
Summary. 5-Fluorouracil (5-FU), a thymidylate
synthesis inhibitor, has been well known to induce
developmental anomalies in the craniofacial tissues and
limb buds. Recently it was reported that microencephaly
was also induced in rat neonates after 5-Fu-treatement in
late phase of pregnancy (Kumar et al., 2006). In this
study, pregnant rats were treated with 5-Fu (15, 30 or 50
mg/kg) on day 13 of gestation, and their fetuses were
examined for histopathological changes, especially in
the fetal central nervous system (CNS) at 12, 24 and 48
hours after treatment (HAT). At 12 HAT, an
enhancement of pyknosis of neuronal progenitor cells
and subsequent loss of dead cells were detected in the
CNS in a dose-dependent manner. The severity of such
histopathological changes in the CNS was most
prominent in the telencephalon (middle and dorsal layers
of the ventricular zone) and spinal cord (dorsal area).
Pyknotic cells decreased towards 48 HAT in the brain
while they increased towards 48 HAT in the spinal cord.
Almost all of the nuclei of pyknotic cells were positively
stained by TUNEL method and showed characteristics
of apoptotic cells under electron microscopy. Therefore,
these pyknotic cells were considered to be apoptotic
ones. Enhanced apoptosis and reduced mitosis in
neuronal progenitor cells in the telencephalon seem to be
responsible for the later induction of microencephaly
reported by Kumar et al. (2006).
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Introduction

5-Fluorouracil (5-Fu) is a cytostatic anti-tumor drug
which is known to have immunosuppressive activities
(Inoue and Horii, 2002). 5-Fu is absorbed rapidly into
the maternal circulation and its metabolites are directly
incorporated into embryonic nucleic acids (Lau et al.,
2001). 5-Fu is one of the DNA damaging agents and
inhibits DNA synthesis and perturbs cell cycle through
inhibition of thymidylate synthetase (Elstein et al., 1993;
Shuey et al., 1994, 1995). 5-Fu is also known as a
teratogen in a number of animal, species including
human, and it induces developmental anomalies in the
craniofacial tissues and limbs (Shuey et al., 1994, 1995;
Paskulin et al., 2005). 5-Fu has been used as a prototypic
compound for the construction of a biologically based
dose-response model for developmental toxicity (Setzer
et al., 2001). 

5-Fu-induced hindlimb anomalies have been studied
in detail, and they have been said to be induced by
prenatal damage to the cells composing limb buds
(Shuey et al., 1994, 1995; Paskulin et al., 2005). 5-Fu,
however, has not been adequately investigated for its
toxic effects on the developing fetal central nervous
system (CNS), although it is said that DNA damaging
agents, such as 1-ß-D-arabinofuranosylcytosine (Ara-C)
(Yamauchi et al., 2003), 5-azacytidine (Lu et al., 1998;
Ueno et al., 2002), ethylnitrosourea (Katayama et al.,
2001), etoposide (Nam et al., 2006), hydroxyurea (Woo
et al., 2003), and T-2 toxin (Ishigami et al., 2001;
Shehata et al., 2004) have toxic effects on the developing
fetal brain of rats and mice, resulting in microencephaly
in neonates. Recently, in addition to the well-known
anomalies of craniofacial tissues and limbs, it was
reported that a single injection of 5-Fu into pregnant rats
during the late phase of pregnancy brought about
microencephaly in the perinatal and neonatal brain
(Kumar et al., 2006), in which histopathologic details
were not described. Therefore, this study was carried out
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to clarify the 5-Fu-induced histopathological changes in
the rat fetal tissues, especially in the CNS, obtained from
dams exposed to 5-Fu on Day 13 of gestation (GD 13). 

Materials and methods

Animals 

Thirty-five 13-week-old pregnant rats of the
Slc:Wistar strain were obtained from Japan SLC Inc.,
Shizuoka, Japan, on GD 11. The day when copulation
was confirmed was regarded as GD 0. Animals were
housed individually in bracket-type stainless-steel wire
mesh cages (W254 x D350 x H170 mm) and were
maintained in a barrier-sustained room controlled at
23±3°C and 50±20% relative humidity, with 10 to 15 air
changes per hour, 12 hours artificial light and 12 hours
dark. Animals were allowed free access to radiation-
sterilized pellets (CRF-1; Oriental Yeast Co., Ltd.) and
tap water. 

