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Fig. 6. Changes in the expression of G2/M phase regulators in SA2C-treated rat fetal telencephalon. (A) The cascade of cell cycle regulation showed by
GenMAPP. Red labeled genes are the upregulated genes by 5AzC treatment. They are p53-related genes (p2/"¥"“P! and Mdm2) and G2/M regulating genes
{cyclin B1 and Cdc20). On the other hand, there are no downregulated genes. (B) mRMNA expression of G2/M regulating genes, cyclin Bl and Cde20, were
examined by real-time PCR. The expression of both genes was upregulated at 12 h. *P < 0.05; significantly different from the contrel group (Student’s ¢ test).
(C) Western blot analysis of G2/M phase regulators of control (C) and 5AzC-treated (5Az) rat fetal telencephalon. The expression of eyclin Bl increased slightly
from 3 to 9 h and that of phosphorylated Cde2 (Tyrl6) decreased from 6 to 12 h, suggesting the abnormal activation of G2 to M transition. The expression and

mobility of Chi2 did not change through the experimental period.

are activated in response to DNA damage (Chaturvedi et al.,
1999; Liu et al., 2000; Matsuoka et al., 2000) and lead to G2
arrest through inactivation of Cde2. The Cde2—cyclin B complex
becomes inactive afier phosphorylation of tyrosine 15 and
threonine 14 of Cdc2. Cde25 dephosphorylates and activates
Cdc2, but Chk1 and Chk2 phosphorylate and sequester Cde25 in
the cytoplasm, where it is ineffective. As a result, Cdc2 becomes
phosphorylated and inactive. In some G2 arrest models, the
arrest is repotrted to be brought about by Chkl or Chk2,
independent of p53 (Taylor and Stark, 2001; Hiakis et al., 2003).

However, in the present study, phospho-Cde? decreased,
although G2 progression was blocked (Fig. 6C). This abnormal
activation of CdeZ might accelerate the G2 to M transition,
probably resulting in accumulation of mitotic cells. Further-
more, the expression of eyclin B1 was slightly increased at 3 to
9 h (Fig. 6C). Cyclin Bl is degraded by anaphase-promoting
complex (APC) at metaphase, and this process is indispensable
for mitotic progression, so the accumulation of eyclin Bl that
we observed might occur as a result of inactivation of APC,
which leads to mitotic arrest (Nitia et al, 2004). The mitotic
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cells we have observed have abnormal morphologies, such as
dispersed chromatin and intact nuclear membranes (Ueno et al.,
2002b). Recently, mitotic catastrophe, a type of cell death
occurring during or after mitosis with some mitotic failure, has
been proposed (Castedo et al., 2004). Although the definition of
this cell death yet differs among researchers, 5AzC-induced
abnormal mitosis and subsequent apoptosis might fall into this
category. Indeed, aberrant entry into mitosis after DNA damage,
gene deficiencies, or excess activation of Cdc2-cyclin B1 each
suffices to cause mitotic catastrophe (Castedo et al., 2004), which
is consistent with our model that includes DNA damage and Cdc2
activation. We should further investigate whether these mitotic
cells with abnormal morphology produce two daughter cells with
diploid DNA or generate tetraploid Gl cells by mitotic failure;
although the results from the BrdU incorporation assay suggest
that some of the cells can produce diploid cells (Fig. 3).
Regardless, at 9 to 12 h, the amount of activated Cdc2 increased
compared with that at 6 h (Fig. 6C), and the number of mitotic cells
gradually decreased (Fig. 1B). This pattern suggests that abnormal
mitotic entry is suppressed and G2-phase block is induced,
although the expression level and phosphorylation state of Chk2,
the regulator of the G2 checkpoint after DNA damage, did not
change (Fig. 6C). Serum-inducible kinase (Snk/P1k2), which is
induced by p53, likely is an inhibitor of mitotic catastrophe (Burns
et al., 2003). In our microarray study, we could detect upregulated
expression of Snk/Plk2 at 9 h, when abnormal mitosis began to
decrease (Table 1). The mechanism of the G2-phase block is still
obscure, but from the study in pS53-deficient mice, a pS53-
independent mechanism may be involved.

Our previous and present results reveal several clues
regarding cell cycle and cell death regulation of neural
progenitor cells in response to 5AzC-induced stresses, which
normally proliferate with a characteristic migration—interkinetic
nuclear migration (or “elevator movement”)-in the VZ
(Takahashi et al., 1995; Fujita, 2003; Fig. 7). Firstly M and
secondly G2 progression was blocked from 6 to 9 h after 5AzC
treatment and was released thereafter. Delay in inward-
migration and accumulation of mitotic cells along the ventricle
also were observed (Ueno et al., 2002a,b), which would reflect
the delay in cell cycle progression at G2 and M phase. Then, the
number of cells in G1 phase and that of apoptotic cells
increased. Apoptotic cell death in a p53-dependent way
occurred mainly during Gl, but also during G2/M and S
phase in lesser amounts. Our findings suggest that 5AzC
induces apoptosis at multiple cell cycle stages, consistent with
the results of another report (Murakami et al., 1995). Together,
these results suggest that some cells pass from G2/M to Gl
phase with completion of correct DNA repair, others enter G1
but undergo apoptosis because of incomplete repair, and still
others stay in G2/M to undergo apoptotic cell death. The
upregulated expression of cyclin Bl and Cde20 mRNA at 12
h also suggests that the G2 block was released, and those cells
entered GO/G1 phase. The cells dying at G1 after mitosis might
have died due to mitotic catastrophe, as a result of incomplete
mitosis and faulty DNA repair at G2 or S phase.

Because neural progenitor cells have a high proliferating
activity, they are susceptible to many extrinsic stimuli,
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Fig. 7. 5AzC-induced alterations in proliferation of neural progenitor cells. (4)
Interkinetic nuclear migration (elevator movement) of neural progenitor cells.
Neural progenitor cells proliferate with their nuclei migrating up and down in the
VZ. The positions of nuclei are correlated with the cell cycle phases. (B) The
schema of the mechanisms of SAzC-induced cell cycle alteration and apoptosis.
5AzC would be incorporated into DNA in S phase and cause DNA damage.
Damaged neural progenitor cells enter M phase with abnormal regulation, such
as excess Cdc2 activation, and they accumulate with abnormal morphologies
along the ventricle. G2 block also occurs with delay in inward-migration (Ueno
et al.. 2002a). Then, the cells are divided into daughter celis but undergo
apoptosis in Gl phase. G2 phase cells also die by apoptosis. Cell death is
induced in a p53-dependent mechanism, but the G2/M phase regulation in a p53-
independent way.

especially DNA damage. These cells have the potential to
repair after these damages via block of cell cycle progression (or
cell cycle arrest) and to exclude highly affected cells through the
apoptotic process, although the responses of the cells differ
slightly depending on the type of DNA damages. For example,
ionizing irradiation induces G1 arrest and apoptosis in neural
progenitor cells (Semont et al., 2004), whereas ethylnitrosourea
induces S-phase accumulation and apoptosis (Katayama et al.,
2005). Regardless, if the adverse extrinsic stimulus is
sufficiently low to preclude DNA damage or allow its repair,
neural progenitor cells can re-engage and proliferate for correct
development of the brain after the injury. However, if the
stimulus and subsequent DNA damage are high, excess cell
death and cell cycle arrest occur. Thus, once the balance
between proliferation and cell death is highly disturbed, it leads
to abnormal brain development and results in malformation of
the neonatal brain.

