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Time-course changes in 5-fluorouracil-induced neural progenitor 
cell damages in the developing rat brain
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Abstract: 5-Fluorouracil (5-Fu) is a DNA-damaging agent and teratogenic in rodents. This study aimed to investigate its influence 
on neural progenitor cells (NPCs) in the developing fetal rat brain. Dams were intraperitoneally injected with 5-Fu (50 mg/kg b.w.) on 
gestation day 13 and its effects on fetal NPCs were observed from 3 to 72 hours after treatment (HAT), via periodic examination at 
six intervals. In NPCs of the fetal brain, the p53-labeling index (LI%) was markedly elevated at 3 HAT. Pyknosis and cleaved caspase-
3-LI% also increased at 3 HAT, reaching peak values at 9 and 12 HAT. These parallel changes suggested the induction of apoptosis 
through a p53-mediated pathway. Pyknotic NPCs were distributed across the ventricular zone (VZ) of the telencephalic wall until 12 
HAT, and became localized in the medial and dorsal layers at 12 and 48 HAT. Significant decreases in the numbers of mitotic NPCs 
and BrdU-LI% were noted from 3 HAT and 24 HAT, respectively. BrdU-positive NPCs were located in the ventral and middle layer at 
24 and 48 HAT. p21-positive cells were detected at 12 and 24 HAT. The present results demonstrated that p53-mediated apoptosis was 
induced in all phases of the cell cycle of the NPCs in the early stage after 5-FU treatment. Furthermore, apoptosis of NPCs and suppres-
sion of cell proliferative activity are the events that take place in parallel leading to prominent reduction in the width of the telencephalic 
wall. (DOI: 10.1293/tox.2020-0070; J Toxicol Pathol 2021; 34: 299–308)
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Introduction

It is well known that 5-fluorouracil (5-Fu) inhibits 
DNA synthesis and perturbs the cell cycle through inhibi-
tion of thymidylate synthetase1–4, and therefore, 5-Fu has 
been widely used as a cytostatic anti-tumor drug. In addi-
tion, 5-Fu is absorbed rapidly into the maternal circulation 
and its metabolites are directly incorporated into embryonic 
nucleic acid5 resulting in the induction of teratogenic effects 
and subsequent developmental anomalies in the craniofacial 
tissues, limb buds, and brain in a number of animal spe-
cies, including humans2, 3, 6–9. Hindlimb anomalies induced 
by 5-Fu have been studied in detail, and they are likely to 
be induced by prenatal damage to the cells composing the 
hindlimbs2, 3. However, 5-Fu has not been adequately inves-
tigated for its toxic effects on the developing fetal nervous 
system, although a number of DNA-damaging agents show 

toxic effects on the developing fetal brain of rats and mice10. 
Kumar et al.11 reported that a single injection of 5-Fu into 
pregnant rats during the late phase of pregnancy brought 
about microencephaly in the prenatal and neonatal brain. In 
our previous study, the toxic effects of 5-Fu (15 to 50 mg/kg 
b.w.) were examined on rat fetuses after treatment on gesta-
tion day (GD) 13, and we demonstrated that in addition to 
mesenchymal cell damage in the craniofacial region, limb 
bud, and tongue, 5-Fu caused pyknosis and subsequent loss 
of neural progenitor cells (NPCs) in the fetal brain and spi-
nal cord12.

Since the rat fetus at GD13 is in the early neural devel-
opmental stage and very sensitive to DNA-damaging agents, 
a number of studies have focused on GD13 for DNA-dam-
aging agent-induced lesions in the developing rat brain10. 
In the developing brain, multipotent NPCs proliferate in 
the VZ, and then differentiate into neurons and later, glial 
cells13. The nuclei of proliferating NPCs undergo a charac-
teristic migration process (interkinetic nuclear migration or 
elevator movement) in the VZ, and their locations are well 
correlated with their cell cycle phase14.