Treatments

Twenty-five pregnant rats were injected
intraperitoneally (i.p.) with 15, 30 or 50 mg/kg of 5-Fu
on GD 13. The dose of 5-Fu was selected based on the
report of Kumar et al. (2006). Namely, in addition to the
30 mg/kg employed by Kumar et al., two more doses (15
and 50 mg/kg) were used in order to examine the dose-
dependency of 5-Fu-induced fetal brain lesions. 5-Fu
(Wako, North York, Canada) was dissolved in sterile
water for injection (10 mL/kg) (JP; Otsuka
Pharmaceutical Factory Inc., Japan). Twenty-five dams
were sacrificed by exsanguination from the abdominal
aorta under ether anesthesia at 12 (9 dams), 24 (8 dams);
and 48 (8 dams) hours after treatment (HAT),
respectively (Table 1). After weighing all fetuses and
placentae, fetuses and placentae were fixed in 10%

phosphate-buffered formalin. In addition, 8 pregnant rats
were injected i.p. with sterile water, and they were
sacrificed at 12 (3 dams), 24 (3 dams) and 48 HAT (2
dams) in the same way and served as controls. 

All procedures of this study were performed in
accordance with the protocol approved by the Animal
Care and Use Committee of BOZO Research Center Inc.

Histopathology

Two-µm paraffin sections of the fetus and placenta
were stained with hematoxylin and eosin (HE) for
histopathological examination. Paraffin sections were
also subjected to in situ detection of fragmented DNA as
described below. 

In situ detection of fragmented DNA 

DNA fragmentation was examined by the terminal
deoxynucleotidyl transferase -mediated dUTP end
labeling (TUNEL) method, which was first proposed by
Gavrieli et al. (1992) and has been widely used for the
detection of apoptotic cells, using an apoptosis detection
kit (Trevigen Inc., Gaithersburg, MD, USA). In brief,
multiple fragmented DNA 3’-OH ends on the section
were labeled with digoxigenin-dUTP in the presence of
terminal deoxynucleotidyl transferase (TdT).
Peroxidase-conjugated anti-digoxigenin antibody was
then reacted with the sections. Apoptotic nuclei were
visualized by peroxidasediaminobenzidine (DAB)
reaction. The sections were then counterstained with
methyl green. 

Electron microscopy

Small pieces of the telencephalic wall were obtained
from 2 randomly chosen fetuses from each of 2 dams
which were treated with 50mg/kg of 5-Fu and killed at
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Table 1. Reproduction data on the 5-Fu and control rats.

Dose Level Dose Volume HAT* No. of Dams No. of Fetus Weight (mg)

(mg/kg) (mL/kg) Fetal body Placenta

0 10 12 3 30 94.0±4.5 100.7±9.9
24 3 27 146.6±6.1 153.7±8.0
48 2 16 248.5±21.7 189.3±12.1

15 10 12 3 26 108.2±6.0 117.5±11.3
24 3 23 151.0±14.2 128.2±14.2
48 3 26 260.8±13.8 214.5±37.8

30 10 12 3 26 106.6±9.3 101.6±20.8
24 2 19 136.1±1.6 145.2±2.4
48 3 23 307.7±106.0 219.8±22.3

50 10 12 3 28 91.9±2.3 98.6±7.9
24 3 26 119.7±2.0 146.3±11.8
48 2 16 176.5±28.2 154.9±16.6

*HAT: hours after 5-Fu-treatment.



24 HAT. They were fixed in 2% glutaraldehyde in 0.1M
phosphate buffer (pH7.4), postfixed in 1% osmium
tetroxide in the same buffer, and embedded in epoxy
resin (Oken Shoji Co., Tokyo). Ultrathin sections of the
selected areas were double-stained with uranyl acetate
and lead citrate and observed under a JEOL 1200 EX
electron microscope (JEOL, Tokyo).

Morphometry and statistical analysis

The fetal and placental weights were expressed as
the mean±standard deviation (SD) of 2 or 3 dams of the
5-Fu-treated and control groups. Morphometrical
examination was done to examine the numbers of
mitotic cells and apoptotic cells in the telencephalic
wall. For counting mitotic cells in the telencephalic wall,
2 fetuses were randomly chosen from a dam, and mitotic
cells were counted in a randomly chosen field on the
HE-stained section under a light microscope (x400). The
mitosis-index (%) was then presented as the mean ± SD
of 4 or 6 values obtained from 2 or 3 dams. The same
procedure was employed for counting pyknotic cells in
the fetal tissues using HE-stained section and apoptotic
cells in the telencephalic wall using TUNEL-stained
section, respectively, and the TUNEL-index in the
telencephalic wall was presented in the same way.
Statistical analysis was carried out by Student’s t-test.