Many environmental stresses have a potential to disturb the
processes of brain development, i.e. proliferation, migration,
and differentiation, however, their mechanisms remain unclear
(Rodier, 1995; Mendola et al., 2002; Costa et al., 2004). The
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present study revealed how neural cells in the developing brain
respond to extrinsic stimuli regarding proliferation and cell
death, which offers important information to the mechanisms of
fetal brain toxicity induced by widespread environmental
stresses. We must further investigate the system the fetal brain
uses to repair this damage and the reaction of neural progenitor
cells during the repair process.
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Abstract

Hydroxyurea (HU), a potent mammalian teratogen, affects proliferating embryonic cells and inhibits DNA synthesis. The teratogenic
potential of HU has been well known in experimental animals for several decades. In this study, we investigated molecular mechanisms of
HU-induced apoptosis in the telencephalon of the fetal brain by exposing pregnant mice to HU on day 13 of gestation. The number of
TUNEL-positive cells began to increase at 3 h, peaked at 12 h, and rapidly decreased at 24 h. Although changes of p53 mRNA expression
were not observed by RT-PCR, a p53-positive reaction was detected immunohistochemically in the nuclei of neuroepithelial cells from 1 h to
6 h, and p53-protein expression was simultaneously identified by Western blot analysis. The expression of p53-target genes was detected at
both the mRNA and protein. The mRNA levels of apotosis-related genes (fas, fasL, and bax) and cell cycle-related genes (mdm2 and p21)
were significantly elevated, and the degree to and sequence in which these target genes expressed was similar to those for fas, fasL, mdm?
and p21. Flow-cytometric and Western blot analyses of cell cycle-related proteins suggested that neuroepithelial cells are arrested at the S
checkpoint from 3 to 6 h and at the G2/M checkpoint at 12 h, respectively. HU-induced apoptosis is considered to be mediated by p53 in the

fetal brain.
© 2005 Elsevier Inc. All rights reserved.
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1. Imtroduction

Apoptosis is involved in developmental phenomena and
processes such as sculpting structures, deleting unneeded
structures and eliminating abnormal, misplaced, non-func-
tional or harmful cells. It occurs as early as the blastocyst
stage of development, during the formation of extraembry-
onic tissues, and continues throughout organogenesis [15]. It
is important to emphasize that an association between exces-
sive apoptosis and maldevelopment was observed in embryos
exposed to detrimental stimuli at both pre-and post-implan-
tation stages of development. We observed the largest cluster
of TUNEL-positive nuclei in the neuroepithelium of the
central nervous system (CNS) and mesenchymal cells in the
lung, craniofacial tissues and limb buds of fetuses obtained

* Corresponding author. Tel/fax: +81 3 5841 8185.
E-mail address: akunio@mail.ecc.u-tokyo.ac.jp (K. Doi).

0892-0362/3% - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.nt.2005.08.002

from pregnant mice administrated with hydroxyurea (HU) on
day 13 of gestation [39].

P53 can be activated by DNA damage, hypoxia, or aberrant
oncogene expression to promote progression through cell-cycle
checkpoints, DNA repair, cellular senescence, and apoptosis.
Numerous studies have indicated that p53 plays a key role in
apoptotic cell death following certain types of toxic stress
[18,22,36,37]. Active p53 functions as a transcriptional
transactivator and transrepressor, and contributes to a variety
of protein—protein interactions [26]. Cell cycle arrest mediated
by p53 is clearly correlated with the function of p53 as a
transcriptional transactivator of genes, such as those for p21
and a cyclin-dependent kinase inhibitor.

HU is a well-known experimental teratogen and ultimately
induces apoptotic cell death by a specific inhibition of DNA
synthesis without any effect on RNA or protein synthesis [41].
In this study, the sequential changes in the expression of a p53-
transcriptional transactivator and transrepressor were investi-
gated in order to elucidate the molecular regulatory mechan-
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isms of HU-induced apoptosis in the fetal brain. The protocol
of the present study was approved by the Animal Use and Care
Commiittee of the Graduate School of Agricultural and Life
Sciences, the University of Tokyo.

2. Methods
2.1. Animals

Eighty-four 8-week-old pregnant mice of the Crj:CD-
I(ICR) strain were obtained from Charles River Japan Co.,
Yokohama, Japan. They were kept in an animal room under
controlled conditions (temperature, 23 2 °C; relative humidity,
55+5%) using an isolator caging system (Niki Shoji, Co.,
Tokyo) and were fed commercial pellets (MF, Oriental Yeast
Co., Tokyo) and water ad libitum.

2.2. Chemicals

Hydroxyurea (HU) (Sigma, St. Louis, MO) was dissolved in
distilled water immediately before use, and adjusted to a
concentration of 60 mg/ml. BrdU (Sigma, St. Louis, MO) was
also dissolved in physiologic saline immediately before use, at
a concentration of 4 mg/ml.

2.3. Treatmments

Forty-eight pregnant mice were injected with 400 mg/kg
b.w. of HU intraperitoneally (i.p.) at day 13 of gestation (date
" vaginal plug found=day 0), and 8 dams each were sacrificed
by heart puncture under ether anesthesia at 1, 3, 6, 12, 24, and
48 h after the treatment (h). Another thirty-six pregnant mice
were injected i.p. with distilled water (DW), and six dams each
were sacrificed in the same way. BrdU at 20 mg/kg b.w. was
injected i.p. into 8 dams at each time point as well as 3 dams as
controls for histopathology, immunochistochemistry and RT-
PCR at 1 h before necropsy, and simultaneously with HU into 6
dams at each time point along with 3 dams as controls for
Western blotting and flow cytometry.

2.4. Histopathology

Fetuses were collected by Caesarian section and fixed in
10% neutral-buffered formalin. Paraffin sections (4 pwm) were
stained with hematoxylin and eosin (HE). Some of the paraffin
sections were subjected to immunohistochemical staining for
TUNEL, p53, cleaved caspase 3 and BrdU as mentioned
below.

2.5. In situ detection of fragmented DNA

DNA fragmentation was examined in the paraffin sections
using the modified TUNEL method first proposed by Gravieli
et al. [11], with a commercial kit (ApopTag In situ Apoptosis
Detection Kit; Oncor, Gaithersburg, MD). In brief, the
procedure was as follows: multiple fragmented 3LOH ends
were labeled with digoxigenin-dUTP in the presence of

terminal deoxynucleotidyl transferase (TdT). Peroxidase-con-
jugated anti-digoxigenin antibody was then reacted with the
sections. Apoptotic nuclei were visualized using peroxidase-
diaminobenzidine (DAB) reaction. The sections were then
counterstained with methylgreen. TUNEL-positive cells in the
telencephalon were counted under a light microscope (x400).
A 10 %10 squared grid eyepiece was used to designate the
sample field (0.0625 mmz)‘ The total number of positive cells
was recorded from 3 randomly chosen microscope fields on
each telencephalon. The average number of positive cells per
field was divided by a conversion factor of 0.0625 mm?, and
the number of TUNEL positive cells was calculated. The
number of TUNEL-positive cells/mm? was expressed as the
meantstandard deviation (SD) for 5 dams (5 fetuses/dam) at
each point of examination.

