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Effect of methotrexate on cerebellar development in infant rats
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ABSTRACT.  Six-day-old rats were treated intraperitoneal injections with methotrexate 1 mg/kg, and the cerebellum was examined. Both the
length and width of the vermis decreased in the methotrexate-treated group instead of the control from 4 day after treatment (DAT) onward.
A significant reduction in the width of the external granular layer was detected on 2 and 3 DAT in the methotrexate group. By 4 DAT, the
width of the external granular layer of the methotrexate group was indistinguishable from the control, and by 8 DAT, it was greater than that
of'the control. The molecular layer of methotrexate group on 8 and 15 DAT was thinner than that of the control. On 1 DAT, in the methotrex-
ate group, there were many TUNEL and cleaved caspase-3-positive granular cells throughout the external granular layer, and they decreased
time-dependently. On 1 DAT, in the methotrexate group, phospho-histone H3-positive cells in the external granular layer were fewer than
in the control and tended to increase on 2—4 DAT. The p21-positive-rate of the external granule cells in the MTX group was higher than in
the control on 1-4 DAT. These results suggested that methotrexate exposure on postnatal day 6 induces a delay, slowing in the migration
of external granular cells to the inner granular layer, attributed to decrease or inhibition in the production of external granular cells that had

arisen from apoptosis and the decrease in cell proliferative activity, resulting in cerebellar hypoplasia.
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Methotrexate (MTX) is both a folate analogue and a folate
antagonist, and it inhibits dihydrofolate reductase, which
reduces dihydrofolate to tetrahydrofolate [21, 22]. Because
tetrahydrofolate is an essential cofactor in thymidylate
synthesis and de novo purine synthesis, MTX inhibits DNA
synthesis and cell proliferation [11, 20, 27, 29]. Imbalance
in DNA precursor pools results in accumulation of DNA
strand breaks [25, 28]. MTX exposure was shown to induce
apoptosis, and its mechanism is considered to be associated
with the up-regulation of p53 and p21 proteins [23, 44], re-
pression of the induction of JNK activity and expression of
the CD95 receptor/ligand system [33] and reactive oxygen
species [17].

MTX has been used for the treatment of malignancies
such leukemia and lymphoma, in children as well as adults
[24, 30, 32, 34, 35]. MTX chemotherapy is a major com-
ponent of preventive central nervous system treatment for
childhood acute lymphoblastic leukemia (ALL) [24]. How-
ever, several cases of cerebellar toxicity in children during
MTX chemotherapy have been reported [5, 24]. Children
with ALL treated with MTX, hydrocortisone and cytarabine
in combination before 5 years of age had structural anomalies
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and dysfunction of cerebellum [24]. Children treated with
both MTX chemotherapy and cranial irradiation before the
age of 5 years showed cerebellar hypoplasia [5]. However,
there are few reports having shown detailed histopathologi-
cal changes of MTX-induced cerebellar injury in children,
and the mechanism of cerebellar toxicity induced by MTX
has not been unclear.

In experimental animals, MTX exposure reportedly in-
duced a toxic effect on the cerebellum in adult guinea pig
and rats [8, 47]. Intraperitoneal administration of MTX
caused loss, apoptosis and degeneration of Purkinje cells in
those animal models [8, 47]. Prenatal MTX exposure report-
edly induced developmental anomalies of the cerebellum in
chicken embryos [51]. However, there have been no reports
to date describing the effect of postnatal exposure to MTX on
the cerebellar development of infant animals. In the present
study, we carried out a sequential histopathological examina-
tion of infant rat cerebellum following MTX administration
on postnatal day (PD) 6 for the purpose of elucidating the
effect of MTX on cerebellar development in infant rats.

MATERIALS AND METHODS

Animals: Newborn male rats were obtained at Tottori Uni-
versity by mating specific pathogen-free male and female
rats of the Wistar Imamichi strain, purchased from the In-
stitute of Animal Reproduction (Kasumigaura, Japan). One
mother with 5 male infants were housed together in cages
(W335 mm x D380 mm x H175 mm) with bedding (CLEA
Japan, Inc., Tokyo, Japan). Because sexual differences in
MTX-induced pathological changes in the cerebellum were
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not observed in the preliminary study, male rats were used
in the main study.

