284441 ESTs, Weakly similar to kupffer cell receptor (Kucr) / 1.43+0.03
C-type lectin 13

Al407114 EST (complement component 3) 1.38+0.10

NM_017200.1 tissue factor pathway inhibitor (Tfpi) 1.32+0.01

NM_013087.1 CD81 antigen (Cd81) 1.32+0.01

NM_031051.1 macrophage migration inhibitory factor (Mif) 1.36+0.03 1.68+0.03

AB001382.1 osteopontin / secreted phosphoprotein 1 (Spp1) 2.30+0.43

Al411618 ESTs, Weakly similar to complement clq 1.59+0.03
subcomponent, B chain precursor

BF285771 ESTs, Highly similar to mouse Rho GDP-dissociation 1.48+0.09
inhibitor 2

BE111722 ESTs, Highly similar to high affenity immunoglobulin 1.38+0.01
epsilon receptor gamma-subunit precursor (Fceg)

NM_017113.1 granulin (Gm) 1.32+0.19

Al409182 ESTs, Weakly similar to ADP-ribosylation factor 1.24+0.01
(Arf3)

BM383427 Interleukin 6 signal transducer (I16st) 1.51+0.01

/ gp130 transducer chain (gp130)
NM_022297.1 dimethylarginine dimethylaminohydrolase 1 (Ddahl)  -1.28+0.03

NM_017165.1 glutathione peroxidase 4 (Gpx4) -1.22+0.02

NM_012889.1 vascular cell adhesion molecule 1 (Vcaml) -1.78+0.07 -1.85+0.24

BEI111083 ESTs, Highly similar to mouse complement-activating -1.51+0.14
component of RA-reactive factor precursor (Crar)

BI285183 thymus cell surface antigen (Thy1) -1.72+0.85

BI276424 ESTs, Highly similar to mouse vacuolar ATP synthase subunit D -1.30+0.11
(VAOD) / physophilin




Fold change

Accession No. Genes 24h 36h 48 h
Extracellular Matrix
BM390457  TGF-beta masking protein large subunit (Ltbp1) 2.04+0.52

NM_024400.1 a disintegrin and metalloproteinase with 1.67+0.06
thrombospondin motifs 1 (Adamtsl)

BI275624 laminin, gamma 1 (Lamc1) 1.32+0.01
BM388837  procollagen, type I, alpha 2 (Colla2) 1.26+0.04
B1285575 procollagen, type I, alpha 1 (Collal) 1.24+0.01
BI1274401 prolyl 4-hydroxylase alpha subunit (P4hal) 1.50+£0.05 1.36+0.19
Z278279.1 collagen alphal type I (Collal) 1.31+0.15
NM_012656.1 secreted acidic cystein-rich glycoprotein (Sparc) / osteonectin 1.24+0.13
AF305418.1 type II collagen (Col2al) 1.39+0.04 1.71+0.21
BE111752 ESTs, Highly similar to mouse procollagen alpha 1 (IV) precursor 1.65+0.17
AlI171185 hyaluronan mediated motility receptor (Hmmr / Rhamm) 1.51+0.02
BI275716 procollagen, type 111, alpha 1 (Col3al) 1.37+£0.07
Al179127 small proteoglycan I/ biglycan (Bgn) / -1.56+0.47
bonecartilage proteclycan 1 precursor
1.38247.1 synaptotagmin IV -1.33+0.02
120468.1 cerebroglycan / glypican-2 (Gpc2) -1.33+0.08
NM_019907.1 postsynaptic protein Cript (Cript) -1.23£0.10
Glycolysis
BM389769  Highly similar to 6-phosphofructokinase 1.85+0.64
NM_053290.1 phosphoglycerate mutase 1 (Pgam1) 1.30+0.03
NM_030834.1 monocarboxylate transporter (Mct3) / Slc16a8 2.22+0.07 1.90+0.26
NM_013190.1 phosphofructokinase, liver, B-type (Pfkl) 1.43+0.02 1.74+0.21
NM_017025.1 lactate dehydrogenase A (Ldha) 1.40+0.11 1.68+0.45
BI1283882 ESTs, Highly similar to mouse glucose-6-phosphate 1.34+0.04 1.63+0.29
isomerase
NM_053297.1 pyruvate kinase 3 (Pkm2) / pyruvate kinase, isozymes 1.21+0.01 1.35+0.03
M1/M2
AI548699 ESTs, Highly similar to mouse galactokinase 1.84+0.55
NM_012495.1 aldolase A, fructose-bisphosphate (Aldoa) 1.44+0.21
NM_053291.1 phosphoglycerate kinase 1 (Pgkl) 1.39+0.20
NM_012554.1 enolase 1, alpha (Enol) 1.38+0.02
AA848319 lactate dehydrogenease B (Ldhb) -1.440.10