2.6. Immunohistochemistry

Paraffin sections of fetuses were deparaffinized and
hydrated in a series of descending ethanol concentrations
finishing with distilled water. For the detection of p53, sections
were immersed in 10 mM citrate buffer, pH 6.0, and autoclaved
for 10 min at 120 °C. After washing in tris-buffered saline
(TBS), endogenous peroxidase activity was quenched for 30
min in 0.3 % H,0; in methanol and the sections were washed 3
times with TBS. The sections were incubated in 8% skim milk
for 40 min at 37 °C to reduce non-specific staining, and then
immediately with rabbit antibody against p53 (1:300; Santa
Cruz) in TBS overnight at 4 °C. After washing in TBS, sections
were incubated with Envision kit (Dako, Carpinteria, CA) for
30 min at room temperature (RT), and then washed in TBS.
The sections were visualized using the peroxidase-DAB
reaction and then counterstained with methyl green. For the
detection of cleaved caspase 3, sections were immersed in 10
mM citrate buffer, pH 6.0, and autoclaved for 10 min at 120
°C. After washing in TBS, endogenous peroxidase activity was
quenched for 30 min in 0.3% H,0O, in methanol and the
sections washed 3 times with TBS. The sections were
incubated in 8% skim milk for 40 min at 37 °C to reduce
non-specific staining, and then immediately in rabbit antibody
against cleaved caspase 3 (1:200; Cell signaling) in TBS
ovemight at 4 °C. Afier washing in TBS, sections were
incubated with biotinylated antibody against rabbit IgG (1:400;
Kirkegaard and Perry, Gaitherburg, MD) according to the
manufacturer’s instructions, then washed in TBS and incubated
with streptavidine (1:300; Dako). The sections were visualized
using the peroxidase-DAB reaction and then counterstained
with methyl green and coverslipped. For the detection of BrdU,
sections were treated with 0.1% trypsin and 0.1% calcium
chloride in Tris buffer at 37 °C and 1 N HCI at RT for 30 min
each. After washing in TBS, endogenous peroxidase activity
was quenched for 30 min in 0.3% H,0, in methanol, and the
sections were washed 3 times with TBS. The sections were
incubated in 8% skim milk for 40 min at 37 °C to reduce non-
specific staining, and then immediately with mouse antibody
against BrdU (1:100; Dako) in TBS overnight at 4 °C. After
being washed in TBS, the sections were incubated with
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biotinylated antibody against mouse IgG (1:400; Kirkegaard
and Perry, Gaitherburg, MD) according to the manufacturer’s
instructions, washed in TBS, and then incubated with
streptavidine (1:300; Dako).

Positive cells in the telencephalon were counted under a
light microscope (x 400). The number of positive cells/mm?
was expressed as the meanzstandard deviation (SD) for 5
dams (5 fetuses/dam) at each point of examination, and a
statistical analysis was done with Student’s z-test comparing the
control and HU-treated groups.

2.7. Western blotting

Embryo telencephalons were microdissected from five
fetuses each of 3 dams and were frozen on dry ice. Whole
embryo telencephalons were pooled and lysed in a buffer
containing 50 mM Tris—HCI (pH 8.0), 150 mM NaCl, 0.02%
sodium azide, 0.1% SDS, 1% NP-40, 0.5% sodium deox-
ycholate, 1 mM PMSEF, 2 pg/ml aprotinin, 2 pg/ml leupeptins,
100 mM NazVO,, and 10 mM NaF. Protein concentrations in
the lysates were determined using the Bio-Rad protein assay.
Samples containing equal amounts of protein were separated
on 10% SDS polyacrylamide gels and blotted onto nitrocel-
lulose membranes. Membranes were blocked in TBS contain-
ing 0.1% Tween-20 and 2.5% skim milk before the addition
of antibodies. The primary antibodies used were anti-p53
(1:500; Santa Cruz), anti-p21 (1:500; PharMingen), anti-fas
(1:500; Santa Cruz), anti-fasl. (1:500; Santa Cruz), anti-bax
(1:500; Santa Cruz), anti-cyclin B1 (1:500; Santa Cruz), anti-
cyclin D1 (1:500; Dako), anti-cdk4 (1:500; Santa Cruz), anti-
chk2 (1:500; Santa Cruz), anti-cyclin G1 (1:500; Santa Cruz),
anti-mdm2 (1:100; Santa Cruz), anti-phospho-p53-ser 15
(1:500; Cell signaling), anti-phospho-p53-ser 20 (1:500; Cell
signaling), anti-phospho-cdc2 (1:500; Cell signaling), anti-
phospho-Rb (1:500; Cell signaling), and anti-B-actin
(1:10000; Sigma). Horseradish peroxidase-conjugated second-
ary antibodies (anti-mouse or anti-rabbit; Amersham) were
used at a dilution of 1:10000. Enhanced chemiluminescence
(ECL+; Amersham) was used for signal detection before
exposing blots to film.

2.8. RNA extraction and RT-PCR analysis

Telencepholons of five fetal heads from each dam were
pooled and total cellular RNA was extracted from each

homogenized sample using the Isogen kit (Nippon Gene,
Toyama, Japan). The reverse transcription (RT) reaction for
synthesizing the first strand cDNA was carried out using an
oligo(dT)i>- s primer and SUPERSCRIPT™ ]I Rnase H~
Reverse Transcriptase (Gibco, Gaithersburg, MD). PCR was
performed using oligonucleotide primers sets corresponding
to the cDNA sequences of p53, its transcriptional target genes
(p21, apaf-1, bax, fas, cyclin G, and mdm2), fas L, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Table
1). To determine optimized PCR cycles to achieve template
amplification within exponential phase in the mouse telen-
cephalon, validation PCR experiments by setting graded
cycles from 26 to 42 were preliminary performed. PCR
amplifications were performed in 50 ul of reaction mixture
containing 5 ul 10x PCR buffer (100 mM Tris~HCl buffer,
500 mM KCl, and 15 mM MgCl,;Takara, Shiga, Japan), 5
]l ANTP (Takara), 1.25 U of Tag™, 50 pM each of sense and
antisense primer, and 1 ul of c¢cDNA. After an initial
denaturation at 94 °C for 7 min, amplification was performed
in a Takara PCR Thermal cycler SP (Takara) for each cycles
(Table 1) under the following conditions: 1 min of
denaturation at 94 °C, 2 min (fas and fasL) or 1 min (the
others) of annealing at 64 °C (fas and fasL) or 58.5 °C (the
others), and 3 min (fas and fasl) or 1 min (the others) of
extension at 72 °C. Amplification of GAPDH mRNA was
used to control the concentration of template loaded. The
PCR products were electrophoretically separated in 2%
agarose S (Nippon Gene) in TBE buffer (89 mM Tris—
aminomethane, 89 mM Boric acid, and 10 mM EDTA). The
gels were stained with ethidium bromide (Gibeo). Fluorescent
bands were visualized using a UV-CCD video system
(EpiLightyvraiioo; AISIN COSMOS, Tokyo, Japan) and
were analyzed using an image-analysis sofiware, Quantity
One (pdi, NY). The intensity of the band relative to the
GAPDH band was represented as the meanztstandard error
(SE). The significance of differences between the control
group and HU-treated group was evaluated with Student’s #-
test or Weltch’s #-test. For all genes, PCR cycle conditions
were predetermined to give amplification within the linear
range using control samples.