Taking these facts into consideration, the present study 
was designed to investigate the morphological and immu-
nohistochemical changes in NPCs of the rat fetal brain over 
time from 3 to 72 h after treatment (HAT) to dams with 
5-Fu on GD13. Particular interest was focused on the effect 
on the telencephalon wall because of its criticality in post-
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natal microcephaly. In addition, the possible mechanism 
was investigated in comparison with the changes induced 
by other DNA-damaging agents.

Materials and Methods

Animals and experimental design
Forty-two pregnant rats of the Sprague-Dawley strain 

[Crl:CD(SD)] were obtained at GD7 from Charles River Ja-
pan Inc. (Tsukuba Breeding Center, Ibaraki, Japan). The 
day when copulation was confirmed was defined as GD0. 
Animals were housed individually in bracket-type stainless-
steel wire mesh cages (W254 × D350 × H170 mm) and main-
tained in a barrier-sustained animal room controlled at 23 ± 
3°C and 50 ± 20% relative humidity, with 10 to 15 times/h 
ventilation and 12h/12h light/dark cycle. Animals were al-
lowed free access to radiation-sterilized pellets (NMF; Ori-
ental Yeast Co., Ltd. Tokyo, Japan) and tap water ad libitum.

5-Fu (FUJIFILM Wako Pure Chemicals, Osaka, Japan) 
and 5-bromo-2’-deoxyuridine (BrdU) (Sigma-Aldrich Ja-
pan, Tokyo, Japan) was dissolved in sterile water and saline, 
respectively. The dose of 5-Fu used in the present study was 
determined based on the results of our previous study12.

Forty-two pregnant rats were equally divided into the 
control and 5-Fu groups. On GD13, dams of the 5-Fu group 
were injected intraperitoneally (i.p.) with 50 mg/kg b.w. (10 
mL/kg b.w.) of F-5u and those of the control group with 10 
mL/kg b.w. of sterile water. Three randomly chosen dams of 
the control and 5-Fu groups each were euthanized at each 
time point of 3, 6, 9, 12, 24, 48, and 72 HAT by exsanguina-
tion from the abdominal aorta under inhalation anesthesia. 
All the dams were injected intravenously (i.v.) with 100 mg/
kg b.w. (10 mL/kg b.w.) of BrdU 30 min before euthanasia to 
detect cells in the S-phase. At each time point, body weights 
were obtained for all fetuses per dam from 3 dams, and the 
brains of 3 randomly chosen fetuses from each dam were 
examined histopathologically and immunohistochemically.

All the procedures of this study were performed in ac-
cordance with the protocol approved by the Animal Care 
and Use Committee of BoZo Research Center Inc.

Histopathology
All fetuses were fixed in 10% neutral-buffered forma-

lin, processed to paraffin-embedded blocks, sectioned at 2 
μm, and stained with hematoxylin and eosin (HE) for his-
topathological examination of the brain. Their brains were 
also immunohistochemically analyzed as described below. 
In our previous study, damage to NPCs was primarily ob-
served in the telencephalon as compared to the other regions 
of the diencephalon, mesencephalon, and metencephalon12. 
Therefore, emphasis was placed on the telencephalon, and 
the anterior region of the telencephalon wall (Fig. 1) was 
prominently examined in this study.

Immunohistochemistry
Paraffin sections were deparaffinized and immersed in 

10 mM citrate buffer, pH 6.0, and heated at 120°C for 20 min 

in an autoclave. The sections were rinsed with Tris-buffered 
saline (TBS), and placed in methanol containing 0.3% H2O2 
for 30 min to inactivate endogenous peroxidase. They were 
then incubated with TBS blocking buffer at room tempera-
ture for 30 min to prevent nonspecific staining. Immunohis-
tochemistry for cleaved caspase-3 (for apoptotic cells), p53, 
p21, and BrdU was performed as described below.