Neural development

NM_130753.1 fibroblast growth factor 15 (Fgf15) 1.73+0.25
NM_031601.1 calcium channel, voltage-dependent, T type, alpha 1G 1.37+0.11
subunit (Cacnalg)
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Fold change

Accession No. Genes 24 h 36h 48 h

BF283398 EST (chemokine (C-X-C motif) ligand 12) 1.23+0.02

NM_019161.1 cadherin 22 (Cdh22) 2.06£0.10 2.37+£0.6

BI274355 Weakly similar to neuronal olfactomedin-related ER 1.61£0.04 1.48:0.16
localized protein precursor (Nomr) / Noelin /
Olfactomedin 1(Olfm1) / Pancortin

BI274903 ESTs, Moderately similar to tubulin beta chain 15 1.37+0.09 1.49+0.20

NM_053744.1 delta-like homolog (DIk1) / Pref-1 1.60£0.13 2.08+0.70 1.85+0.11

J02582 apolipoprotein E (ApoE) 1.50+0.06

BI283479 ESTs, Weakly similar to LIM homeobox protein (Lhx5) 1.42+0.17

BG671569 ESTs, Weakly similar to drome out at first protein (Oaf) 1.36+£0.01

NM_130429.1 lymphoid enhancer binding factor 1 (Lef1) 1.42+0.06

NM_053429.1 fibroblast growth factor receptor 3 (Fgf13) 1.59+0.19

NM_053936.1 endothelial differentiation, lysophosphatidic acid 1.43+0.08
G-protein-coupled receptor, 2 (Edg2)

BE113437 neural plakophilin related arm-repeat protein (Nprap) 1.34+0.08
/ catenin, delta-2 (Ctnnd2)

NM_030856.1 neuronal leucine-rich repeat protein-3 (Lrrn3) -1.62+0.21

M55292.1 neural receptor protein-tyrosine kinase (TtkB) -1.56+0.06

NM_024383.1 hairy and enhancer of split 5 (HesS) -1.53+£0.13

1L.06804.1 LIM homeodomain protein (Lhx2 / Lh-2) -1.43+0.04

NM_012943.1 distal-less homeobox (DIxS) -1.35+0.03

NM_012560.1 Forkhead-like transcription factor Bf-1 (Fkhr) -1.34+0.03

NM_053583.1 Olf-1EBF associated Zn finger protein Roaz (Roaz) -1.37+£0.09 -1.35+0.05

AW144823  ESTs, Highly similar to mouse SorLA precursor -1.57+0.14
(Sortilin-related receptor precursor)

NM_053346.1 neuritin (Nrn) -1.51+0.09 -1.40+0.15

BG668493 superiorcervical ganglia, neural specific 10 (Scgn10) -1.54+0.38
/ stathmin-like 2 (Stmn2)

NM_053654.1 platelet-activating factor acetylhydrolase, isoform 1b, -1.53+0.45
alphal subunit (Pafah1b3)

1.20468.1 cerebroglycan / glypican-2 (Gpc2) -1.33+£0.08

NM_024147.1 Rnb6 (Evl/Ena/vasodilator stimulated -1.29+0.15
phosphoprotein-like protein (Ena/VASP-like protein))

Cell Cycle / Proliferation

NM_012588.1 insulin-like growth factor-binding protein (Igfbp3) 2.30+0.43

BE106888 ESTs, Weakly similar to epidermal growth factor 1.38+0.09
precursor (Egrt)

BM391890  ESTs, Highly similar to human CAD protein (PYR1)  1.34+0.07
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Fold change

Accession No. Genes 24 h 36h 48 h

NM_133298.1 glycoprotein (transmembrane) nmb (Gpnmb) 3.03£0.15 3.16+0.74 3.41+0.10
/ osteoactivin