Results

No deaths occurred in dams and fetuses in any
groups, and there were almost no differences in either

the index of resorbed embryos or the litter size among
groups. In addition, although the weights of the fetal
body and placenta were significantly reduced at 48 HAT
in the 50 mg/kg group, dams showed no abnormal
clinical signs in any groups. 

5-Fu-induced histopathological changes in the fetal
tissues were characterized by pyknosis of component
cells and subsequent loss of dead cells. In the 50 mg/kg
group, the number of pyknotic cells increased in the
brain, spinal cord, mesenchymal tissues of the
craniofacial region, hindlimb buds, hematopoietic
progenitor cells of the liver, epithelial cells of the lung
and digestive tract and germ cells of the gonads at 12
HAT (Fig. 1), and thereafter it decreased towards 48
HAT in all tissues except for the spinal cord, as
mentioned below (Fig. 1). Among these tissues, the CNS
was most severely affected (Fig. 1). 

In the brain, pyknosis was more prominent in the
neural progenitor cells in the telencephalon than those in
the diencephalons, mesencephalon, and metencephalon
(Table 2). In the telencephalic wall, pyknotic cells which
were observed in the middle and dorsal layers of the
ventricular zone (VZ) at 12 HAT shifted to the dorsal
layer at 24 HAT (Fig, 2). At 48 HAT, most of the dead
cells disappeared, leaving only a few pyknotic cells in
the dorsal layer (Fig. 2). Pyknosis was also observed in
both the basal ganglion and the dorsal layer of the spinal
cord at 12 HAT (Fig. 3). Thereafter, being different from
that in the brain, pyknosis progressed towards 48 HAT in
the spinal cord, particularly in the dorsal layer,
accompanying prominent loss of component cells (Table
2 and Fig. 3). 
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Fig. 1. Changes in the distribution and
incidence of pyknotic cells in the fetal tissues.
A: Telencephalon, B: Diencephalon, C:
Mesencephalon, D: Metencephalon, E:
Vertebra, F: Spinal cord, G: Liver, Lung,
Digestive tract and gonads, H: Heart, I: Tongue,
J: Hindlimb. Mild increase: less than 10% of
counted cells; moderate increase: betwen 10
and 30% of counted cells; marked increase:
more than 30% of counted cells.



In the 30 mg/kg group, similar but less severe
pykonotic changes were observed in the above-
mentioned tissues at 12 HAT (Fig. 1). After that, the
number of pyknotic cells decreased at 24 HAT, and
returned to the control levels at 48 HAT (Fig. 1). In the
15 mg/kg and the control groups, only a few pyknotic
cells were seen in the above-mentioned tissues.

Almost all of the nuclei of the pyknotic cells were
positively stained by TUNEL method (Figs. 2, 3).
Electron microscopically, the pyknotic cells were
characterized by shrinkage of the cell body,
condensation of nuclear chromatin and/or margination of
condensed chromatin along the nuclear membrane (Fig.
4). Some nuclei were fragmented into small pieces,
which were frequently ingested by adjacent cells and/or
macrophages (Fig. 4). 

In contrast to the sequence of the TUNEL-index
(Fig. 5), the mitosis-index in the telencephalic wall of

136

5-Fu-induced lesions in rat fetal CNS

Fig. 2. Pyknotic cells in the telencephalic wall of fetuses of the control group at 12 (a, e) and of the 50 mg/kg group at 12 (b, f), 24 (c, g) and 48 HAT(d,
h). Arrow: ventricular zone. a, b, c and d, HE stain, x 110. e, f, g and h, TUNEL method, x 110.

Table 2. The incidence of pyknotic cells in the fetal CNS obtained from
dams treated with 5-Fu on GD13.

HAT* 12 24 48

mg/kg 30 50 30 50 30 50

Telencephalon ± ++ ± + - +
Diencephalon ± + ± + - ±
Mesencephalon ± + ± + - ±
Metencephalon ± + ± + - +
Spinal cord ± + ± ++ - ++

*: HAT: hours after 5-Fu-treatment; -: no increase;  ±: mild increase, less
than 10% of counted cells; +: moderate increase, between10 and 30%
of counted cells; ++: marked increase, more than 30% of counted cells.
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Fig. 3. Pyknotic cells in the spinal cord of fetuses of the control group at 12 (a, e), and of the 50 mg/kg group at 12 (b, f), 24 (c, g) and 48 HAT(d, h). a,
b, c and d, HE stain, x 110 ; e, f, g and h, TUNEL method, x 110

Fig. 4. Electron micrograph of pyknotic cells in the fetal telencephalon (50 mg/kg group). Condensation of nuclear chromatin and fragmentation into
small pieces (a) and an apoptotic body ingested by an adjacent cell (b). a, x 7,500; b, x 7,500



the 50mg/kg group decreased significantly at 12 HAT,
and remained at lower levels even at 48 HAT compared
with that of the control group (Fig. 6). There were no
significant differences in the mitosis-index among the 30
mg/kg, 15 mg/kg and control groups.