For NPCs positive to cleaved caspase-3, the sections 
were allowed to react with rabbit anti-cleaved caspase-3 
polyclonal antibody (1:200, Cell Signaling Technology, Ja-
pan, Tokyo) at 4°C overnight and Envision+ kit (Dako Japan, 
Kyoto, Japan) at room temperature for 60 min. For p53- and 
p21-positive NPCs, a TSA Biotin System kit (PerkinElmer, 
Waltham, MA, USA) was used. In brief, the sections were 
allowed to react with rabbit anti-p53 polyclonal antibody 
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
or rabbit anti-p21 monoclonal antibody (1:100, Clone SX118, 
Dako Japan) at 4°C overnight. They were then incubated 
with biotinylated antibody against rabbit IgG (1:400, Dako 
Japan) for 40 min, with streptavidin-horseradish peroxi-
dase (1:300, Dako Japan) for 40 min, with biotinyltyramide 
amplification reagent at room temperature for 10 min, and 
finally with streptavidin-HRP in TBS buffer at room tem-
perature for 30 min. BrdU-positive cells were detected ac-
cording to the following procedure. Endogenous peroxidase 
activity was blocked with 0.3% H2O2 in methanol for 30 
min, and the sections were incubated with 2 N HCl at room 
temperature for 30 min, followed by 0.05% protease (Prote-
ase type XXIV, Sigma-Aldrich Japan) at room temperature 
for 5 min. Thereafter, they were allowed to react with mouse 
anti-BrdU monoclonal antibody (1:200, Dako Japan) at 4°C 
overnight and with the Envision+ kit (Dako Japan) at room 
temperature for 60 min.

Positive cells were visualized using peroxidase-di-
aminobenzidine (DAB, Dojindo Laboratories, Kumamoto, 

Fig. 1. Microscopic photograph of a transverse section of the brain 
of a normal fetal rat on GD13. HE staining. The telencephal-
ic wall enclosed in a red frame was examined in the present 
study.
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Japan) reaction under counterstaining with methylgreen or 
hematoxylin.

Morphometry
At each time point in the investigation, pyknotic and 

mitotic NPCs were counted in the VZ of the telencephalic 
wall in 3 randomly chosen fetuses from 3 dams on HE-
stained sections under a light microscope. The number of 
pyknotic NPCs was counted from 300 to 500 NPCs in the 
telencephalic wall, and the pyknosis index was calculated as 
the percentage of pyknotic cells out of the total number of 
NPCs counted. The number of mitotic NPCs was counted 
in the field of ×400 view. The number of NPCs positive for 
cleaved caspase-3, p53, p21, and BrdU and their labeling in-
dices (LIs%) were counted in the same manner.

Statistical analysis
The fetal weights and LIs% of pyknotic and mitotic 

NPCs, and cleaved cappase-3-, p53-, p21-, and BrdU-
positive NPCs were expressed as the mean ± standard de-
viation (SD). The fetal weights, mitotic NPCs, and cleaved 
caspase-3-, p53-, and BrdU-positive NPCs were compared 
between the 5-Fu and control groups at each tine point using 
the F-test, Student’s t-test, and/or Welch’s t-test. For all com-
parisons, p-values less than 5% (p<0.05) and 1% (p<0.01) 
were considered to be statistically significant.

Results

Clinical findings
No deaths occurred in dams or fetuses in any group at 

any of the examined time points, and all the litter sizes were 
within an expected range of variation. The fetal weights 
were significantly reduced in the 5-Fu group at 48 and 72 
HAT as compared with the control group (Fig. 2).

Histopathological and immunohistochemical findings
In the control group, pyknotic NPCs were scarce 

throughout the experimental period (Figs. 3a, 3i and 4). Cell 
kinetics of the pyknotic NPCs was of interest in the 5-Fu 
group. They were scattered across the VZ at 6 HAT (Fig. 3c), 
progressively increased throughout all layers of the VZ at 9 
(Fig. 3d) and 12 HAT (Fig. 3e) and thereafter, found in the 
medial and dorsal layers of the VZ at 24 (Fig. 3f) and 48 
HAT (Fig. 3g), and at the end, obviously decreased at 72 
HAT (Fig. 3h). At 72 HAT, the width of the telencephalic 
wall was prominently reduced in the 5-Fu group because 
of lack of the subventricular zone (Fig. 3i). The pyknotic 
NPC index increased at 9 HAT, peaked at 12 HAT, and de-
creased gradually thereafter (Fig. 4). The pyknotic NPCs 
were positive for cleaved caspase-3 (Fig. 5), and over time, 
the cleaved caspase-3-LI% (Fig. 6) correlated well with the 
pyknotic index.