2.9. Flow cytomery

For the assessment of sub-G1 DNA content, the cells were
prepared in two fetal telencephalons, washed in PBS, and

Table 1

Oligonucleotide primers for each molecule and cycle numbers

Gene Sense(5-3) Antisense(5~3} Cycle numbers
p53 GCCAGGAGACATTTTCAGGC AACTGCACAGGGCACGTCTT 31
p2! AATCCTGGTGATGTCCGACC GACCAATCTGCGCTTGGAGT 32
Jas GCTCAGAAGGGAAGGAGTAC ACTGGAGGTTCTAGATTCAGG 35
JasL TAGACAGCAGTGCCACCACTTCAT AACTCACGGAGTTCTGCCAGTT 39
bax TTCATCCAGGATCGAGCAGG TGAGGACTCCAGCCACAAAGAT 30
Apaf-1 GACTGTTGGACCGTGGCAIT CCAAGCCCTCGGAATCTTTC 37
mdm2 CATCAGGATCTTGACGATGGC GGAGAAGCTAGATTCCACACTCT 31
Cyclin G CTTTGGCTTTGACACGGAGAC GGAATCGTTGGGAGGTGAGTT 33
GAPDH TGATGGGTGTGAACCACGAG TTGAAGTCGCAGGAGACAACC 29
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Fig. 1. Immunohistochemical staining for TUNEL. (A) TUNEL-positive cells
in the telencephalon of fetuses of the HU-treated group at 3 (a), 6 (b)and 12 h
{c), and of a fetus of the controi group at 12 h {d}. TUNEL-positive cells were
mainly observed in the middie layer of the ventricular zone at 3 h, and in the
middle to dorsal layers at 12 h. x 300. (B) Changes in the number of TUNEL-
positive cells in the fetal telencephalon in the HU-treated (O) and control
groups (&). Each value represents the meant S for 5 dams. The number of
TUNEL-positive cells began to increase at 3 h, pealced at 12 h, and decreased
at 24 h. *p <0.01, significantly different from the control group using Student’s
t-test. (C) Changes in the number of mitotic cells in the fetal telencephalon in
the HU-ireated (O) and control groups (@). Significant increase in the number
of mitotic cells was observed in the inner layer of the ventricular zone at 12 h.
See note in (B).

resuspended in 1 ml of PBS at a density of 1 X 10° cells/ml. An
amount of 2.7 ml of ice-cold ethanol was added to a final
ethane! concentration of 70%. Afier centrifugation, the cells
were resuspended in 1 ml of PBS and incubated with 10 pl of

RNAse for 40 min at 37 °C. An amount of 10 pl of propidium-
iodide (5 mg/ml) was added. FSC and SSC analysis was
performed to assess changes in cell morphology, and FL-2H
analysis to detect changes in DNA content and DNA
fragmentation using a FACScalibur machine (Becton-Dickson,
Franklin Lakes, NJ).

For the assessment of cell cycle kinetics, the cells were
fixed, washed with PBS and resuspended in 0.5% Triton X-100
in 2 N HCI for 30 min at RT. Following neutralization with 0.1
M NayB4O-, they were pelleted and washed with PBS. Celils
were then stained with FITC-conjugated mouse anti-BrdU
antibody (BD PharMingen) for 30 min in the dark at RT. They
were then washed with 0.5% Tween 20 and 1% BSA in PBS,
incubated with 2 pl of propidium iodide for 36 min on ice, and
analyzed using the FACScalibur machine.

3. Results
3.1 Immunohistochemical findings

Results of TUNEL labeling of the fetal telencephalon are
shown in Fig. 1A and B. The number of positive cells began to
increase at 3 h (Fig. 1Aa), gradually increased at 6 h (Fig.
{Ab), and peaked at 12 h (Fig. 1Ac). The number of mitotic
cells in the inner layer of the ventricular zone significantly
increased at 12 h as compared with the control (Fig. 1C), and
the change in the number of cleaved caspase 3-positive cells
corresponded well to that in TUNEL-positive cells (Fig. 2).
Changes in the number of p53-positive cells are shown in Fig.
3. A lot of positive cells were detected from 1 b (Fig. 3Aa) and
there was no significant difference between the number at 1
h and 3 h (Fig. 3Ab). Positive cells rapidly decreased at 6
h (Fig. 3B), and returned to the control level at 12 h (Fig. 3Ac
and B).

The results of BrdU labeling of the fetal telencephalon are
shown in Fig. 4. The number of BrdU-positive cells signifi-
cantly decreased at 3 and 12 h.

€ N d

Fig. 2. hmmunohistochemical staining for cleaved caspase 3 In the telenceph-
alon of fetuses of the HU-treated group at 3 (1), 12 (b) and 24 h (¢), and of 2
fetus of the control group at 12 h (d). The number of cleaved caspase 3-positive
cells began to increase at 3 I, peaked at 12 h, and decreased at 24 h. x 300.
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Fig. 3. Immunochistochemical staining for p53. (A) pS53-positive cells in the
telencephalon of fetuses of the HU-treated group at 1 (a), 3 (b) and 12 h {c),
and of a fetus of the control group at 12 h (d). p53-positive cells were mainly
observed in the middle layer of the ventricular zone at 1 and 3 h. X 300. (B)
Changes in the number of p33-posiiive cells in the fetal teleneephalon in the
HU-treated (O} and control groups (@). Lots of p33-positive cells were
observed at | and 3 h. p53-positive cells rapidly decreased at 6 h and retumned
to the control level at 12 h. Each value represents the mean=8D for 5 dams.
*p <0.05, *¥p<0.01; significantly different from the control using Student’s
{-test.

3.2. Western blotting analysis

The results of the Western blot analysis on the expression
levels of apoptosis and cell eycle arrest-related proteins (p53
and phosphorylated-p33 (Ser 15 and Ser 20), p21, bax, fas,
fasl, cyclin G1, mdm2, phosphorylated-Rb, phosphorylated-
cde, cdké4, chk?, cyelin D1, and cyclin Bl) in the fetal
telencephalon are shown in Fig. 5.

The expression of p53 gradually increased at 12 h and
decreased thereafter. Furthermore, phosphorylation of p353 at
Ser 15 and Ser 20, associated with reduced interaction of p33
with mdm2, was strongly detected at 3 h. The expression of
p33-transcriptional target proteins (fas, bax, cyclin Gl, and
p2l) was seen. And fasL protein was expressed from 1 to 12 h.

The expression of mdm?2 protein, 2 key mediator of p53
protein stability, gradually decreased to 6 h, but began to
increase at 12 h.

Also, we evaluated protein expression associated with the
GU/S checkpoint (cyclin D1, cdk4 and phospho-Rb) and G2/M
checkpoint (cyclin B1, chk2 and phospho-cdc2). The expres-
sion of cylin DI and cdk4 proteins decreased at 6 h. The
expression of cyclin Bl protein began to decrease at 3 hr and
was weakly detected at 12 h.

3.3. Findings of RT-PCR

RT-PCR analysis of the mRNA for apoptosis-associated
genes in homogenates of pooled samples of the fetal
telencephalon are shown in Fig. 6. The expression of Jas
mRNA significantly increased at 3—12 h as compared with that
in the control group (Fig. 6). The level of fasL mRNA was
significantly elevated from 6 h to 12 h. A significant increase in
bax mRNA expression was also detected from 12 t0 24 h {(Fig.
6). The expression of p27 mRNA showed a si gnificantly higher
level at 3 h (Fig. 6), and that of mdm2 mRNA was significanily
increased at 12 h (Fig. 6).

