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MPTP-Induced Apoptosis in Adult SVZ and RMS

Evidence for Phagocytosis of Apoptotic Bodies
by Microglial Cells

Immunohistochemical findings demonstrated that acti-
vation and infiltration of microglial cells occurred in the SVZ
and RMS of MPTP-treated mice. Marked increases in the
mmber of Tha 17 cells were observed in the SVZ (Fig. 4A)
and RMS (Fig. 5A). The peak in the number of microglial
cells in the SVZ was observed at 24 hours after MPTP
injection (Fig. 4B), paralleling that of apoptotic cells and
suggesting the increase in microglial cells is a response to
MPTP-induced apoptosis. Activated microglial cells were
clearly observed in the RMS (Fig. 5B). Ultrastructural
analysis demonstrated that the phagocytosis of apoptotic
bodies by microglial cells occurred in the SVZ (Fig. 4C)
and RMS (Fig. 5C) in MPTP-reated mice. Findings of
TUNEL and Iba | double-labeling as shown in Figures 4D
and 5D indicated that TUNEL -positive nuclei were enveloped
by Iba 17 cells, supporting the occurrence of phagocytesis.
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Phenotype of Cells Undergoing Apoptosis
in the Subventricular Zone and Rostral
Migratory Stream

Figures 6A and 6B show that the majority of cells
expressing Dex (a marker for migrating neuroblasts, A cells)
are positive for cleaved caspase-3 in the 8VZ (Fig. 6A) and
RMS (Fig. 6B). A few cells expressing cleaved caspase-3
were also stained with GFAP (a marker for astrocytes, B celis)
(SVZ, Fig. 6C; RMS, Fig. 6D). No EGFR" (SVZ, Fig. 6F;
RMS, Fig. 6F) or LeX" cells (SVZ, Fig. 6G; RMS, Fig. 61)
were observed to express cleaved caspase-3. It has been
demonstrated that the EGFR'/GFAP™ or LeX/GFAP™
cells corresponded to fransit-amplifying, multipotent type
C cells in the adult SVZ, and some C cells were also found
in the RMS (18, 34). Although a small subset of B cells
expressed EGFR, they apparently were in contact with the
lateral ventricle (18). Cleaved caspase-3 was not expressed
by any C cells.
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FIGURE 8. Changes in the number of GFAP™ astrocytes after MPTP injection in the subventricular zone (SVZ) and rostral
migratory stream (RMS). Representative microphotographs of coronal and sagittal sections immunostained for GFAP in the SVZ
(A} and RMS {B) obtained from MPTP-treated mice killed at 1, 2, 4, and 8 days after injection. Controls received saline only.
Scale bars = (&) 50 wm; (B) 100 pm. No change was observed at day 2, whereas a significant Increase in numbers of GFAP-
immunoreactive astrocytes was noted at 4 and 8 days after MPTP administration compared with the control {€}. Data are
expressed as means + standard error of mean. ¥, p < 0.05 compared with saline. The numbers of GFAP™ cells in the unilateral SVZ
were counted in 3 to 5 different brains. S, saline control; LV, lateral ventricle.
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To validate the findings of cleaved caspase-3 double-
labeling with cell markers, we performed an ulirastructural
analysis. Distinct cell types were identified according to the
criteria defined by Doetsch et al (19). As shown in Figures 3A
and 3B, cells that were in the early stage of apoptotic death
exhibited the ultrastructural characteristics of A cells: an open
pericelluler space, a scant and dark cytoplasm, and smooth
contours. Cells that were at an advanced stage of apoptotic
death were observed adjacent to A cells (Fig. 3B, C,E, F, a),
located close to C cells. C cell has an irregular nucleus with
deep invaginations and mostly lax chromatin and has a typical,
large reticulated mucleclus (Fig. 3A, B, E, F, ¢). These
observations together with the findings of cleaved caspase-3
double-staining suggest that the majority of cells undergoing
apoptosis are A cells, that is, migrating neuroblasts.

Doxt Cell Numbers Are Decreased After
MPTP Injection

The occurrence of apoptosis in A cells is thought to be
foliowed by a loss of A cells. To test this hypothesis, we
labeled brain sections with antibody against Dcx, a marker of
migrating neuroblasts. In the SVZ, there was 2 65.2%, 37.1%,
and 24.3% reduction of A cells at 2, 4, and 8 days after MPTP
injection, respectively (Fig. 7A, C). The same changes were
also observed in the RMS (Fig. 7B). GFAP™ B cell number
were not significantly reduced at any time point, indicating
apoptotic death occurred in very few B cells (Fig. 8). We
also observed a significant (26.2% and 31.9%) increase in B
cells in the SVZ at 4 and 8 days after MPTP injection,
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FIGURE 9. Representative coronal sections through striatum
were immunostained for tyrosine hydroxylase (TH) and
visualized with DAB showing the reduction of TH-immunor-
eactive fibers by 1, 2, 3, 4, and 8 days after MPTP injection
(DAD). The largest reduction was found by DAl 3 and DAl 4
compared with saline controls. Scale bar = 1.5 mm.
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respectively (Fig. 8A, C). This may be the result of a res-
ponse to the loss of A cells.

Reduction of Dopaminergic Fibers in Striatum

To determine whether the MPTP regimen used here
simultaneously produces striatal dopamine depletion, we
performed an immunohistochemistry study with an antibody
raised against tyrosine hydroxylase (TH), the rate-limiting
enzyme in the synthesis of dopamine. MPTP-treated mice
exhibited patterns of TH-immunoreactive fiber loss (Fig. 9),
which was particularly apparent at 3 and 4 days after MPTP
lesion when compared with saline control.

DISCUSSION

It the present study, a single injection of MPTP produced
a rapid and profound loss in dopaminergic fibers (TH-
immunoreactive) in the striatum at day 1, which was maximal
at 3 and 4 days after MPTP administration, suggesting this
regimen could also induce biochemical changes in nigral-striatal
dopamine system similar to the findings with other regimens
such as acute or subacute regimen.

This study is the first to demonstrate that a single
injection of MPTP-induced apoptotic cell death in the SVZ
and RMS in a mouse model of PD. The cell death was
observed 12 to 48 hours after an intraperitoneal injection
with a peak at 24 hours as detected by TUNEL and
immunohistochemistry for cleaved caspase-3. Ultrastructural
findings supported the occurrence of apoptosis in the SVZ
and RMS. The majority of cells dying in the SVZ and RMS
were Dex-immunoreactive migrating neuroblasts. A few
were GFAP-immunoreactive and identified as astrocytes.
Cells expressing cleaved caspase-3 were not labeled with
EGFR or LeX. Furthermore, the present study demonstrated
that MPTP-induced apoptosis was followed by a 65.2%,
37.1%, and 24.3% reduction in the number of Dex-
immunoreactive cells by 2, 4, and 8 days, respectively,
confirming that the induction of apoptosis by a single dose of
MPTP contributes to the loss of Dex-immunoreactive cells
{(i.e. migrating neuroblasts).