Although mitotic NPCs were observed in the ventricu-
lar surface of the VZ in the control group (Fig. 3a and 3i), 
the number of mitotic NPCs was significantly reduced in the 
5-Fu group at all time points (Fig. 7).

There were no p53-positive NPCs in the telencephal-
ic wall throughout the experimental period in the control 
group. In the 5-Fu group, numerous p53-positive NPCs were 
observed throughout the VZ at 3 HAT (Fig. 8b) when the 
p53-LI% reached its maximal level (Fig. 9). The p53-posi-
tive NPCs were still present and intermingled with the pyk-
notic NPCs throughout the VZ at 12 HAT (Fig. 8c) when the 
pyknotic NPCs index reached its peak level. They returned 
to the level close to the control value (Fig. 9).

In the 5-Fu group, p21-positive NPCs were detected 
at 12 and 24 HAT, with a higher p21-LI% than the control 
group (Figs. 10 and 11).

For BrdU immunohistochemistry, BrdU-positive NPCs 
were observed in the dorsal layer of the VZ where S-phase 
NPCs are usually located, except at 24 HAT in the control 
group (Fig. 12a–f), whereas many BrdU-positive NPCs were 
found together with pyknotic cells in the dorsal and medial 
layers until 12 HAT (Fig. 12g-i), and shifted to the ventral 
layer of the VZ (Fig. 12j and 12k) and dorsal layer (Fig. 12I) 
at 24/48 and 72 HAT, respectively, in the 5-Fu group. The 
BrdU-LI% significantly decreased at 24 and 48 HAT; how-
ever, it returned to the control level at 72 HAT (Fig. 13).

Discussion

In the present study, the fetal weights were reduced 
in the 5-Fu group at 48 and 72 HAT as compared with the 
control group. Our previous study also revealed similar de-
creases in the fetal weights after treatment of 5-FU on GD 
13, in addition to prominent pyknosis in mesenchymal cells 
of the craniofacial region, limb bud, tongue, and central ner-
vous system12. The degree of pyknosis in NPCs progressed 
prominently in all the layers of the VZ at 9 HAT and pyk-
notic NPCs were positive for cleaved caspase-3, indicating 
that the damage to NPCs caused the onset of decreased fetal 
weights. Therefore, the observed decrease in fetal weights is 

Fig. 2. Body weight changes in fetuses following treatment with 
5-Fu. The body weight of fetuses in the 5-Fu group signifi-
cantly reduced as compared to the control group from 48 HAT.
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likely to be attributable in part to the developmental disor-
ders related to the loss of NPCs in the brain.

A number of findings were observed in NPCs of the tel-
encephalic wall of the brain in fetal rats after intraperitoneal 
injection to dams with 5-Fu on GD13. The pyknotic NPCs 
were positive for cleaved caspase-3, a marker of apoptotic 
cells, and the pyknotic and cleaved caspase-3-LI% showed 
parallel time-course changes, indicating that 5-Fu induced 
apoptosis in NPCs in the fetal brain. The p53-LI% reached 
its maximal level at 3 HAT when apoptotic NPCs were not 
yet evident, and maintained a high level until 12 HAT when 
the apoptotic index reached its peak. p53 plays a crucial role 
in DNA repair, cell cycle arrest, and apoptosis in response 
to DNA damage15, 16. p53 activated by DNA damage initi-
ates cell death by stimulating the death receptors and Bax in 
the mitochondrial membrane leading to caspase-3 activation 
before the induction of apoptosis17. Therefore, it was strong-
ly suggested that 5-Fu induces apoptosis of NPCs through 
a p53-mediated pathway, in a manner similar to that of a 
number of DNA-damaging agents10.