A

3 [ 12 24 48
hr

Fig. 4. Immunohistochemical staining for Brdl. (A) BrdU-positive cells in
telencephalons of fetuses of the HU-treated group at 3 (2), 6 (b) and 12 h (¢},
and of a fetus of the control group at 6 b (d). BrdU-positive cells were mainly
observed in the middle layer of the ventricular zone at all time point. x300. (B)
Changes in the number of BrdU-positive cells in the fetal telencephalon in the
HU-treated (O) and control groups {&). The number of BrdU-positive cells in
HU-treated group was not different from that in control group at 6 h. Each
value represents the mean+SD for 5 dams. See the note in Fig. 1B.
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Fig. 5. Westemn blot analysis of the fetal telencephalon.

Mo significant changes were observed in the expression of
p53, apafl, and cyclin G mRNAs.

3.4. Flow cytomeiric anaysis

Flow cytometric analysis demonstrated 2 time-dependent
appearance of DNA debris in the sub-GO/Gl region. The
results comresponded well to those for pyknetic cells and
TUNEL-positive cells. In addition, exposure to HU resulted in
a significant and specific aceumulation of cells in the S
compartment and G2/M compartment of the cell cycle from 3
to 6 h and at 12 h, respectively (Fig. 7).

Fig. 8A shows the sequential changes in the number of
BrdU-positive cells in the control fetal telencephalon. Most
neuroepithelial cells entered the § phase afier 1 h, moved to the
M phase after 6 h, and returned to the G1 phase after 12 h. The
results of flow cytometric analysis in the HU-treated group

{(Fig. 8B) were similar to those for pyknotic cells, TUNEL-
positive cells, and BrdU-positive cells.

4. Discussion

It is generally recognized that HU-induced teratogenecity is
due to an inhibition of DNA synthesis, which is caused by the
blocking of the enzyme ribonucleotide reductase, resulting in a
depletion of deoxyribonucleoside triphosphate pools [3,7]. We
reported that embryonic maldevelopment was preceded by
excessive apoptosis in embryonic target organs when pregnant
mice were administrated with HU on day 13 of gestation [39].
In addition, in a study on the neonates and offspring from
pregnant mice treated with 400 mg/kg or 800 mg/kg of HU on
day 13 of gestation, we reported that the neonates and offspring
from pregnant mice treated with HU were retarded in growth,
and the organ weights of brain and lungs of the HU-treated
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Fig. 6. RT-PCR analysis of sequential changes in the mRNA levels of p53 and its transcriptional targets. Each value represents the mean+ SE for 5 dams (HU-treated
group) (O) or 3 dams (control group) (@). *p <0.05 (Student’s t-test), “p<0.05 (Welch’s 1-test); Significantly different from the control.

group were significantly lower than those of the control group
[40].

In the present study, the sequential changes in the
expression of p53 and its transcriptional targets (p21, apaf-1,
bax, cyclin G, mdm2, and fas) were examined in the fetal
mouse telencephalon from dams treated with HU, because p53
is said to play an important role in the induction of apoptosis
[20]. Activation of p53 in response to cytotoxic stress such as
ionizing radiation [16], glutamate [36] and ischemia [6]
depends to a large extent on the stabilization of p53 protein,
which rapidly accumulates in stressed cells. Lots of p53-
positive neuroepithelial cells were observed from 1 h in the
present study, and p53 protein was strongly expressed from 1
h to 12 h. The results indicated that HU-induced apoptosis in

the fetal brain was p53-dependent. Also, increases in 53 protein
phosphorylated at Serine 15 and 20 were strongly detected
from 1 to 6 h. Recent studies have shown that some DNA-
damaging agents induce site-specific phosphorylation within
the N terminus of p53, specifically at Serine 15, 20, 33, 37, and
46 [1,4,5,29,31,32]. However, no change in p53 mRNA
expression was seen in the present study. In this regard, it is
reported that, although the level of p53 mRNA does not change
detectably in response to DNA damage, the level of p53 protein
increases rapidly [17].

Degradation of p53 is regulated by interaction with mdm?2
protein, which is itself transcriptionally regulated by p53,
establishing a negative feedback loop where increased levels
of p53 increase the expression of mdm2 [2,12,19]. In the
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present study, the expression of p53 protein gradually
increased from 1 to 12 h, and p53 phosphorylated at serines
15 and 20 disappeared or its level was reduced from 12 h. On
the other hand, mdm2 protein began to increase at 12 h.
Phosphorylation at serines 15 and 37 or at serine 20 was said
to reduce the interaction between p53 and mdm?2 in vitro
[30,38].

p53-induced apoptosis is proposed to be mediated by the
transactivation of bax [21], fas/APO1 [24] and p53-inducible
genes [25]. Although the timing of the expression of bax
protein was not consistent with that of bax mRNA, a
significant change of bax protein and the mRNA expression
was seen in the present study. Early cell changes that occur
during apoptosis are associated with mitochondrial changes
mediated by the bel-2 families of proteins, including anti-
apoptotic becl-2 and pro-apoptotic bax proteins [35]. Bax
expression is upregulated during p53-dependent apopto-
sis[21]. Bax accelerates the release of the apoptosis-inducing
factor and cytochrome ¢ from the mitochondria, thus
activating the caspase cascade [33]. In addition, caspase
activation was identified by immunochemistry for cleaved
caspase 3.

Significant changes in the expression of fas and fasL
mRNAs as well as their proteins were observed in the present
study. This suggests an important role for the fas/CD95-fasL
receptor-ligand system in HU-induced apoptosis. Fas is
induced by p53 in response to genotoxic damaging agents
and it is said that fas is necessary for T cell-mediated apoptosis
after treatment with anticancer drugs [10,33]. Tumor cells
expressing wt p53 are more sensitive to drug-induced apoptosis
mediated by fas-dependent signals [23].

In the present study, a significant increase in p2/ mRNA
expression appeared at 3 h. An elevation of p2] mRNA
expression was observed following p53 protein expression.
Also, the number of BrdU-positive cells, i.e. S phase cells,
returned to the level found in the control group at 6 h. In
addition, the number of mitotic cells in the inner layer of the
ventricular layer significantly increased at 12 h. These findings
suggest that HU induces cell arrest. In the flow cytometric
analysis, cell cycle arrest was detected at the S checkpoint from
3 to 6 h and at the G2/M checkpoint at 12 h, respectively. p21
is largely responsible for p53-dependent G1 arrest in response
to radiation [8]. Negative regulation of the G1 phase cyclin/edk
complex (cyclin Dl/cdk 4, 6 and cyclin E/cdk2) plays a key
role in the G1/S checkpoint. Cdks are negatively regulated by
cdk inhibitors such as p21. Induction and activation of p53 lead
to transcriptional induction of p2l owing to strong p53
response elements in the p21 gene promoter. Then, p21 binds
and inactivates cyclin Dl/cdk4, 6 and cyclin E/cdk2 com-
plexes, resulting in hypophosphorylation of RB and cell cycle
arrest [35]. G2 arrest is brought about through signaling
cascades that converge to inhibit the activation of cde2 [13].
Recent study shows that p53 and p21 are necessary to maintain
G2 arrest following DNA damage [9). The mechanism of p53-
dependent G2 arrest involves an initial inhibition of cyclin B1/
cdc2 activation by p21 and a subsequent reduction of cyclin Bl
and cde2 protein levels [9,14].