The apoptosis of the cells in the SVZ and RMS is
farther supported by the prominent phagocytosis of frag-
mented DNA by microglial cells detected using a double-
labeling method with TUNEL and a marker for microglial
cells as well as ultrastroctural analysis. TUNEL-positive
microglial cells were observed throughout the cytoplasm,
including the protrusions, but often had an intact nucleus,
suggesting that these cells have indeed phagocytosed dying
apoptotic cells in the SVZ and RMS rather then undergoing
apoptosis themselves (35). Morcover, in the present study,
the infiltration and activation of microglial cells in the S§VZ
and RMS paralleled the ongoing apoptosis. The number of
microglial cells in the SVZ peaked at 24 hours and then
decreased, reaching the control level at 4 days after the
administration of MPTP. These observations suggest that the
microglial infiltration and activation in the 8VZ and RMS
are partially attributable to the time course of MPTP-induced
apoptosis in these areas.

© 2006 American Association of Newropathologists, Inc.
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Caspase-3 is one of the key executioners of apoptosis,
being either partially or totally responsible for the proteolytic
cleavage of many important proteins (36). In the present study,
based on the findings of immunohistochemical staining for
cleaved caspase-3, a time-dependent activation of caspase-3
in response to acute MPTP toxjcity was observed that is
consistent with the findings of the TUNEL assay, indicating
that the activation of caspase-3 is correlated with the induc-
tion of apoptotic death in the SVZ and RMS. Duan et al
suggested that immunohistochemical stains such as the
cleaved caspase-3 stain could improve the detection and
quantification of apoptosis in tissue sections compared with
the TUNEL assay (37). To phenotype the apoptotic cells, we
performed TUNEL double-staining, but found that the
majority of TUNEL-positive cells did not express cellular
markers. This could be attributable to the downregulation of
markers in dying cells (38); therefore, we performed
immunofluorescence double-labeling with antibody for
cleaved caspase-3 and different cell markers instead of
TUNEL double-staining.

The SVZ in adult mice contains 3 distinct cell types:
migrating neuroblasts (type A cells), astrocytes (type B
cells), and novel putative precursor cells (type C cells) (19).
B cells as neural stem cells express GFAP and give rise to
the rapidly dividing, transit-amplifying C cells that generate
A cells (20, 39). A cells correspond to proliferating, migrat-
ing neuronal precursors (19, 40) and join an extensive tan-
gential network of pathways for chain migration that feeds
into the RMS leading to the OB (22). In the present study,
the majority of cells undergoing apoptosis in the SVZ and
RMS were identified as migrating neuroblasts (A cells)
based on immunofluorescence double-labeling of cleaved
caspase-3 and Dcx, and ultrastructural analysis. Dex is a
neuron-specific microtubule-associated protein expressed in
newly mitotic neurons and has been used as a marker for
migrating neuroblasts (41-43). Ultrastructural analysis in the
present study shows that the cells undergoing apoptosis in
the SVZ are separated by an open pericellular space. They
adhered to the adjacent nonapoptotic cells that have an oval-
shaped dark nucleus, scant and datk cytoplasm, smooth
contours, and were morphologically similar to migrating
neuroblasts according to the criteria defined by Doetsch et al
(19). Moreover, both the apoptotic and nonapoptotic cells
were located close to C cells, which have an irregular
nucleus with deep invaginations, mostly lack chromatin, and
have a typical large reticulated nucleolus. The significant
and rapid decrease in the numbers of Dex-immunoreactive
cells caused by MPTP in the present study further supports
that the majority of cells undergoing apoptosis were A cells.
Although A cells are particularly susceptible to MPTP (in
contrast with B and C cells), the cellular mechanism by
which MPTP induces their apoptosis remains to be clarified.

Type A cells leave the SVZ and migrate along the
RMS to the OB where they move radially away from the
RMS and differentiate into granule and periglomerular
neurons (21, 22, 44, 45). The decrease in the numbers of
migrating neuroblasts induced by MPTP may cause an
impairment of neurogenesis. However, we observed an
increase in GFAP+ cells (type B cells) in SVZ at 4 and

© 2006 American Association of Neuropathologists, Inc.

8 days after MPTP injection. The adult neural stem cells
possess a self-renewing capacity (25) and, as mentioned in the
“Introduction”, B cells will ultimately give rise fo the
migrating neuroblasts (type A cells); we thus speculated that
there will be a recovery from the loss of A cells induced by
MPTP. It will be interesting to further clarify 1) whether and
how increased type B cells contribute to newborn A cells; and
2) whether this recovery requires long-term effort or impaired
neurogenesis by MPTP is a transient event. Although an
increase in type C cells was not detectable by immunohis-
tochemical analysis at 8 days after MPTP injection (data not
shown), we do not rule out the possibility that type C cells
proliferate afler an increase in type B cells. Further studies
need to be performed with the aid of triple immunofluor-
escence and electron microscopic analysis (38) as well as at
time points later than & days after MPTP injection.

In summary, although regimen-dependent differ-
ences may exist and remain to be investigated, apoptosis
does occur in the SVZ and RMS in single-dose MPTP-
treated mice. The majority of cells undergoing apoptosis
were identified as migrating neuroblasts, although a few
were astrocytes. No apoptotic death was observed in
transit-amplifying C cells. As an extensively used animal
model of PD, the MPTP-treated mouse provides an
important tool to help researchers better evaluate and
understand the pathogenesis of PD. The data demonstrated
here may provide new insights into the MPTP mouse
model of PD.
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In the developing brain, neural progenitor cells in the ventricular zone (VZ) show a typical
migration pattem—Iaterkinetic nuclear migration, in which nuclear position within the VZ
is correlated with the cell cycle. However, the mechanisms underlying this regulation
remain unclear. To clarify whether the cell cycle progression controls nuclear migration of
neural progenitor cells, we determined whether chemically induced cell cycle arrest affected
nuclear migration patterns in the VZ. Administration of 5-azacytidine (5AzC) or
cyclophosphamide {CP) to pregnant mice induced cell cycle arrest in the fetal neural
progenitor cells of the telencephalon: 5AzC induced G2/M-phase arrest, and CP induced S-
phase arrest. We used 5-bromo-2'-deoxyuridine (BrdU} labeling to determine the positon of
the cell in the cell cycle and the nuclet within the VZ at the same time. Cells arrested in G2/
M-phase stopped migrating in the inner area of the VZ. Cells arrested in S-phase stopped
migrating in the outer area. These results indicate that nuclear position within the VZ was
correlated with cell cycle phase, even when the cell cycle was disrupted, and that the nuclel
of neural progenitor cells can raigrate only whan their cell cycle is going. Ourresults suggest
that cell cycle regulators might control the machinery of migration through a common
regulatory mechanism.
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Abbreviations:

5AzC, S-azacytidine

BrdU, 5-bromo-2'-deoxyuridine
CP, cyclophosphamide

VZ, ventricular zone © 2006 Elsevier B.V. All rights reserved.