The peak time of the number of apoptotic and mi-
totic NPCs and the distribution of apoptotic NPCs in the 

Fig. 3. Histopathological changes of the telencephalic wall of fetal rats in the control group at 3 (a) and 72 HAT (i), and 5-Fu group at 3 (b), 6 (c), 
9 (d), 12 (e), 24 (f), 48 (g), and 72 HAT (h). In the 5-Fu group, pyknotic NPCs are scattered throughout the VZ at 6 HAT, however, they 
show prominent increases in numbers in all the layers at 9 and 12 HAT. These pyknotic NPCs are exclusively localized to the medial and 
dorsal layers at 24 and 48 HAT. The pyknotic NPCs are not visible anymore and the width of telencephalic wall is prominently reduced 
at 72 HAT. Mitotic NPCs (red arrow heads) are absent or decreased in the 5-Fu group. HE. Bar: 20 μm.

Fig. 4. Changes in the pyknotic NPC index in the telencephalic 
wall. In the 5-Fu group, the index increases at 9 HAT, peaks 
at 12 HAT, and returns close to the control level at 72 HAT. 
Each value represents the mean ± SD of 3 dams. *p<0.05 and 
**p<0.01.
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Fig. 5. Immunohistochemical expression of cleaved caspase-3 in the telencephalic wall of fetal rats in the control group at 12 HAT (a), and 5-Fu 
group at 6 (b), 12 (c), and 48 HAT (d). In the 5-Fu group, a small number of positive NPCs are scattered throughout the VZ at 6 HAT and 
numerous positive NPCs are observed throughout the VZ at 12 HAT. These positive cells are found in the middle and dorsal layers of the 
VZ at 48 HAT. Immunostaining. Bar: 30 μm.

Fig. 6. Changes in the cleaved caspase-3-labeling index in the telen-
cephalic wall. In the 5-Fu group, the index increases at 3 HAT, 
peaks at 9 and 12 HAT, and returns close to the control level 
at 72 HAT. Changes in the cleaved caspase-3-labeling index 
correlate well to those in the pyknotic NPC index (Fig. 3). 
Each value represents the mean ± SD of 3 dams. *p<0.05 and 
**p<0.01.

Fig. 7. Changes in the number of mitotic NPCs in the telencephalic 
wall. In the 5-Fu group, the number of mitotic NPCs signifi-
cantly decreases at all time points. Each value represents the 
mean ± SD of 3 dams. *p<0.05 and **p<0.01.
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Fig. 8. Immunohistochemical expression of p53 in the telencephalic wall of fetal rats in the control group at 3 HAT (a), and 5-Fu group 
at 3 (b), 12 (c), and 48 HAT (d). In the 5-Fu group, numerous positive NPCs are observed in the VZ at 3 HAT. The number of 
positive NPCs decreases at 12 HAT and only a few positive cells are observed at 48 HAT. Immunostaining. Bar: 30 μm.

Fig. 9. Changes in the p53-labeling index in the telencephalic wall. 
In the 5-Fu group, the index shows a maximal level at 3 HAT. 
Thereafter, it decreases gradually and returns to the control 
level at 72 HAT. Each value represents the mean ± SD of 3 
dams. *p<0.05 and **p<0.01.

Fig. 10. Immunohistochemical expression of p21 in the telencephalic 
wall of the fetal rats in the 5-Fu group at 24 HAT. Numerous 
positive NPCs are visible in all layers of the VZ.
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Fig. 11. Changes in the p21-labeling index in the telencephalic wall. In 
the 5-Fu group, the index shows a gradual increase at 12 and 
24 HAT. Each value represents the mean ± SD of 3 dams.

Fig. 12. Immunohistochemical expression of BrdU in the telencephalic wall of fetal rats in the control group at 3 HAT (a), 9 (b), 12 (c), 24 (d), 48 
(e), and 72 HAT (f), and 5-Fu group at 3 (g), 9 (h), 12 (i), 24 (j), 48 (k), and 72 HAT (l). BrdU-positive NPCs are observed in the dorsal 
layer of the VZ where S-phase NPCs are located, except at 24 HAT in the control group. In the 5-Fu group, many BrdU-positive NPCs 
are found in the dorsal and medial layer with pyknotic cells until at 12 HAT. At 24 and 48 HAT, they aggregate in the ventral layer.