Cyclin G1 and apaf-1 are among the targets of the
transcription factor, p53. Although the function of cyclin G in
the p53 pathway has not been elucidated, it has been reported
that cyclin G promotes growth [27,34]. Expression of apaf-1 has
been shown to be essential for the p53-dependent apoptosis
induced by treatment with DNA-damaging agents [28].

In summary, the neuroepithelial cell death induced by HU
may be dependent on p53. Therefore, p53 may form an
important link between DNA damage by HU and neuroepithe-
lial cell death.
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Abstract

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. (MPTP) is com-
monly used to create animal models of Parkinson disease. There is
conflicting evidence on the occurrence of apoptosis induced by
MPTP in the mouse substantia nigra pars compacta. We demon-
strated that a single acute injection of MPTP induced apoptosis in the
subventricular zone (SVZ) and rostral migratory stream (RMS) in the
adult C57BL/6 mouse brain. The number of TUNEL-positive cells
peaked at 24 hours after injection and decreased thereafier,
paralleling the change in the number of cleaved caspase-3-positive
cells after MPTP injection. Results of immunohistochemistry and
ultrastructural analyses indicated that the majority of apoptotic cells
in the SVZ and RMS were migrating neuroblasts (type A cells),
whereas a few were astrocytes (type B cells). No apoptosis occurred
in transit-amplifying progenitors (type C cells). The decrease in A
cell numbers was most marked on day 2 and lasted to day 8 after the
administration. A rapid and transient phagocytosis of apoptotic cells
by microglial cells was demonstrated to parallel the MPTP-induced
apoptosis. The present findings provide new insight into the
extensive neurotoxicity of MPTP and may be valuable in reevaluat-
ing the MPTP mouse model of Parkinson disease.

Key Words: Apoptosis, Migrating neuroblast, MPTP, Parkinson
disease, Rostral migratory stream, Subventricular zone.

INTRODUCTION
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
a byproduct of the chemical synthesis of a meperidine analog
with potent heroin-like effects (1) that causes damage to
dopaminergic neurons and depletes dopamine in a manner
similar to that seen in Parkinson disease (PD). When
administered to animals, MPTP passes through the blood-brain
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barrier and is converted, mainly in glial cells, into its active
form, 1-methyl-4-phenylpyridinium (MPP™), by an enzyme,
monoamine oxidase B (MAO-B) (2). For the last 2 decades,
MPTP has been widely used to generate animal models of
PD in rodents and nonhuman primates. A few studies have
confirmed that MPTP can induce apoptosis of dopami-
nergic neurons in vivo (3-5). When injected intraperito-
neally with a subacute regimen, which consists of one
injection per day (30 mg/kg per day) for 5 consecutive
days, MPTP induces dopaminergic cell loss by a mecha-
nism mainly involving apoptosis (6). The use of this
subacute regimen has been the main approach to studying
the apoptosis of dopaminergic cells in mice. The induction
of apoptosis in mouse nigrostriatal glia has also been
demonstrated with this regimen (7), indicating that neuro-
toxicity of MPTP is not specifically restricted to dopami-
nergic neurons in the mouse brain. Furthermore, results
from studies in vitro show that MPTP or MPP™ induces
apoptosis in primary cultured cerebellar granular neurons
(8, 9), mesencephalic dopaminergic neurons (10), and neuro-
blastoma cells (11, 12) as well as PC12 cells (13, 14).

Recently, attention has been focused on the influence
of MPTP on neurogenesis (15-17). Results from Hoglinger
et al suggest that dopamine depletion in MPTP-treated mice
and in patients with PD impairs the proliferation of neural
precursor cells that express dopamine receptors and receive
dopaminergic afferents (16). This demonstrated the neuro-
toxicity of MPTP in cells in the subventricular zone (SVZ).
In the adult mouse brain, the SVZ is the largest germinal
region and harbors neural stem cells that retain the capacity
to generate multiple cell types (18). In adult mice, the SVZ
is composed of migrating neuroblasts (type A cells),
astrocytes (neural stem cells, type B cells), immature
precursors (rapidly dividing transit amplifying cells, type C
cells), and ependymal cells (19, 20). Type B cells divide to
give rise to clusters of type C cells, which in turmn generate
migrating neuroblasts (type A cells) (20). Newly generated
neuroblasts in the SVZ migrate along the rostral migratory
stream (RMS) to enter the olfactory bulb (OB), where they
differentiate into interneurons (21, 22).

The multipotential progenitor cells reside in SVZ and
RMS are eliminated through apoptosis to maintain a balance
for proper development of the mammalian nervous system
(23-25). The mechanism of apoptotic death in the SVZ and
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RMS is attracting much interest and remains to be clarified.
Apoptosis has been induced experimentally in the SVZ and
RMS by applying extraneous insults. Hypoxia/ischemia
deplete oligodendrocyte progenitors and neural stem cells in
the rat perinatal SVZ through the processes of necrosis and
apoptosis (26). Nitric oxide induces apoptosis of neural
progenitor cells (C17.2 line) by a mechanism requiring the
activation of p38 MAP kinase, poly(ADP-ribose) polymerase,
and caspase-3 (27). A single intrauterine administration of
ethyl-nitrosourea, a known DNA mutagen and neural carci-
nogen, triggered the apoptosis of neural precursor cells and
activation of caspase-3 both in vivo (mouse embryos) and in
vitro (28). Irradiation has also been demonstrated to induce
apoptosis of SVZ cells and/or dentate gyrus progenitor cells in
the rat brain (29-31). Neurogenesis occurs constitutively
throughout adulthood in the SVZ and dentate gyrus, yet the
rate of neurogenesis is regulated in various physiological and
pathologic conditions (32). Given these findings, it is obvious
that neurogenesis in adults could be impaired through the
induction by extraneous factors of apoptosis in neural
progenitor cells in the SVZ. In patients with PD and MPTP-
treated mice, it has been shown that numbers of proliferating
cells in the subependymal zone and neural precursor cells in
the subgranular zone and olfactory bulb are reduced (16).
Although this proved to be a result of dopamine depletion, it
raises the possibility that in patients with PD and animal
models of PD, the impaired neurogenesis may further delay
the recovery from degeneration or cell loss in the dopami-
nergic system. In the present study, we have obtained evidence
for the induction of apoptosis by MPTP in the SVZ and RMS in
the adult mouse brain, suggesting that neurotoxicity of MPTP
is not specifically restricted to dopaminergic neurons in the
mouse brain, although MPTP regimen-dependent differences
may also exist.

MATERIALS AND METHODS

Animals and Treatments

Three-month-old male C57BL/6 mice, weighing 25 to
30 g (Clea Japan, Tokyo, Japan), were housed in a temperature-
controlled room under a 12/12-hour light/dark cycle with ad
libitumn access to food and water. On the day of the experiment,
mice received one intraperitoneal injection of MPTP-HCl
(50 mg/kg; Sigma, St. Louis, MO) dissolved in saline;
conirol mice received saline only. MPTP-treated and control
mice were killed at defined time points after the injection
under deep anesthesia. All procedures used in this study
were approved by the Committee of Animal Experiments,
Graduate School of Agricultural and Life Science, the
University of Tokyo.