1. Introduction of them migrate beyond the VZ, where they differentiate into

neurons or ghial cells to form the cortex (Fig. 6A; Angevine and

Neural progenitor cells have two essential characteristics:
Iimited self-renewal and multipotency. In the fetal brain, they
proliferate and differentiate into neurons and, later, glial cells
{astrocytes and oligodendrocytes) (Rao, 1999; Gian et al, 2000;
Ternple, 2001,

Migration and translocation are also important processes
for correct brain development. Neural progenitor cells first
proliferate in the ventricular zone (VZ) to form a pseudostra-
tified epithelium, where they are called neuroepithelial cells in
early and radial glia in later development. After mitosis, some

* Corresponding author. Fax: +81 3 5841 8185.
E-mail address: ms-ueno@umin.ac.jp (M. Ueno).

Sidrnan, 1961; Rakic, 1888, Bayer and Altman, 1995, Tamamald
etal., 2001; Noctor et al, 2004; Miyataetal., 2004; Anthonyetal.,
7004). Certain critical genes, such as Reelin, CdkS, Dex, Lisl, and
Nudel, are involved in this migration (for review, see Feng and
Walsh, 2001; Gupta et al., 2002).

Proliferating neural progeniter cells also undergo a typical
migration pattern within the VZ-interkinetic nuclear migra-
tion {or “elevator movement”), in which the positions of nuclei
correlate with the cell cycle phases (Sauer, 1935; Sauer and
Walker, 1959, Sidman et al,, 1958; Fulita, 1962; Yoshida et al,

0006-8993/% 7 - see front matter © 2006 Elsevier B.V. All rights reserved.
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1987; Takahashi et al,, 1993; Hayes and Nowakowski, 2000)
{Fig. 6A). S-phase nuclei, located in the outer area of the VZ,
migrate inward during G2 phase, and mitosis occurs at the
ventricular surface. The nuclei then migrate outward during
G1 phase and enter S-phase again. Thus, neural progenitor
cells seem to be necessary to proliferate in a precise regulation
of cell cycle and nuclear migration. However, the mechanisms
underlying this regulation remain unclear.

It has been reported that inhibition of nuclear migration in
the VZ by an inhibitor of actin polymerization (e.g., cytocha-
lasin B) or disrupting microtubule function do not affect cell
cycle progression because neural progenitor cells which
migration are disrupted undergo ectopic mitoses across the
width of the VZ (Karfunkel, 1972; Messier and Auclair, 1974;
Messier, 1978; Webster and Langman, 1978; Mwrciano et al,,
2002; Gambello et al.,, 2003). On the other hand, treatments of
colchicine or vincristine, a drug known to inhibit mitosis,
induce mitotic arrest which are seen preferentially along the
ventricular surface (Kallen, 1961, 1962; Langman et al,, 1966).
These results suggest that the molecules that regulate
migration do not control cell cycle progression, but cell cycle
regulators might control nuclear migration. However, there is
no clear evidence that cell cycle progression in each phase
regulates the position of nuclei. In the present study, to clarify
whether the regulators of cell cycle control nuclear migration
of neural progenitor cells, we induced cell cycle airest in
neural progenitor cells, using two chemicals, 5-azacytidine
(5AzC) and cyclophosphamide (CP), and then examined
whether the nuclear migration was stopped or not following
the cell cycle arrest. Both of these chemicals are anti-cancer
drugs, and are known to induce cell cycle arrest followed by
apoptosis when administered to fetal brains (Torchinsky et al,,
1999; Ueno et al., 2002, 2006; Heringova et al., 2003).

We show here that the nuclear position of neural progen-
itor cells in the VZ correlates closely with cell cycle phases,
even when the cell cycle is disrupted, and that the nuclei of
neural progenitor cells can migrate only when their cell cycle
is going, These results suggest that the regulation of cell cycle
might control migration through common mechanisms.

2. Resulis

2.1.  Histopathological changes

Pregnant mice on day 12 of gestation were injected with 5AzC
or CP, and we first determined whether 5AzC and CP
treatment induced histopathological changes in the VZ of
dorsal telencephalic wall.

At 3 to 6 h after SAzC treatment, more mitotic cells were
present along the ventricle than in controls (Figs. 1Aa-c, Ba, b,
D), indicating that cell cycle arrest occurred in M phase. Mitotic
cells were positive for phospho-Histone H3, a marker for
mitotic cells (Figs. 1Ba, b). These cells gradually decreased in
number after 6 h, and the number of pyknotic cells among the
neural progenitor cells increased between 6 and 12 h (Figs.
1Ac-e, Ca, b, E). These pyknotic cells were positive for terminal
deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin
nick end labeling {TUNEL) staining, a marker for apoptotic
cells (Fig. 1Cb).

In the CP-treated brain, the number of mitotic cells along
the ventricle decreased between 6 and 12 h (Figs. 1Ag, Ba, c,
D), indicating that cell cycle arrest occurred before mitosis.
Further, CP treatment increased the number of apoptotic cells,
defined as positive for TUNEL staining (Figs. 1Ag-, Cc, E).

Although apoptosis was induced in the VZ, we can verify
that pseudostratified structure remained intact by treatment
of these agents (Fig. 1A). It allowed us to evaluate the
migration of progenitor cells under the condition that induces
cell cycle arrest but do not affect the cell polarity which may be
important for migration.

2.2. Cell cycle analysis

We next used flow cytometry with propidium iodide (PI)
staining, which can bind the DNA and detect the DNA content
of the cells, to evaluate the alterations in cell cycle kinetics
induced by chemical treatment. The cells were obtained from
the fetal telencephalon at embryonic day (E) 12. In E12 to E13
mice, about 70% of cells in the fetal telencephalon are neural
progenitor cells (D’Sa-Eipper and Roth, 2000), suggesting that
the cells we analyzed were primarily neural progenitor cells.

In the 5AzC-treated group, the number of cells in G2/M
phase gradually increased from 3 to 9 h after treatment
(control, 5.6 = 0.1%; 3 h, 81 = 0.8%; 6 h, 17.3 = 1.2%; 9 h,
20.2 £0.5%), and that in S-phase also increased a little, whereas
the number in GO/G1 phase decreased (Figs. 2c-e), suggesting
that 5AzC induced both S and G2/M arrest. In addition, the
number of G2/M-phase cells increased at 9 h more than thatat
6h (6h, 17.3 £ 1.2%; 9 h, 20.2 = 0.5%), whereas the number of
mitotic cells decreased (Fig. 1D}, indicating that 5AzC first
induced M arrest at 6 h and then G2 arrest at 9 h. At 12 h,
although the number of cells in G2/M remained high
(19.0 + 1.9%), the proportion in S-phase began to decrease,
and apoptotic cells in the sub-G1 area increased (8.2 + 1.5%)
{Fig. 2f).

In the CP-treated group, the cell cycle distribution at 3 h did
not differ markedly from the control (Fig. 2g). From 6 to 12 h,
the number of cells in S-phase increased remarkably (control,
100+ 1.8%; 6 h, 18.6 £3.3%;9h,26.2 + 1.7%; 12 h, 29.7 = 1.8%),
and those in G2/M phase decreased (Figs. 2h-j), suggesting that
S-phase arrest occurred. As observed in 5AzC treatment, the
number of apoptotic cells in the sub-G1 area also increased
after 9 h (8.5 = 1.5%) (Fig. 2i).

2.3.  Detection of BrdU-positive cells in the cell cycle

To measure cell cycle and nuclear migration at the same time
points, we evaluated the cell cycle transition of BrdU-
incorporated cells by using flow cytometry.