Fig. 13. Changes in the BrdU-labeling index in the telencephalic wall. 
In the 5-Fu group, the index shows a significant decrease at 
24 and 48 HAT, and returns to the control level at 72 HAT. 
Each value represents the mean ± SD of 3 dams. *p<0.05 and 
**p<0.01.
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VZ of the telencephalic wall vary among DNA-damaging 
agents, including ethylnitrosourea18, cytosine arabinoside19, 
hydroxyurea20, 6-mercaptopurine21, etoposide22, and 5-aza-
cytidine23. Such variations are considered to reflect the dif-
ferences in pharmacokinetics, mechanisms of action of DNA 
damage, signaling pathways involved in apoptosis, and cell 
cycle arrest among these DNA-damaging agents10, 24, 25. Doi 
reported that the number of apoptotic NPCs peaks at 9 to 12 
HAT with DNA damaging agents such as ENU, hydroxy-
urea, 5-azacytidine, and cytosine arabinoside10. In the pres-
ent study, the pyknotic and apoptotic NPC indices increased 
at 9 HAT, and peaked at 12 HAT in the 5-Fu group. The 
points of p53 expression prior to the occurrence of the apop-
tosis induced by 5-Fu were similar to those of ENU-induced 
apoptosis. Therefore, there might be some similarities in the 
possible mechanism of apoptosis between the DNA-damag-
ing agents described above and 5-FU.

The 5-Fu-induced apoptotic NPCs first appeared across 
the VZ during the early stage of the study, then shifted to 
the middle and dorsal layers at 24 and 48 HAT, and finally 
disappeared from the VZ at 72 HAT. The distribution of the 
5-Fu-induced apoptotic NPCs during the early stage (3 to 
12 HAT) was similar to that induced by intraperitoneal ex-
posure of methotrexate (MTX)26. It is well known that the 
positions of NPC nuclei are correlated with their cell cycle 
phase (Fig. 14); S-phase nuclei are located in the dorsal layer 
of the VZ, and then migrate inward during the G2 phase, 
followed by mitosis at the ventricular surface10. The nuclei 
then migrate outward during the G1 phase and enter the S 
phase again in the dorsal layer of the VZ. Sun et al. sug-
gested that MTX induces apoptosis of NPCs in all phases 
of the cell cycle and this apoptosis occurs independently of 
cell cycle arrest26. Considering these facts together with our 
findings, it is conceivable that 5-Fu likely induces apopto-
sis of NPCs in all phases of the cell cycle during the early 
stage of dosing. A question thus arises as to why S-phase 

cells were located in the ventral layer, but no evidence to 
clarify the meaning of such a finding was obtained in the 
present study. However, we found that the numbers of mi-
totic cells was still low and apoptotic cells were aggregated 
in the dorsal layer at 24 and 48 HAT. These findings suggest 
that G2 and M phase cells which are normally present in the 
ventral and middle layer did not recover from the severe cell 
damage in the early stage of 5-FU administration, and the 
S-phase cells in the dorsal layer were still affected by 5-Fu. 
Therefore, S-phase NPCs that migrated from the surviving 
G1-phase NPCs and arrested from 12 HAT are likely to be 
located in the ventral layer.

Following 5-Fu treatment, significant decreases in 
the numbers of mitotic NPCs and BrdU-LI% were noted 
from 3 HAT and 24 HAT respectively, while the cleaved 
caspase-3-LI% increased significantly from 3 to 48 HAT. 
These changes indicated that cell proliferative activity was 
suppressed during the period when marked apoptosis devel-
oped in the VZ. The apoptotic NPCs were localized in the 
dorsal layer where S-phase cells normally exist, whereas the 
BrdU-positive NPCs were primarily observed in the ventral 
and middle layers at 24 and 48 HAT when mitotic NPCs 
reappeared at the ventricular surface of the VZ. Since the 
positions of NPC nuclei are reportedly correlated with their 
cell cycle phase10, their detection in the ventral layer at 48 
HAT in our study suggested that S-phase NPCs which prob-
ably survived from the 5-Fu-induced damage aggregated in 
the ventral layer.