The animals were reared in a room with the temperature
controlled at 22 + 2°C, humidity at 50 £ 5%, with ventila-
tion 11 times per hour, lighting at 12:12-hr light/dark cycle
(light cycle, 7:00-19:00) and given standard chow (CE-2;
Nihon Clea, Tokyo, Japan). The present experiments were
performed following the provisions approved by the Animal
Research Committee of Tottori University.

Experimental design: A total of 60 6-day-old male rats
were divided into 2 groups as follows: (1) saline-treated
control rats (n=30) and (2) MTX-treated rats (n=30). MTX
(Pfizer Japan Inc., Tokyo, Japan) was dissolved in saline.
The 6-day-old rats received intraperitoneal injections (i.p.)
with MTX (1 mg/kg body weight) or saline (the control).

Six-day-old male infant rats were treated with 1 mg/kg of
MTX, and their brains were sampled from 1, 2, 3, 4, 8 and
15 days after treatment (DAT) to examine the time-course
histopathological changes in the cerebellum. The specific
timing of MTX administration we used was selected, because
the injection of DNA- damaging chemicals such busulfan, on
PD6 induced apoptosis in external granular cells of cerebel-
lum [36]. In our preliminary study, MTX 0.1 mg/kg treat-
ment induced few pathological changes, and MTX 0.5 mg/
kg treatment induced quite mild pathological changes in the
cerebellum. The dose of MTX in the present study was des-
ignated as 1 mg/kg, based on the results of our preliminary
study. Rat brain samples were collected under pentobarbital
anesthesia (100 mg/kg, i.p.) 1, 2, 3, 4, 8 and 15 days, respec-
tively, after MTX administration. The brain samples were
removed from each animal and weighed, and the lengths and
widths of the cerebral and cerebellar hemispheres were mea-
sured with the digital vernier caliper (Niigata seiki Co., Ltd.,
Niigata, Japan) according to the previous studies [6, 42, 50].

Histopathological examination: All brain samples were
fixed in 10% neutral buffered formalin. They were embed-
ded in paraffin, sectioned and stained with hematoxylin and
eosin (HE). The number of pyknotic cells or mitotic cells in
the external granule layer of lobules VIII-IX of vermis was
counted from over 500 external granule cells by light mi-
croscopy for each infant animal, and the pyknotic index and
mitotic index were calculated as the percentage of pyknotic
cells or mitotic cells from out of the total number of external
granular cells in lobules VIII-IX of the vermis counted.

TUNEL method: DNA-fragmented external granular cells
were detected by terminal deoxynucleotidyl-transferase
(TdT)-mediated deoxyuridine triphosphate-digoxigenin
(dUTP) nick-end labeling (TUNEL), which was performed
using an in situ apoptosis detection kit (Trevigen, Inc.,
Gaithersburg, MD, U.S.A.). The number of TUNEL-positive
cells in the external granular layer of the lobules VIII-IV of
vermis was counted from over 500 external granular cells
by light microscopy for each infant animal, and the TUNEL
index was calculated as the percentage of TUNEL-positive
cells from out of the total number of external granule cells in
the lobules VIII-IV of the vermis counted.

Immunohistochemical examination: Immunohistochemi-
cal staining was performed by a labeled polymer method us-