The injection protocol is represented in Fig. 3. For the
control group, pregnant mice were injected only with BrdU
(20 mg/kg), and the fetuses were collected at 1, 3,6,9,0r 12 h
after treatment. Cells from the fetal telencephalon were
stained with anti-BrdU antibody and PI and analyzed by flow
cytometry. In the BrdU-only control group, BrdU first was
incorporated into S-phase cells at 1 h after treatment (Fig.
4Aa). At 3 h, the BrdU-incorporated cells had transited from S
to G2/M phase, and some had entered GO/G1 (Fig. 4Ab). At 6 h,
most BrdU-positive cells had left S-phase and were in G2/M or
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{12 b} (ANOVA with Tukey-Kramey test).

GO/G1 phase (Fig. 4Ac). BrdU-positive cells started re-entering
S-phase at 9 h (Fig. 4Ad}, and most cells completed $-phase
reentry by 12 h (Fig. 4Ae). Thus, the duration of a single
complete cell cycle is about 9 to 12 h, an assumption that is
supported by the report of Takahashi et al. {1595).

In the SAzC-treated group, 5AzC (10 mgkg) and BrdU
(20 mg/kg) were administered at the same time, and fetuses
were collected at 1, 3, 6, 8, or 12 h after treatment {Fig. 3). 5AzC
and BrdU are both analogues of nucleic acids and ave
incorporated simultaneously into DNA during S-phase.
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Fig. 2 - Cell cycle analysis of fetal telencephalic cells. (a) Schematic figure of cell cycle analysis. X axis shows Pl intensity which
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significantly different from the control group (ANOVA with Tukey-Kramer test). The treatment of 5AzC increased the
number of G2/M-phase cells from 3 to 12 h. The treatment of CP increased the number of S-phase cells from 6 to 12 h.
Both chemicals induced apoptosis observed in the sub-G1 area from 9 to 12 h.

SAzC treatment allowed BrdU-incorporated positive cells to
fransit from S to G2/M phase by 6 h, whereas only a few cells
moved to GO/G1 phase {Fig. 4Af-h). In contrast to control cells,
most of the SAzC-treated cells remained in G2/M phase from 6
to 9 h after treatment (Figs. 4Ah, i, B: control (6 h), 19.4 + 5.6%;
5AzC (6 h), 74.9 = 5.6%, control (9 h), 3.9 + 2.4%; 5AzC (8 h),
68.4 + 1.0%). At 12 h, although many BrdU-positive cells were
in G2/M phase (Figs. 4Aj, 4B: 34.5 + 13.3%), some of them moved
to GO/G1 phase {17.0 + 0.6%) or the sub-G1 area and died
(13.5 = 4.5%) (Fig. 4Aj). Thus, 5AzC-treated neural progenitor
cells underwent G2/M arvest,

In the CP-treated group, BrdU (20 mg/kg) was administered
6 h after CP treatment (30 mg/kg) (Fig. 3), the time point when
S-phase arrest started (Fig. 2h). BrdU was first incorporated
into S-phase cells at 1 h after BrdU treatment (Fig. 4Ak). At 3 h,

most BrdU-positive cells remained in S-phase, although their
DNA content gradually increased (Figs. 4Al, 4B: control (3 h),
33.9+3.7%; CP (3 h}, 73.6 = 3.7%). At 6 h, some of themn entered
G2/M phase, but many of them were still in S-phase (Figs.
4Am, 4B: control (6 h), 4.9 = 2.1%; CP (6 h), 63.2 + 10.3%). These
results suggest that CP-treated neural progenitor cells under-
went S-phase arrest (or S-phase accumulation).

2.4.  Migration of neural progenitor cell nuclei

We then examined the distribution of BrdU-positive cells in
the VZ of dorsal telencephalic wall by using immunchisto-
chemical staining to determine whether drug treatment
induced changes in nuclear migration patterns.
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Fig. 3 - Experimental protocols for BrdU incorporation.
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kg, +BrdU), and CP-treated group (CP, 30 mg/kg, +BrdU).
White circles represent the time points when the fetuses
were collected for either flow cytometry or
immunohistochemistry.

In the control group, BrdU-positive nuclei were first
observed in the outer area of the VZ, where S-phase cells
accumulate (Fig. SAa). BrdU-positive nuclei migrated inward
and were detected in the mitotic cells at the ventricular
surface at 3 h (Fig. SAb). At 6 h, most BrdU-positive nuclei were
observed in the inner area, while few positive nuclei were
observed in the outer area (Fig. 5Ac). The positive nuclei in the
inner area correspond to both G2-phase nuclei migrating
inward and Gi-phase nuclei migrating outward (see Fig. 4Ac).
At 9 h, BrdU-positive nuclei were present in the middle of the
VZ (Fig. 5Ad) and returmned to the outer area at 12 h (Fig. SAe).
These nuclei correspond to the cells transitioning from G1 to
S-phase (Figs. 4Ad, e).

In the 5AzC-treated group, BrdU-positive nuclei were
initially observed in the outer area of the VZ, similar to the
control group (Fig. 5Af). At 3 h, some BrdU-positive nuclei
had moved inward, but many were still present in the outer
area (Fig. SAg). At 6 h, BrdU-positive nuclei were located in
the inner area, and many mitotic cells were BrdU-positive
{Fig. SAh). At 9 h, BrdU-positive nuclei seemed to stop their
translocation in the inner area of the VZ in comparison
with the controls (Figs. 5Ad, 1, B: control {9 h), 22 + 5.7%;
54zC (9 h), 63.2 = 3.9%), although some cells may have
migrated outward after mitosis. Since flow cytometry
showed that cells were in G2/M phase at this time point
(Figs. 4Ah, i), the delay of nuclear migration to the inner
area and G2/M arrest occurred simultaneously. At 12 h,
some BrdU-positive nuclei were observed in the middle
area and seemed to be migrating toward the outer area
again (Fig. SAj). These cells could potentially correspond to
GO/Gl-phase cells (Fig. 44j). Some BrdU-positive nuclei had
nuclear condensation, a characteristic of apoptosis (arrows
in Fig. 5Aj).

In the CP-treated group, BrdU-positive nuclei were ob-
served in the middle and outer area of the VZ, at 1 h after
BrdU-treatment (Fig. 5Ak). From 3 to 6 h, they remained in the
outer area (Figs. 5Al, m, B: control {6 h), 15.6 x 4.5%; 5AzC (6 h),
40.5 + 11.2%), and no BrdU-positive mitotic cells were

observed. These BrdU-positive cells were mostly in S-phase,
with some in G2/M (Figs. 4Al, m), and some BrdU-positive
nuclei showed nuclear condensation (arrows in Fig. SAmy). The
results show that the cells in S arrest remained in the outer
area, suggesting that S-phase amrest and failure to migrate
occurred simultaneously.

3. Discussion

Migration is a critical step in brain development. Differentiat-
ing neuronal or glial blast cells migrate in a radial or tangential
manner to construct brain structures (Marin and Rubenstein,
2001; Gupta et al., 2002). Proliferating neural progenitor cells,
known as neuroepithelial cells in early development and
radial glia in later development, also have a specific migration
systemn, interkinetic nuclear migration (also called “elevator
movement”) (Fig. 6A).