The p21-LI% significantly increased at 12 and 24 HAT 
(Fig. 11). p21 is a potent cyclin-dependent kinase inhibitor 
and functions as a regulator of cell cycle progression in S 
and G1 phases27. Expression of the p21 gene is tightly regu-
lated by p5317, wherein p53 transactivates p21 and other tar-
get genes resulting in suppression of the cell proliferative 
activity before apoptotic cell death and cell cycle arrest28. 
5-Fu induces cell cycle arrest at the G1/S phase in mouse 
embryonic stem cells29. In the present study, detection of Br-
dU-positive cells in the ventral and middle zones at 24 and 
48 HAT suggests that G1-S arrest occurred in NPCs which 
survived from the 5-Fu-induced damage in the ventral layer. 
Since the DNA damage induced by 5-Fu at 50 mg/kg was 
too severe for the fetal NPCs to repair, it is conceivable that 
such critical DNA damage not only activates p53 to initiate 
apoptosis in the early stage, but also results in G1-S arrest 
due to the suppressed DNA repair function in the late stage 
of the 24-hour timeframe after 5-Fu treatment.

There have been several reports demonstrating that 
5-Fu is capable of inducing cell cycle arrest at the G1/S 
phase in rat embryonic hindlimb21 and mouse embryonic 
stem cells29, and at the G2/M phase in keloid fibroblasts30. 
Another report described that DNA damage results in an 
increase in cell cycle arrest at G1 and/or G2 phases, reduced 
rates of DNA synthesis, and finally, apoptosis31. In the pres-
ent study, although flow cytometric analysis on cell cycle 
and western blot analysis on cell cycle-related proteins were 
not conducted, the following findings were obtained in the 
5-Fu group: the number of mitotic NPCs was significantly 

Fig. 14. Nuclear migration and cell cycle phase of NPCs in the VZ 
of the telencephalic wall. The proliferating NPCs undergo a 
characteristic migration in the VZ, in which the positions of 
the nuclei are correlated with their cell cycle phase. CP: Corti-
cal plate.
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reduced throughout the observation period, and the dis-
tribution kinetics of the apoptotic NPCs induced by 5-Fu 
after 24 HAT was similar to that induced by 6-mercapto-
purine21, 32 and etoposide22, 33, inducing cell cycle arrest at 
G2/M. Therefore, all the above mentioned findings suggest 
that 5-Fu also induces cell cycle arrest at G2/M.

At 72 HAT, all the morphometric values except the 
mitosis index were comparable to the control group, sug-
gesting that the DNA damage induced by 5-Fu at 50 mg/kg 
entered the recovery phase. At the end of the experimental 
period, the width of the telencephalic wall was prominently 
reduced due to excessive cell loss resulting from marked 
apoptotic cell death and the subventricular zone was not de-
veloped in the 5-Fu group. However, the cerebral cortex in 
the newborn rats administrated 5-Fu (40 mg/kg, at GD18) 
displayed neither apoptosis nor abnormal structures (data 
not shown). Apoptosis of embryonic cells induced by terato-
gens is one of the most important events proceeding abnor-
mal development34. The results of our study further suggest 
that the neonatal malformation of the brain associated with 
5-Fu treatment is largely dependent on the severity of DNA 
damage occurring in the critical period of exposure during 
brain development.

In conclusion, the present results demonstrated that 
p53-mediated apoptosis was induced in NPCs at all cell 
cycle across all layers of the VZ during the early stage after 
5-Fu treatment and suggested that S-phase NPCs aggregate 
in the ventral layer due to G1-S arrest in the later stage. Fur-
thermore, it was confirmed that apoptosis of NPCs and sup-
pression of cell proliferation activity occur in parallel, lead-
ing to prominent reduction in the width of the telencephalic 
wall. Further studies are needed to clarify the effects of 5-Fu 
on the cell cycle of NPCs in the fetal rat brain.
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