NM_012760.1 Lost on transformation 1 (Lot1) 1.47+0.14 1.94+0.07 1.98+0.15

M86708.1 inhibitor of DNA binding (Id1)

NM_017113.1 granulin (Gm)

NM_030859.1 midkine (Mdk)

Al714002 ESTs, Moderately similar to mouse Ki-67

AWS533924  exportin 1 (Xpol / Crml, yeast, homolog)

NM_134472.2 kinesin-related protein 2 (Krp2) / kinesin-like protein (Kif2c)
/ mitotic centromere-associated kinesin (Mcak)

NM_012514.1 breast cancer 1 (Brcal)

AA848420 ESTs, Highly similar to mouse uracil-DNA -2.011+0.2
glycosylase precursor (Ung)

A1599423 ESTs, Highly similar to growth arrest and DNA- -1.91+0.05
damage-inducible protein (Gadd45 gamma)

NM_019348.1 somatostatin receptor subtype 2 (Sstr2) -1.62+0.01

Al412150 ESTs, Weakly similar to DNA-binding protein -1.57+0.12
inhibitor (1d2)

NM_022381.1 proliferating cell nuclear antigen (Pcna) -1.32+0.02

BI288701 B-cell translocation gene 2, anti-proliferative (Btg2) -1.29+0.10

NM_012755.1 Fyn proto-oncogene (Fyn) -1.17+£0.03

AY043246.1 regulator of G-protein signaling 2 (Rgs2) -1.53+0.07

NM_031762.1 cyclin-dependent kinase inhibitor 1B (Cdkn1b, p27, Kipl)

BM389730  ESTs, Moderately similar to mouse DNA topoisomerase 1I,
beta isozyme (Tp2b)

Al233712 ESTs, Highly similar to mouse protein phosphatase 2C
delta isoform (Pp2c-delta)

BE113079 ESTs, Weakly similar to nucleolin (Nucl)

AA944459 dynein light intermediate chain 1

NM_031821.1 serum-inducible kinase (Snk)

NM_017258.1 B-cell translocation gene 1, anti-proliferative (Btgl)

Apoptosis
BE112895 ESTs, Weakly similar to mouse mammary -1.38+0.09
transforming protein

NM_017165.1 glutathione peroxidase 4 (Gpx4) -1.22+0.02
U84410.1 interleukin- 1beta-converting enzyme-related protease
(Cpp32) / caspase 3 (Casp3)

Al102437 zinc finger protein RP-8 / programmed cell death protein 2

1.65+0.29

1.32+0.19

1.28+0.04
1.58+0.19
1.52+0.26
1.35+0.10

1.28+0.09

-1.40+0.11
-1.63+0.23
-1.30+0.10

-1.24+0.05
-1.55+0.22
-1.34+0.11

-1.33+0.25
-1.26+0.02

-1.26+0.14

-1.63+0.40
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Fold change

Accession No. Genes 24h 36h 48 h
AF441118.1 BNIP3L protein (Bnip31) / Bcl2 -1.51+0.22
NM_133561.1 brain protein 44-like (Brp44l) / apoptosis-regulating basic protein -1.66+0.62

Table 3-1. Gene expression changes during the repair period of the rat fetal telencephalon

after 5AzC treatment. Fold change is presented as the mean + SD of 2 arrays.
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Fig. 3-1. Histopathological changes through the repair period in the telencephalon of 5AzC-treated rat
fetuses. A: The telencephalic wall (a, b, i, j: 24 h; ¢, d: 36 h; e, f: 48 h; g, h, k, 1: 60 h) was stained by HE
(a~h) or TUNEL (i-1). At each timepoint, the left panel is the control and the right panel is 5AzC-treated
tissue. Apoptotic cells were observed mainly in the DF (arrowheads in b, d, and f). The thickness of the
telencephalic wall was remarkably decreased at 60 h (g, h). Scale bar: 50 gm. B: The basal ganglia (36
h) were stained by HE (a, b) or TUNEL (c). a: control; b, c: 5AzC-treated group. Aggregating bodies of
apoptotic cells were observed (arrowheads in b and ¢). Scale bar: 50 gm. C: Apoptosis index. TUNEL-
positive apoptotic cells were counted in the VZ (open) and DF (closed) of control (circle) and SAzC-
treated (square) telencephalic wall (a) and basal ganglia (b). The apoptosis index (%; the number of
TUNEL-positive cells/500 cells) represents the mean + SD of 3 dams. *: p < 0.05; significantly different