The migration of differentiating neural cells has been
studied with various approaches but primarily with mutant or
knockout mice (Feng and Walsh, 2001; Gupta et al., 2002). A
number of genes, including Reelin, Dab1, and Cdk5/p35/p39,
play a role in the signal transduction through the plasma
membrane (Ohshima and Mikoshiba, 2002). Other genes,
including DCX, LIS1, and NUDEL, are thought to directly
regulate the cytoskeleton and mediate cell movement (Feng
and Walsh, 2001). The interaction of these two categories of
genes is a subject of intense Investigation.

On the other hand, the regulation of the nuclear migration
of neural progenitor cells is poorly understood. The “elevator
movement” exhibited by these nuclei is thought to be
dependent on cell cycle progression (Fig. 6A). Indeed, most S-
phase nuclei are observed in the outer area of VZ which is
shown by *H-thymidine or BrdU labeling, whereas most
mitotic cells are on the ventricular surface (Sauer, 1935;
Sauer and Walker, 1959; Sidman et al, 1959; Fujita, 1960,
1962; Yoshida et al., 1987; Takahashi et al., 1992, 1993, Hayes
and Nowakowski, 2000). The nuclear migration of neural
progenitor cells was confirmed not only by *H-thymidine and
BrdU labeling, but also by time-lapse observations of fluores-
cently labeled cells (Chenn and McConnell, 1995; Noctor et al.,
2001; Miyata et al., 2001). Although S-phase-nuclei and mitosis
are located in a restricted region in the VZ under normal
circumstances, however, there is no direct evidence that cell
cycle progression in each phase regulates the position of
nuclei.

In the present study, we examined whether this nuclear
migration pattern correlated with cell cycle progression, even
when cell cycle progression was chemically disrupted. We
used the same marker, BrdU, to examine the cell cycle
distribution and morphological distribution of cells in the VZ
by coupling immunohistochemical and flow cytometric
methods, which is a new method to detect cell cycle

" progression and nuclear migration simultaneously. As

expected, neural progenitor cells stopped their migration
according to their phase of cell cycle arrest. SAzC treatment
induced G2/M arrest, and the nuclei of neural progenitor cells
stopped their migration in the inner area of the VZ, where they
would normally be located during the G2 phase (Fig. 6B). CP
treatment induced S-phase arrest, and the nuclei of neural

— 386 —



62

w
=
S

gh 1zh

A 1h

w
o
e
o

10%

. o
control 23

e
@

s

4]

- 2,
[+ [
4 -

& ~..:;t..;, ":;,ﬁ.,;,.g LT

B

=
2
&
E
b
2
3
£
o
b4
i
DRNA content
gh 12 h
ticontrol
28420
acp

L 5 2 s 5 s

O 20 40 80 BO 100 O 20 40 60 B0 100 0 Z0 40 S0 80 100 0 20 40 60 8C 00 O 0 40 80 80 1D
%

Fig. 4 - Transition of BrdU-incorperated cells in the cell eycle. (A} Detection of BrdU-posidve cells in the call cycle. n: schematie
figure of this cell cycle analysis. X axis shows Plintensity which Is corresponded to DMA content (2n: GO/G1 phase, 4n: G2/M, 2ni<
and <4n 8, <2n: sub-G1) and Y axis represents FITC intensity which is corresponded to BrdU incorporation. The cells that
have FITC intensity above the dotied line are BrdU-positive cells. (a-¢) Control (BrdU-treated); (1) 5AzC and BrdU-weated; (k-m)
CP and BrdU-treated. (2, ) 1 hi (b, g § 3 hi o, b, m} 6 1y {d, §) 9 Iy {e, §) 12 b after BrdU treatment. {B) Distribution of
Brdi-positive eells in the cell cycle. White bar control group, gray ban SAzC-treated group, black bar: CP-treated group,
Percentages for each cell cycle phase are presented as the mean = 8D of 2 dams. *F < 0.05, VP < 0.01; significently different
from the control group (ANOVA with Tultey-Kramey test). 5AzC and CP-weated cells delayed in their nransition in G2/M and

$-phase respectively.

progenitor cells stopped their migration in the cuter area of arrest induced by ethylnitrosourea also inhibits the nuclear
the VZ, where the nuclei of S-phase cells normally exist (Fig. migration of neural progenitor cells (Katayama et al., 2008). It
6C). These results are supported by the report that S-phase is also reported that chemically induced mitotic arrest to the
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neural progenitor cells stops their migration at the ventricular
surface {Kallen, 1961, 1962; Langman et al,, 1966). Although we
did not investigate other phase arrests {(i.e., G1 phase), we
propose that the same relationship exists between migration
and cell cycle at all phases. Murciano et al. {2002) reported that

S-phase arrest by hydroxyurea (HU} do not affect the nuclear
migration in the chick diencephalon, suggesting that cell cycle
and migration are regulated in a different machinery {for
review, see Gotz and Huttner, 2005). Although their experi-
mental condition has several unclear points (Le., degree of -
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phase arrest, sequential pattern of migration, damage of
pseudostratified structure), we have to evaluate the effect of
HU using our experimental model to clarify these controver-
sial results.

Our results suggest the presence of a mechanism to
connect nuclear migration and cell cycle progression. In
addition, inhibition of nuclear migration does not affect cell
cycle progression (Karfunkel, 1972; Messier and Auclair, 1974;
Messier, 1978; Webster and Langman, 1978; Murciano et al,,
2002; Gambello et al., 2003), suggesting that cell cycle
regulators control the migration, but migration system does
not control cell cycle. Itis assumed that, for example, cell cycle
regulators that play a role in the G2 transition might also
induce inward nuclear migration. Once the cell cycle regula-
tors stop the G2 transition, they also might stop the inward
translocation. The same phenomena are assumed to occur in
other cell cycle phases.

Recently, Pearson et al. (2005) reported that Ca”* transient
precedes the inward nuclear migration in the chick retinal
progenitor cells, and gap-junctional communication and
hemichannels which regulate propagation of Ca*' increase
in neural progenitor cells (Weissman et al., 2004) are necessary
for nuclear movement at normal speed. Interestingly, calcium
increase is involved in cell cycle progression in radial glial cells
(Owens and Kriegstein, 1998; Weissinian et al,, 2004), and
blockade of gap junction or connexin channels suppresses
proliferation of neural progenitor cells {Bittman et al., 1997;
Goto et al.,, 2002; Becker and Mobbs, 1999; Cheng et al,, 2004).
Taken together, it is suggested that blockade of Ca®* increase,
gap-junctional communication, or hemichannels may sup-
press cell cycle progression and then result in inhibition of
nuclear migration, which is consistent with our previous
model. It would be therefore interesting to examine the
relationship among cell cycle regulators, Ca** modulation,
and nuclear migration.