Tissue Preparation

Immediately after the brains were isolated, they were
fixed in 10% neutral-buffered formalin, embedded in paraffin,
and cut into 4-pm coronal or sagittal sections encompassing
the entire SVZ and RMS. The sections were used for
TUNEL, immunohistochemistry, and immunofluorescence
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histochemistry as well as for staining with hematoxylin and
eosin (H&E).

Immunohistochemistry

Tissue sections were used for immunohistochemistry
with the following primary antibodies: goat antidoublecortin
(Dex, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA) as
a marker for migrating neuroblasts (type A cells); rabbit
antiglial fibrillary acidic protein (GFAP, 1:100; DAKO,
Carpinteria, CA) as a marker for astrocytes (type B cells);
rabbit antityrosine hydroxylase (TH, 1:100; Chemicon,
Temecula, CA) as dopaminergic marker; and rabbit anti-
ionized calcium-binding adaptor moleculel (Iba 1, 1:250;
Wako, Osaka, Japan) as a marker for microglial cells. The
binding of the biotinylated secondary antibody was detected
using a LSAB method with streptavidin (1:300; DAKO).
The sections were visualized using 0.05% 3,3-diaminobenzidine
(DAB) with 0.03% hydrogen peroxide in Tris-HCI buffer and
counterstained with methyl green.

Detection of Cleaved Caspase-3
by Immunohistochemistry

Immunohistochemistry for cleaved caspase-3 was also
performed by the standard procedure described previously
using rabbit anticleaved caspase-3 antibody (1:100; Cell
Signaling Technology, Beverly, MA). For fluorescence
immunohistechemistry, after incubation with biotinylated
anti-rabbit IgG antibody, specimens were reacted with Texas
Red Avidin D (1:100; Vector Laboratories, Burlingame,
CA), and examined using a Zeiss LSM510 confocal laser
scanning microscope.

Double-Labeling Immuncfluorescence

To determine the phenotype of the cells undergoing
apoptosis, double-labeling immunofiuorescence histochem-
istry was performed using the anticleaved caspase-3 antibody
and either the goat anti-Dex or rabbit anti-GFAP antibody
described previously or mouse antiepidermal growih factor
receptor (EGFR, 1:50; DAKO) or mouse anti-Lewis X (LeX,
clone MMA, also known as ssea-1 or CD15, 1:50; BD
Bioscience, Heidelberg, Germany) as a marker for transit-
amplifying precursors (type C cells). After visualization with
Texas red-conjugated anti-rabbit antibody (1:100; Vector
Laboratories), tissue sections were incubated with an Avidin/
Biotin Blocking Kit (Vector Laboratories) and then with
another primary antibody. Visualization of the cell markers
was accomplished using FITC-conjugated species-specific
secondary antibodies: FITC-conjugated donkey anti-goat
IgG, FITC-conjugated goat anti-rabbit IgG (1:100; Santa Cruz
Biotechnology), and FITC-conjugated goat anti-mouse IgG
(1:100; Vector Laboratories). Sections were mounted with
Vectashield (Vector Laboratories) and observed using the
Zeiss LSM510 confocal laser scanning microscope.

TUNEL Method

Tissue sections were processed for fluorescence
TUNEL staining by using the ApopTag Fluorescein In Situ
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FIGURE 1. Apoptotic cell death in the
subventricular zone (SVZ) and rostral

migratory stream (RMS}) and its extension

to the olfactory bulb (OB). Hematoxylin
and eosin (H&E) staining. (A} A repre-
sentative sagittal brain section from an
MPTP-treated mouse killed at 24 hours
after MIPTP injection. (B-F} Higher mag-
nification of the boxed areas in (&)
reveals that the majority of cells exhibit
apopiotic characteristics (Le. nuclear
condensation and fragmentation} in the
SVZ (B), RMS (€, B, and OB (B, B).
Scale bar = {A) 2 mm, (B-F 50 pm.

Apoptosis Detection Kit and an ApopTag peroxidase In Sito
Apoptosis Detection Kit (Chemicon) according to the
manufacturer’s instructions.

incubated in 10% normal goat serum and 0.40% Triton X
100 in phosphate-buffered saline (PBS) for | hour at room
temperature. A rabbit monoclonal anti-Iba | antibody was

then applied overnight. After being washed in PBS,
sections were incubated with a biotinylated secondary goat
anti-rabbit IgG antibody (1:100; Vector Laboratories) for
1 hour at room temperature followed by Texas red-avidin D

TUNEL Double-Labeling Immunofluorescence
Subsequent to visualization of the fragmented DNA
using the fluorescent TUNEL method, sections were

&

1 pTUNEL @ Cleaved caspase-3

1

éD

an

Y

Tawkbar of positive cells

jig

§ 8
#ours aftey HETP indection

FIGURE 2. Detection of apoptotic cells in the subventricular zone (SVZ) (coronal section} and rostral migratory stream (RMS)
(sagittal section} with fluorescence TUNEL and immunofluorescence staining for cleaved caspase-3. {4, B} Schematic distribution
of apoptotic cells in the SVZ and RMS with the positions of the cells undergoing apoptosis indicated by dots. (€, B} Apoptotic
nucleus (green} in the SVZ and RMS revealed by the TUNEL technique and (B, ¥} cleaved caspase-3 staining (red) in the same
field. Scale bar = 50 pm. (G} The results of a quantitative analysis of TUNEL-positive or cleaved caspase-3-immunoreactive cells in
the SVZ of MPTP-treated group. The number of TUNEL-positive or cleaved caspase-3-immunoreactive cells peaked at 24 hours
and had declined to very low levels by 48 hours after MPTP injection. Neither TUNEL-positive nor cleaved caspase-3-
irmmunoreactive cells were found In control animals at any time point. The number of positive cells in the unilateral $VZ was
counted in 3 to § different brains. S, saline-treated controly LV, lateral ventricle.

© 2006 American Association of Neuropathologists, Inc. 875

— 374 —



He et al

| Neuropathol Exp Neurol e Volume 65, Number 9, September 2006

for 1 hour at room temperature. Sections were then mounted
with Vectashield and observed using the Zeiss LSMS510
confocal laser scanning microscope.

Electron Microscopic Observation

The brain samples were immediately removed and
fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer,
postfixed in 1.0% osmium tetroxide/0.1 M phosphate buffer,
and embedded in Epon 812. Ultrathin sections of the areas of
interest were cut with a diamond knife, double-stained with
uranyl acetate and lead citrate, and examined under the
JEM-1200EX electron microscope (JEOL) at 60 kV.

Cell Counting and Statistics

Serial brain coronal sections through the SVZ corre-
sponding to bregma from 0.50 to 0.98 mm (anterior—poste-
rior coordinate) were collected with the aid of the mouse
brain atlas {33). At least one of every 15 sections (total 5 to
7 sections per animal) was blindly counted for quantitative
analysis on DAB-stained (cells positive for TUNEL, cleaved
caspase-3, GFAP, Dex, or Iba 1) sections. Results were
expressed as the average mumber in the unilateral SVZ and
reported as the mean + standard deviation. The Student f-test
was used to assess differences between data groups. Differ-
ences were considered statistically significant of p < 0.05.