from control (Student’s r-test).
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Fig. 3-2. Cell cycle analysis of telencephalic cells in the rat fetus (a, ¢: telencephalic wall; b, d:

basal ganglia; top panel: control; bottom panel: 5AzC-treated). Percentages for each cell cycle

phase are presented as the mean of 3 dams (hatched bar: G2/M; gray bar: S; white bar: GO/G1;

black bar: sub-G1). 5AzC-treatment increased the number of S-phase cells and apoptotic cells

in the sub-G1 area, and cell cycle distribution returned close to control levels at 60 h. *: p <0.0

5; significantly different from control (Student’s r-test).
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Fig. 3-3. Infiltration and activation of microglia in the SAzC-treated telencephalon. A: Detection of microglia with several
mmunohistochemical markers (a: control; b—{: SAzC-treated) at 36 h after treatment. a, b: Iba-1; ¢: ED-1; d, f: BS-I; e: CDI11b. a, b
| elencephalon (telencephalic wall and basal ganglion), ¢, d: telencephalic wall; e, f: basal ganglia. Scale bar: 150 ym (a, b), 50 pm (c—

fl B: Microglial cell index. ED-1- (a, b) and Iba-1- (¢, d) positive microglia were counted in control (white square) and SAzC-treated

{black square) telencephalic wall (a, ¢) and basal ganglia (b, d). *: p < 0.05: significantly different from the control group (Student’s -

lest). The number of marker-positive cells increased except for Iba-1-positive cells in basal ganglia (d). C: Double staining of Iba-1
{green) and ED-1 (red) in control (a) and 5AzC-treated (b) basal ganglia at 36 h. Iba-1-positive ramified microglia were observed in
gontrol tissue (a). In 5AzC-damaged tissue, activated amoeboid microglial cells expressed both Iba-1 and ED-1 (b). The asterisks

show blood cells that were nonspecifically labeled. Scale bar: 50 ym. D: Electron micrograph with lectin (BS-1) staining. Dendritic or

spindle cell in control (a), and a rounded cell that has phagocytized apoptotic cells in the 5AzC-treated telencephalon (b). Lectin

slaining in the membrane is shown as a black signal. Scale bar: 2 ym.
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Fig. 3-4. Expression of cytokines important in the induction, proliferation, and activation of
microglial cells. C: control group, SAz: SAzC-treated group. Levels of TNF-a, IL-1f, and M-CSF
mRNA were detected by RT-PCR. Their expression was elevated between 24 and 60 h. Gapdh

was included as an internal control.
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Fig. 3-5.. The expression of genes during the repair period. A: The expression of genes related to
microglia and inflammatory responses (responses to wounding). mRNA levels of Lgals3 (a), Mif (b),
and Osteopontin (¢), which were upregulated in the DNA microarray analysis (Table 3-1), were detected
by real-time PCR. White bar: control; gray bar: 5AzC-treated group. Fold change relative to control is
represented as the mean + SD of 3 dams. Increases in expression were consistent with the results of the
DNA microarray analysis (Table 3-1). *p<0.05; significantly different from control (Studnt's t-test). B:
Osteopontin-labeled microglia in the 5AzC-treated telencephalon. a: telencephalic wall; b, ¢: basal
ganglia; 36 h after 5AzC treatment. Microglial cells were double-labeled for osteopontin (green) and
ED-1 (red) (c). The asterisks show blood cells that were nonspecifically labeled. Scale bar: 50 ym. C:
Expression of genes important in the extracellular matrix, glycolysis, and neural development. The
expression of P4hal (a; extracellular matrix), Pkm2 (b; glycolysis), and Fgf/5 (c; neural development)
was examined by real-time PCR. The representations are similar to those in A.
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Fig. 3-6. Developing brain responds to the tissue damage induced by 5AzC, including changing the
expression of numerous genes and the induction of microglia to aid the repair process. Blue cells:
developing neural cells, green cells: microglia. Categories of elevated genes are represented as an
italic type. After tissue damage, residing dendritic or ramified microglia are activated and become
rounded and phagocytotic, which ingest apoptotic cells. Microglia also infiltrate from surrounding
tissues, mesenchymal tissues through pia mater and ventricle. Inflammatory genes may contribute to
these processes. The expression of genes related to extracellular matrix, glycolysis, and neural
development also increase. They may engage in adaptation and remodeling to the damaged tissue.
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Conclusions
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Mechanisms of 5AzC-induced toxicity and repair process in the developing fetal
brain were examined from the multiple viewpoints in the present study. I exposed
pregnant rat on day 13 or mouse on day 12 of gestation to SAzC and used the exposed
fetal brain for the analyses. The obtained results were as follows.