Interkinetic nuclear migration is a very fundamental
histogenetic strategy widely used in many epithelial systems
including neuroepithelium (Sauer, 1936; Fyjita, 1960; Bort et
al., 2006), however, biological significance of this migration
remains unclear. It is suggested that, in the developing
nervous system, this migration is necessary to segregate the

VZ into two regions, the apical zone (inner area) and the
basal zone (outer area), to keep neurogenesis and DNA
replication respectively (Murciano et al, 2002). Thus, this
migration seems to be important for completing the brain
development in which neurons and glial cells have to be
produced in a large number and at an appropriate timing, It
is therefore further needed to investigate the molecular
mechanism of this typical migration. In this case, our
present experimental model will contribute to clarify the
mechanism of interkinetic nuclear migration in the devel-
oping brain.

4, Experimental procedure

All procedures were approved by the Animal Care and Use
Committee of the Graduate School of Agricultural and Life
Sciences, The University of Tokyo.

4.1. Animals

Timed pregnant C57BL/6] mice were obtained from Japan
CLEA (Tokyo, Japan).

4.2. Chemicals

5AzC, CP, and BrdU were obtained from Sigma (St. Louis, MO).

4.3.  Chemical treatment for histopathological examination
and cell cycle analysis

On day 12 of gestation, pregnant mice were injected intraper-
itoneally {ip.) with 10 mg/kg of SAzC or 30 mg/kg of CP and
then euthanized at 3, 6, 9, or 12 h after treatment. As controls,
pregnant mice were injected with an equivalent volume of
saline and euthanized at 6 and 12 h after treatment. Collected
fetuses were used for histopathological examination and cell
cycle analysis.
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4.4, Histopathological examination,
immunohistochemistry, and TUNEL staining

Collected fetuses were fixed in 10% neutral-buffered formalin
and embedded in paraffin. Paraffin sections (thickness, 4 um)
were stained with hematoxylin and eosin for histopatholog-
ical examination.

Some of the sections underwent immunochistochemical
staining for phospho-histone H3 by the LSAB method with
streptavidin {Dako, Carpinteria, CA). Rabbit anti-phospho-
histone H3 polyclonal antibody (Cell Signaling Technology,
Beverly, MA) was used as the primary antibody and biotin-
labeled goat anti-rabbit 1gG (Kirkegaard and Perry, Gaither-
burg, MD) as the secondary antibody. The positive signals
were visualized using a peroxidase-diaminobenzidine reac-
tion, and then the sections were counterstained with
methyl green.

Cells with fragmented DNA were detected by TUNEL
method by use of an apoptosis detection kit (Apop Tag;
Intergen, Purchase, NY). In brief, multiple fragmented DNA-3'-
CH ends on the section were labeled with digoxigenin-dUTP in
the presence of TdT enzyme. Peroxidase-conjugated anti-
digoxigenin antibody was then reacted with the sections.
Apoptotic nuclei were visualized using a peroxidase-diami-
nobenzidine reaction, and then the sections were counter-
stained with methyl green.

The indices of mitotic or apoptotic cells {%; number/500
cells in the VZ) were represented as the mean =+ SD of 3 dams,
and statistical analysis was performed by a one-way ANOVA
followed by Tukey-Kramer multiple comparison test.

4.5.  Cell cycle analysis

The telencephalons of two or three fetuses from each dam (3
to 12 h after treatment, and controls) were obtained under
stereoscopic microscopy and then combined and resuspended
in HBSS at a concentration of 1-2 x 10°. Cells were centrifuged
for 5 min at 1500xg at 4°C, and the supernatant was discarded.
After being washed in Dulbecco’s PBS (dPBS), the cells were
fixed in 70% ethanal at 4°C overnight. Cells were then washed
in dPBS and incubated with ribonuclease A (RNase A; 250 pg/
ml, Sigma) for 40 min at 37°C. Cells were stained with
propidium icdide (P1; 50 pg/ml, Sigmay) for 30 min on ice. Cell
cycle analysis was performed using the FACS Callibur system
(Becton Dickinson, Mountain View, CA}, and cell cycle
distribution was analyzed by using the Cell Quest program
(Becton Dickinson). Percentages for each cell cycle phase were
presented as the mean = SD of 3 dams, and statistical analysis
was performed by a one-way ANOVA followed by Tukey-
Kramer multiple comparison test.

4.6.  BrdU treatment for evaluating cell cycle transition and
migration

The injection protocol is represented in Fig. 3. As controls,
pregnant mice (day E12) were injected with 20 mg/kg of BrdU
and euthanized at 1, 3, 6, 9, or 12 h after treatment. For the
SAzC-treated group, pregnant mice were injected ip. with
10 mg/kg of 5AzC and 20 mg/kg of BrdU at the same time and
then euthanized at 1, 3, 6, 9, or 12 h after treatment. In the CP-

treated group, pregnant mice on day 12 were first injected i.p.
with 30 mg/kg of CP and, 6 h later, were injected ip. with
20 mg/kg of BrdU. They were then euthanized at 1,3, or6 h
after BrdU treatment. The collected fetuses were subjected to
flow cytometric analysis for investigating the transition in the
cell cycle or immunohistochemical staining for the evaluation
of nuclear migration patterns.

4.7.  Celi cycle staging of BrdU-positive cells by flow
cytometry

Cells isolated from two or three fetal telencephalons were
resuspended and then washed and fixed using the method
described for cell cycle analysis. After being fixed, the cells
were washed with dPBS, resuspended, and then incubated for
30 min at room temperature (RT) in 2 M HCI containing 0.5%
Triton X-100. After being neutralized in 0.1 M Na,B4Oy, the
cells were incubated with an FITC-labeled anti-BrdU mono-
clonal antibody (Pharmingen, San Diego, CA) for 30 min atRT.
They then were resuspended in dPBS containing PI (10 pg/ml)
for 30 min on ice and were analyzed with the FACS Callibur
system and Cell Quest program (Becton Dickinson). Percen-
tages for each cell cycle phase per total BrdU-positive cells
were presented as the mean =+ SD of 2 dams, and statistical
analysis was performed by a one-way ANOVA followed by
Tukey-Kramer multiple comparison test.

4.8.  Evaluation of the nuclear migration pattern of
BrdU-positive cells

Collected fetuses were fixed in 10% neutral-buffered formalin
and embedded in paraffin. Paraffin sections (thickness, 4 ym)
were used for immunochistochemical staining for BrdU with
the LSAB method (Ueno et al, 2002). Mouse anti-BrdU
monoclonal antibody (1:100;, Dako, Carpinteria, CA) and
biotinylated goat anti-mouse 1gG antibody (1:400; Kirkegaard
and Perry, Gaithersburg, MD) were used as the primary and the
secondary antibodies, respectively. Stains were visualized
using a peroxidase-diaminobenzidine reaction, and then the
sections were counterstained with methyl green. BrdU-
positive nuclei in each area of the VZ were counted, and the
percentage per total BrdU-positive nuclei was represented as
the mean = SD of 2 dams. Statistical analysis was performed
by a one-way ANOVA followed by Tukey-Kramer multiple
comparison test.
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Abstract