FIGURE 3. Electron micrographs of the
subventricular zone {A-C, E, B} and
rostral migratory stream {8} obtained
from a MPTP-treated mouse. (&, B) Early
and midstage of apoptotic changes
included the dense aggregation of
nuclear chrormatin ([A, B], arrowhead)
and formation of apoptotic bodies (18],
arrow). (€~ F} Advanced-stage apoptotic
cells exhibited marked chromatin con-
densation and cellular shrinkage with or
without disruption of the plasma mem-
brane. The cells undergoing apopiosis
were identified morphologically as
rrigrating neuroblasts according to the
criteria defined by Doetsch et al (19), Le.
an open periceliular space (JA-C, E, Fj,
asterisks), a scant and dark cytoplasm,
and smooth contours. The adjacent
typical migrating neuroblasts {B-C, E,
F, ) are still alive. Type C cells, which
have an irreqular nucleus with deep
invaginations, mostly lack chromatin
and have a typical and large reticulated
nucleolus (A, B, E, F, €} were also
observed. Scale bar = 2 pim.

876

RESULTS

Induction of Apoptosis After a Single Injection
of MPTP

Histolegic Findings

The criteria defined by nuclear condensation {(pyk-
nosis) and nuclear fragmentation (karyorrhexis) were used fo
identify apoptotic cell death in H&E-stained, paraffin-
embedded sections. Numerous apoptotic bodies were
observed in the forebrain of C57BL/6 mice 24 hours after
the administration of MPTP (Fig. 1), but none in the saline-
administered controls. The induction of apoptosis by MPTP
was restricted to the SVZ (Fig. 1B), RMS (Fig. 1C, D), and
OB (Fig. 1E, F). No such changes were found in any other
regions of the brain.

TUNEL Assay

Figures 2A and 2B show the schematic distribution of
MPTP-induced apoptosis in the SVZ and RMS with the
positions of the cells undergoing apoptosis indicated by dots.
Representative photographs of TUNEL-positive sections are
shown in Figures 2C (SVZ) and 2D (RMS). Time course
response experiments were also carried ouf. Figure 2G
depicts the peak levels of apoptosis in the SVZ at 24 hours
after the administration of MPTP. By 48 hours, the number
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FIGURE 4. Evidencefor phagocytosls Baline ftday Jdayes ddays Gdaym
of apoptotic cells by microglia cells In .
the subventricular zone (SVZ). Repre-
sentative sections were immunos-
talned for tba 1 showing microglial
infiltration to the SVZ (JA], arrows). A
significarnt Increase in the number of
tba 1-immunoreactive cells by 1 and
2 days after MIPTP injection compared
with controls was recorded with a
dedine to the control lavel by 4 and
8 days (B}, (&) Representative elec-
tron microphotograph showing an
activated microglial cell (arrowhead)
with an enlarged oytoplasm, which
contains several ingested apopiotic
badies. (D} Microphotograph of
TUNEL double-labeling with the anti-
body for fba 1 showing apoptotic
bodies (TUNEL-positive, green} phag-
ocytosed by & microglial cell (ha 1-
positive, red). Data are expressad as
means  standard error of mean. *, p
< (.05 compared with saline-treated
control. The numbers of tba 17 cells in
the unilateral SVZ were counted in 3 1o
5 different brains. Scale bars = (&) 50
wim; {83 2 pimy (336 pm. S, saline-
treated control; LY, lateral ventride.

iba 10 gells in B oaneion

v
#

indecriog

of apoptotic cells had declined remarkably. The same  Distributien of Cleaved Caspase-3

changes were observed in the RMS. Very few TUNEL- Immunohistochemical staining for cleaved caspase-3
positive cells were detected in the SVZ and RMS in saline-  demonstrated a marked increase in reactivity in the SVZ and
freated mice. RMS at 24 hours after MPTP was administered, paraileling

FIGURE 5. Evidence of phagocy-
tosis of apoptotic cells by neighbor-
ing microglia in the rostral migratory
stream (RMS). Representative sag-
ittal sections through the RMS were
immunostained for tba 1 showing
microglial activation and infiltration
ofthe RMS at 1, 2, 4, and 8 days after
MPTP administration {4, BY. {8
Higher magnification of boxed areas
from {A}. {€) Representative elec-
tron microphotograph showing an
activated microglial cell (arrowhead)
with an enlarged cytoplasm phago-
cytosing an apoptotic body. (D}
Microphotograph of double-labeling
with TUNEL and the antibody for lba
1. Many TUNEL-positive {green) ap-
optotic bodies were phagocytosed
by microglial cells (ba 1-positive,
red). Scale bars = {&, B) 20 pmy;
(€3 Z pmy {BY 10 pm.

Baays’
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FIGURE &. Phenotypic analysis of
cells undergoing apoptosis in the
subventricular zone (SVZ) and rostral
migratory streamn (RMS). Represen-
tative microphotographs of the SVZ
coronal (&, €, &, &) and RMS sag-
ittal sections ¢B, B, B, H} obtained
from MPTP-treated mice and dou-
ble-labeled for cleaved caspase-3
(red) and & migrating neuroblast
marker Dox ([A, B], green), an as-
trocyte marker GFAP (IZ, B, green),
and a transit-amplifying precursor
marker EGFR (B, Fi, green) or LeX
(I&, B, green). The majority of
cleaved caspase-3-positive cells in
the SVZ (A} and RMS {8} expressed
Dex; however, 2 few cleaved caspase-
3-positive cells expressed GFAP inthe
SVZ (€T, arrow) and RMS (18],
arrow). Cells expressing cleaved cas-
pase-3 were not labeled for either
EGFR (B, By or LeX (G, H}. Scale bars
= (B} 10 py {A-D, F-H) 20 am.
LY, lateral ventricle.

the change in the numbers of TUNEL-positive cells. Time
course-dependent changes in the number of cleaved caspase-
3-immunoreactive cells in the SVZ are shown in Figure 2G.
Figures 2E and 2F show representative photographs of the
expression of cleaved caspase-3 in coromal and sagiftal
sectious obtained from an MPTP mouse. Very few cells
expressing cleaved caspase-3 were detected in the SVZ or
RMS in saline-treated mice.
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Ultrastructural Demonstration of Apeptosis

Electron microscopy of brain tissues obtained from MPTP-
treated mice revealed cells in the SVZ and RMS with ultra-
structural characteristic of the early fo midstages of apoptosis,
including dense aggregates of chromatin and apoptotic bodies
(Fig. 34, B). Cells in advanced stages of apoptotic death
exhibited marked chromatin condensation and cellular shrinkage
with or without disruption of the plasma membrane (Fig. 3C-F).

FIGURE 7. Reouction in numbers of
migrating newroblasts in the subventric-
ular zone (SYZ) and rostral migratory
strearr (RMS). Representative micropho-
tographs of coronal and sagittal sections
immunostained for Do in the SVYZ {A)
and RMS (B obtained from MPTP-trea-
ted mice killed at 1, 2, 4, and B days after
MPTP infection. Scale bars = {A} 50 umy
{8y 100 pm. Controls recelved saline
only. A marked decrease In Doc-lmmu-
noreactive neuroblasts at 2, 4, and 8 days
after MPTP administration compared
with controls {€}. Data are expressed as
means = standard error of mean. ¥, p <
0.05 compared with saline. The numbers
of Dox™ cells in the unilateral SVZ were
counted in 3 to 5 different brains. §,
safine control, LV, lateral ventricle.
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