In chapter 1, 5AzC-induced toxicity to the developing neural cells was examined,
focusing on the effects on apoptosis and cell cycle kinetics. 5AzC first induced the
accumulation of cells showing abnormal mitosis, G2 phase arrest, and then apoptosis of
the neural progenitor cells, from 6 h to 24 h after SAzC-treatment. Most of the
apoptotic cells were in G1 phase. Further the nuclear migration of neural progenitor
cells that is closely related to cell cycle progression delayed as compared to the control
migration, and paralleled with cell cycle arrest. The present results indicate that S5AzC
induced apoptosis and cell cycle arrest to the neural cells in the developing brain, which
would lead to malformations in the neonatal brain.

For clarifying the molecular mechanisms of 5AzC-induced toxicity in the fetal
brains, in chapter 2, DNA microarray analysis was undertaken to find genes that
regulate cell death and cell cycle arrest. I then focused on the role of tumor suppressor
protein p53, which plays a critical role in response to DNA damage. p53 protein and
its target genes mRNAs and proteins increased and were expressed in the VZ,
synchronized with the appearance of apoptotic cells. In p53-deficient fetal brains,
apoptosis did not occur, although G2/M arrest was induced, suggesting that apoptosis is
p53-dependent, but that another mechanism governs the G2/M checkpoint. The G2/M

regulator, Cdc2, was activated by dephosphorylation through G2/M accumulation,
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suggesting that accelerated entry into mitosis lead to accumulation of cells showing
abnormal mitosis. The results revealed that the neural progenitor cells use several
molecular mechanisms to regulate cell cycle progression and cell death toward the
extrinsic stresses.

In chapter 3, to clarify how the developing brain responds and adapts to the
damaged tissue, the repair process after the 5AzC-induced injury was examined.
Histological examination and cell cycle analysis showed that repair process was
completed around 60 h after treatment. During the repair period, a number of
amoeboid microglia infiltrated the brain and ingested the apoptotic cells. DNA
microarray analysis showed the upregulation of genes relevant to glial cells,
inflammation, the extracellular matrix, glycolysis, proliferation, and neural development.
Thus, it was shown here that the developing brain has the capacity to respond to the
damage induced by extrinsic chemical stresses, including changing the expression of
numerous genes and the induction of microglia to aid the repair process.

In conclusion, 5AzC induces toxicity and injury into the developing fetal brain via
cell death which is mediated by p53, and disruption of normal proliferation by cell cycle
arrest which occurs by p53-independent manner. Further the developing brain repairs
the SAzC-induced injuries with expressing various genes and the aid of microglial cells.
It is supposed that the degree of damage induced by extrinsic stresses, and the extent of
the subsequent repair process, would dramatically influence the level of abnormalities
that would come in the neonatal brain.

Fetal neural damage is an important issue affecting the completion of normal
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development of the CNS. A large number of processes, i.e. proliferation, migration,
differentiation, and axon projection, are possibly affected by the extrinsic stresses
during the development. Recently, brain science progresses to a great extent, and
many concepts about the brain development have been revealed. To clarify the
mechanism of fetal CNS toxicity induced by environmental factors, therefore, it is
needed to compare the defects in brain development carefully and correctly with the
mechanism of normal brain development. Further works on the fetal brain damages
induced by various extrinsic stresses will reveal the factors which are important for
brain development and its disorders. I hope that the present study offers important
insights into the mechanisms of CNS development disorders and contributes to resolve

the problems that affect the normal brain development.
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