There were no histopathological changes in the
placenta of any groups, although the placental weight
was significantly reduced in the 50 mg/kg group as
mentioned above. 

Discussion

In the present study, 5-Fu-induced histopathological
changes in the fetal tissues, especially the CNS, obtained
from pregnant rats exposed to 5-Fu on GD13 were
examined. As a result, 5-Fu induced histopathological
changes characterized by pyknosis and subsequent loss
of component cells in the fetal CNS, as well as in the
previously reported fetal tissues (Shuey et al., 1994,
1995; Paskulin et al., 2005) in a dose-dependent manner. 
The distribution of pyknosis of component cells induced

by 5-Fu in the fetal tissues was almost similar to that
induced by Ara-C (Yamauchi et al., 2003),
ethylnitrosourea (Katayama et al., 2000), hydroxyurea
(Woo et al., 2003), and T-2 toxin (Ishigami et al., 2001).
The severity of pyknosis of component cells differed
among tissues and it was most prominent in the
telencephalon and spinal cord, as reported in other DNA
damaging agents (Katayama et al., 2000; Ueno et al.,
2002; Shehata et al., 2003; Woo et al., 2003; Yamauchi
et al., 2003; Nam et al., 2006a). Pyknosis of neural
progenitor cells was mainly observed in the middle to
dorsal layers in the VZ in the telencephalic wall, and in
the dorsal layer in the spinal cord. Although the reason
was obscure, it is interesting that pyknosis in the former
regressed towards 48 HAT, while that in the latter
progressed towards 48 HAT. 

Almost all of the nuclei of the above-mentioned

pyknotic cells were positively stained by the TUNEL
method, which detects fragmented DNA in situ and has
been widely used for the evaluation of apoptotic cells.
Although several investigators demonstrated that, strictly
speaking, the TUNEL technique is not specific to
apoptosis, but also detects a small population of necrotic
cells (De Torres et al., 1997; Levin et al., 1999). Electron
microscopic features of these cells however, fulfilled the
morphological characteristics of apoptotic cells
(Shinozuka et al., 1998; Katayama et al., 2001;
Yamauchi et al., 2003; Woo et al., 2003; Nam et al.,
2006). Therefore, it is reasonable to consider that these
pyknotic cells observed in the present study are
apoptotic ones. This seems to be the first report of 5-Fu-
induced apoptosis in the rat CNS.

The distribution of apoptosis roughly corresponded
to the organs in which anomalies were reported in
perinatal fetuses and/or neonates after maternal
administration of 5-Fu during pregnancy (Shuey et al.,
1994, 1995; Paskulin et al., 2005; Kumar et al., 2006).
This strongly suggests that excess cell death by
apoptosis may bring about a lack of cell populations
required for the later normal histogenesis and
organogenesis, resulting in anomalies. In the fetal brain
of the 50 mg/kg group, reduced mitosis-index, as well as
increased TUNEL-index, i.e. enhancement of apoptosis,
of neural progenitor cells may also contribute to the
development of microencephaly reported by Kumar et
al. (2006). Further studies on the development and
mechanisms of 5-Fu-induced CNS damage in the fetus
and subsequent CNS anomalies in the neonate are
needed. 

The developing brain is very sensitive to DNA-
damaging agents, such as Ara-C (Katayama et al., 2001;
Ueno et al., 2002; Woo et al., 2003; Yamauchi et al.,
2003; Sehata et al., 2004; Nam et al., 2006a). These
DNA-damaging agents bring about apoptosis and cell
cycle arrest in neural progenitor cells, but the detailed
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Fig. 6. Changes in the mitosis-index in the telencephalic wall. See the
foot note of Fig. 5.

Fig. 5. Changes in the TUNEL-index in the telencephalic wall. Diamond:
control group, square: 15mg/kg group, triangle: 30 mg/kg group; round:
50 mg/kg group * p<0.05 or ** p<0.01



mechanisms of apoptosis and cell cycle arrest differ
among the agents (Yamauchi et al., 2004; Katayama et
al., 2005; Nam et al., 2006b; Ueno et al., 2006; Woo et
al., 2006). The results of the present study may provide a
clue for investigating the mechanisms of 5-Fu-induced
damage in the developing brain.
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