We clarified that etoposide (VP-16), a topoisomerase II inhibitor, induced apoptosis in the mouse fetal brain. Apoptotic mechanisms and cell
cycle arrest in this system were investigated. Four mg/kg of VP-16 was injected into pregnant mice on day 12 of gestation (GD12). The cell cycle
and expression of protein and mRNA of p53 and its transcriptional target genes were examined in the fetal brain. The number of p53- and p21-
protein-positive cells peaked at 4 h after treatment (HAT). The expression of p2] mRNA was significantly increased at 4 HAT and 8 HAT. The
expression of fus mRNA was significantly increased from 2 to 12 HAT. Significant expression of puma mRNA was observed from 1 HAT to
48 HAT. Flow cytometric analysis revealed that VP-16 induced S-phase accumulation and G2 arrest at 4 and 8 HAT, and VP-16-induced apoptosis
was significantly increased from 4 to 24 HAT. In an experiment using BrdU treatment of pregnant mice, the migration of neuroepithelial cells in
the fetuses was delayed as compared to the migration of controls, and BrdU-positive signals were observed in some pyknotic cells from 8 to

12 HAT. The present results suggest that VP-16 might induce cell cycle arrest at G2/M phase and apoptosis in a p53-related marmmer.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

VP-16, a topoisomerase II inhibitor, is widely used as a
chemotherapic agent for small cell lung cancer, testicular cancers
and lymphomas [6,11,37,39]. VP-16 is also known to be a
teratogen, and it brings on skeletal malformation and anomalies
of the CNS in mice and rats when administrated during early
gestational stages [39]. VP-16 interferes with topoisomerase II
activity and causes DNA double-stranded breaks through the
formation of a cleavage complex containing DNA-drug-enzyme
[10]. In our previous study, we showed that the thickness of the
cerebral cortex was decreased in the neonates from dams treated
with VP-16 on gestation day 12 (GD12) as compared to control
neonates (data was not reported). VP-16 immediately induced
cell damage and apoptosis in the CNS of mouse fetuses afler its
administration to pregnant mice on GD12 [28].

* Corresponding author. Tel./fax: +81 3 5841 5401 8185.
E-mail address: vet0215(@yahoo.co.kr (C. Nam).

0892-0362/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/.111.2006.09.021

The p533 tumor suppressor protein is activated by DNA
damage and other cellular stresses, the induction of cell cycle
arrest, DNA repair and apoptosis [20,23,41,43]. In response to
genotoxic stress, p53 transactivates its target genes [2,7,12,40].
pS3-dependent upregulation of p21 and Gadd45 induces growth
arrest [8,17], and it also regulates the repair of DNA damage
[24,25,34,36]. p53-dependent apoptosis has been suggested to
be mediated by the transactivation of bax [38), fus [27], PUMA
(p53-upregulated modulator of apoptosis) [16], Noxa [31] and
other p53-inducible genes. Cyclin Gl is also a target of p53
[32], and regulates the accumulation and degradation of p53
protein in association with mdm2 [19].

In this study, we investigated the mechanism of neuroepithe-
lial cell apoptosis in VP-16-exposed mouse fetuses. We exam-
ined sequential changes in expression of p33 and its target genes
using immunohistochemistry for p53 and p2l, and reverse
transcription-polymerase chain reaction (RT-PCR) for p27, bax,
cyclin G1, fas, and puma. We also performed cell cycle analysis
using flow cytometry, and immunohistochemistry using the 5-
bromo-2’-deoxy-uridine (BrdU)-incorporation method to clarify
the migration of neuroepithelial cells.
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2. Materials and methods
2.1. Animals and chemicals

Eight-week-old pregnant ICR (Crj:CD-1) mice were
obtained from Charles River Japan Co., Yokohama, Japan.
Mice were kept in an isolator cage (Niki Shoji Co., Tokyo)
under controlled conditions (23+£2 °C with 55+5% humidi-
ty and a 14-h light/10-h dark cycle) and were fed commercial
pellets (MF, Oriental Yeast Co., Ltd., Tokyo) and provided with
tap water ad libitum.

VP-16 (Sigma, St. Louis, MO) was dissolved in 1% dimethyl
sulphoxide solution in physiologic saline.

2.2. Experimenal design

In the first experiment, twenty-one 8-week-old pregnant mice
(n=3 per time point) were injected with 4 mg/kg of VP-16
intraperitoneally (ip.) on GD 12. As controls, 21 age-matched
pregnant mice (n=3 per time point) were injected i.p. with 1%
DMSO solution on GD 12, and three dams were sacrificed by
exsanguination under ether anesthesia at 1, 2, 4, 8, 12, 24, and
48 h after treatment (HAT). Telencephalons of six fetuses from
each dam were obtained and frozen at — 80 °C, and then subjected
to RT-PCR analysis. The other fetuses were fixed in 10% neutral-
buffered formalin for immunohistochemistry performed as des-
cribed below.

In the second experiment, exactly the same protocol was
used and the telencephalons from six fetuses of each dam were
processed for cell cycle analysis as described below.

In the third experiment, 14 8-week-old pregnant mice were
simultaneously treated with 4 mg/kg of VP-16 and 20 mg/kg of
BrdU i.p. on GDI12. As controls, 14 age-matched pregnant mice
were injected i.p. with 1% DMSO solution and 20 mg/kg of
BrdU on GDI12. Two dams of each group were sacrificed by
exsanguination under ether anesthesia at 1, 2, 4, 8, 12, 24, and
48 HAT. Fetuses were fixed in 10% neutral-buffered formalin
for histopathology and BrdU-immunohistochemistry.

The protocol of the present study was approved by the
Laboratory Animal Use and Care Committee of the Graduate
School of Agricuitural and Life Sciences, the University of Tokyo.

2.3. In situ detection of fragmented DNA (apoptosis)

DNA fragmentation was examined in the paraffin sections by
a modified TUNEL (Terminal deoxynucleotidyl Transferase
Biotin-dUTP Nick End Labeling) method, which has been
widely used for the detection of apoptotic cells. A commercial
apoptosis detection kit (ApopTag® Peroxidase In situ Apoptosis
Detection Kit; Chemicon, CA) was used in the present study. In
brief, multiple fragmented DNA 3'-OH ends on a deparaffinized
section were labeled with digoxigenin-dUTP in the presence of
terminal deoxynucleotidyl transferase (TdT). Peroxidase-con-
jugated anti-digoxigenin antibody was then reacted with the
section. Apoptotic nuclei were visualized by diaminobenzidine
(DAB) reaction. The sections were then counterstained with
methyl green.

2.4. Immunohistochemistry

Formalin-fixed tissues were embedded in paraffin. For
detection of p53, deparaffinized sections were immersed in
10 mM citrate buffer, pH 6.0, and autoclaved at 120 °C for
17 min. Endogenous peroxidase activity was quenched by
immersing the sections in 0.3% H,0, in methanol for 30 min,
and non-specific reactions were avoided by incubating the
sections in 8% skim milk at 37 °C for 40 min. The sections were
then reacted with rabbit antibody against p53 (1:300; Santa
Cruz) diluted with Tris-buffered saline (TBS) at 4 °C overnight.
The sections were further treated with an Envision+ kit (Dako,
Carpinteria, CA) at room temperature for 40 min.

For p2l-immunostaining, a TSA Biotin System kit (Perki-
nElmer, Boston, MA) was used. Deparaffinized sections were
immersed in 10 mM citrate buffer, pH 6.0, and autoclaved at
120 °C for 20 min. Endogenous peroxidase activity was
quenched by immersing the sections in 0.3% H,0, in methanol
for 30 min. The sections were incubated with TNB at room
temperature for 30 min, and then immediately reacted with
mouse antibody against p21 (1:100; PharMingen, San Diego,
CA) in TNB at 4 °C overnight. The sections were further
incubated with biotinylated antibody against mouse IgG (1:400;
Kirkegaard and Perry, Gaitherburg, MD) in TNB for 40 min,
with streptoavidin (1:300; Dako) in TNB for 40 min, with
biotinyl tyramide amplification reagent at room temperature for
10 min, and finally with SA-HRP in TNB buffer at room
temperature for 30 min.

For detection of BrdU, sections were treated with 0.1%
trypsin and 0.1% calcium chioride in Tris-buffer at 37 °C and
1 N HCI at room temperature for 30 min, each. Endogenous
peroxidase activity was quenched by immersing in 0.3% H,0,
in methanol for 30 min. The sections were incubated in 8% skim
milk at 37 °C for 40 min to reduce non-specific reactions, and
incubated with mouse antibody against BrdU (1:100; Dako) in
TBS at 4 °C overnight. The sections were incubated with
biotinylated antibody against mouse IgG (1:400; Kirkegaard
and Perry) and then with streptoavidin (1:300; Dako) in TBS
buffer.

The sections were visualized using the peroxidase—diami-
nobenzidine reaction and then counterstained with methyl
green. Positive cells in the telencephalic wall were counted
under a light microscope (x400). p53- or p21-positive surviving
neuroepithelial cells in the telencephalic wall were counted in
three fetuses randomly chosen from each dam. One thousand
cells were counted in each brain. The index of positive cells (%)
was expressed as the Mean=standard deviation (S.D.) at each
point of examination, and a statistical analysis was done with
Student’s ¢ test comparing between the control and VP-16-
treated groups.

2.5. RNA extraction and RT-PCR analysis

The telencephalons of six fetuses from each dam were
pooled and the total cellular RNA was extracted from each
homogenized sample using an Isogen kit (Nippon Gene,
Toyama, Japan). The RT reaction for synthesizing the first-
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Table 1
Primer sequences and cycle number

Gene Sense primer Antisense primer Cycle numbers
p53 GCCAGGAGACATTTTCAGGC AACTGCACAGGGCACGTCTIT 25
p21 AATCCTGGTGATGTCCGACC GACCAATCTGCGCTTGGAGT 27
Jas GCTCAGAAGGGAAGGAGTAC ACTGGAGGTTCTAGATTCAGG 32
bax TTCATCCAGGATCGAGCAGG TGAGGACTCCAGCCACAAAGAT 25
eyelin G CTTTGGCTTTGACACGGAGAC GGAATCGTTGGGAGGTGAGTT 29
puma ATGGCGGACGACCTCAAC AGTCCCATGAAGAGATTGTACATGAC 32
GAPDH TGATGGGTGTGAACCACGAG TTGAAGTCGCAGGAGACAACC 21

strand ¢cDNA was carried out using an oligo (d7)y;_;g primer
and SUPERSCRIPT™ II Rnase H Reverse Tramscriptase
(Gibco, Gaithersburg, MD). PCR was performed using oli-
gonucleotide primers sets corresponding to the ¢DNA
sequences of p53’s transcriptional target genes (p21, bax, cy-
clin G, fas, and puma), and glyceraldehyde-3-phosphate de-
hydrogenase (G4PDH) (Table 1). PCR amplifications were
performed in 100 ul of reaction mixture containing 5 ul of
10xPCR buffer (100 mM Tris—HCI buffer, 500 mM KCl, and
15 mM MgCly; Takara, Shiga, Japan), 5 pl dNTP (Takara),
1.25 U of Tag™, 50 pM each of sense and antisense primer, and

A

1 pl of cDNA. After an initial denaturation at 94 °C for 7 min,
amplification was performed in a Takara PCR Thermal cycler
SP (Takara) (Table 1) under the following conditions: 1 min of
denaturation at 94 °C, | min of annealing at 50 °C (fas), 57 °C
{puma) or 58.5 °C (others), and 1 min of extension at 72 °C,
Amplification of GAPDH mRNA was used as the control for
template concentration. The PCR products were electrophoret-
ically separated in 2% agarose S (Nippon Gene) in TBE buffer
(8% mM Tris-aminomethane, 89 mM boric acid, 10 mM EDTA).
The gels were stained with ethidium bromide (Gibeo). Fluo-
rescent bands were visualized using a UV-CCD video system
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Fig. 1. lmmunohistochemistry for p53. (A) p53-positive cefls in the fetal brains of the control (a) and VP-16 treated {b) group at4 HAT. (B) Changes in the p53-labeling
index in mouse fetal telencephalon. Each value represents the mean+8D of 3 fetuses from each dam. **p<0.01, ##%p<0.001: significantly different from controls by

Student’s ¢ test. x200.
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Fig. 2. Immunohistochemistry for p21. (A) p21-positive cells in the fetal brain of the control (a) and VP-16 treated (b) group at 4 HAT. (B) Changes in the p2 | -labeling
index in mouse fetal telencephalon. Each value represents the mean=8.D. of 3 fetuses from each dam. **p<0.01, ***p<0.001: significantly different from controls by
Student’s ¢ test. x200.

{EpiLightyvgai100; AISIN COSMOS, Tokyo, Japan) and were was represented as the mean+S8.D. The significance of dif-
analyzed using Quantity One image-analysis software (pdi, ferences between the control group and HU-treated group was
NY). The intensity of each band relative to the GAPDH band evaluated with Student’s ¢ test.
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Fig. 3. mRNA expression of p33 and its transcriptional target genes analyzed by RT-PCR . Agarose gel electrophoresis. Expression of a few p53 target genes { p2/, fas
and puma) was elevated after VP-16 treatment.
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2.6. Flow cytometric analysis

For cell cycle analysis, telencephalons of three fetuses from
each dam were obtained in Hanker’s balanced salt solution.
Cells from the telencephalons were washed in PBS, and
resuspended in 1 ml of PBS at a density of 1% 10° cells/ml. Ice-
cold ethanol (2.7 ml) was added to yield a final ethanol
concentration of 70%. After centrifugation, the cells were
resuspended in I ml of PBS and incubated with 10 ul of RNAse
at 37 °C for 40 min. Ten microliters of propidium-iodide (5 mg/
mi) were added. Forward scatter (FSC) and side scatter (SSC)
analysis was performed to assess changes in cell morphology,
and fluroscent lamp-2 height (FL-2H, red fluorescence) analysis

to detect changes in cellular DNA content and DNA
fragmentation using a FACSCalibur Flow Cytometer (Bec-
ton—Dickinson, Franklin Lakes, NJ). Using the Cell Quest
program (Becton-Dickinson), doublets and debris were
discarded and then the percentages of cells in the various
phases of cell cycle were calculated.

3. Results
3.1. TUNEL

Pyknotic cells in the telencephalon of VP-16 treated mice
began to increase at 4 HAT, peaked at 12 HAT, gradually
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