ing a detection reagent, Histofine Simple Stain MAX-PO (R)
(Nichirei, Tokyo, Japan). It is the labeled polymer prepared
by combing amino acid polymers with multiple molecules of
peroxidase and secondary antibody which is reduced to Fab’
fragment. To retrieve the antigen, tissue sections used for the
detection of cleaved caspase-3 antigen were immersed in
citrate buffer, pH 6.0 (Dako, Glostrup, Denmark) and auto-
claved for 15 min at 121°C; tissue sections for the detection
of phospho-histone H3 antigen and p21 antigen were then
immersed in citrate buffer, pH 6.0 (Dako) and microwaved
for 15 min. Endogenous peroxidase activity was quenched by
immersing the sections in 3% hydrogen peroxide in methanol
for 15 min. The sections were incubated with the cleaved
caspase-3 rabbit polyclonal antibody (1:300 dilution; Cell
Signaling Technology, Inc., Danvers, MA, U.S.A.) or the
p21 mouse monoclonal antibody (1:300 dilution; Santa Cruz
Biotechnology, Inc., Dallas, TX, U.S.A.) at 4°C overnight
and then were incubated with the phospho-histone H3 rab-
bit monoclonal antibody (1:1,500 dilution; Abcam, Tokyo,
Japan) for 30 min at room temperature. Then, these sections
were treated with Histofine Simple Stain MAX-PO (R) (Nich-
irei) for 30 min at room temperature. They were exposed to
a 3,3'-diaminobenzidine solution containing hydrogen per-
oxide (Nichirei) to facilitate a peroxidase color reaction and
then counterstained with Mayer’s hematoxylin. The number
of cleaved caspase-3-, phospho-histone H3- or p21- positive
cells in the external granular layer of lobes VIII-IX of vermis
was counted from over 500 external granular cells of each in-
fant animal by light microscopy, and the cleaved caspase-3-,
phospho-histone H3- or p2l-index was calculated as the
percentage of the cleaved caspase-3-, phospho-histone H3- or
p21-positive cells out of the total number of external granular
cells in lobes VIII-IX of the vermis counted.

Statistical analysis: Means + standard error (SE) of the
individual litter value was calculated. Comparisons between
the 2 groups were made by Student’s z-test or Welch’s #-test
if data were normally distributed, and by Mann-Whitney U
test if data were not normally distributed with statistical soft-
ware (“Excel Toukei 2008”, SSRI Co., Ltd., Tokyo, Japan).
The data were analyzed with an F-test. When variances were
homogenous, the Student’s t-test was performed. Welch’s
t-test was employed when variances were not homogeneous
(P<0.05). P<0.05, P<0.01 or P<0.001 was considered to be
statistically significant.

RESULTS

Effects of MTX on infant rats: No deaths occurred in both
groups until 4 DAT. However, mortality on 8 and 15 DAT
in the MTX-treated group was 40% and 66.7%, whereas no
deaths occurred in the control group on 8 and15 DAT. Body
weight gain of infant rats decreased significantly on 2, 4, 8
and 15 DAT in the MTX-treated group compared with the
control group. No abnormal appearance and behavior were
observed in any animals, except for dead animals which were
depressed before death. The total brain weight decreased
significantly in the MTX-treated group compared with the
control group from 4 to 15 DAT. The length and width of the
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Dorsal view of rat infant brains on 15 DAT (A) and changes in the length and width of cerebellar vermis (B). (A) Left: Control

group. Right: MTX-treated group. The ruler in the figure is graduated in millimeters. (B) [___] Control group, Il MTX-treated group.
Values are expressed as means = SE. *, ***: Significantly different from control at P<0.05, P<0.001 (Student’s ¢-test).

cerebrum decreased significantly in the MTX-treated group
compared with the control group on 8 and 15 DAT.

Cerebellums in the MTX group appeared to be smaller
than those in the control group on 15 DAT (Fig. 1A). The
length of vermis of the cerebellum decreased significantly
in the MTX-treated group, but not in the control on 2, 4,
8 and 15 DAT, and the width of the cerebellum decreased
significantly in the MTX-treated group, but not in the control
on 3,4, 8 and 15 DAT (Fig. 1B).

Histopathological findings: The size of the cerebellar
hemispheres in the MTX-treated group was diminished
compared to the control on 15 DAT (Fig. 2). In the control
group, few pyknotic changes in external granular cells
were observed throughout the experimental period (Figs. 3
and 4A). On 1 DAT, in the MTX group, there were a large
number of pyknotic granular cells throughout the external
granular layer, and the pyknotic index in the MTX group
was significantly higher than in the control group (Figs. 3
and 4A). However, pyknotic cells were sparse in the external
granular layer, and the pyknotic index in the MTX group
decreased from 3 DAT onward (Figs. 3 and 4A). On the
other hand, although there were many mitotic cells in the
external granular layer of the control group on 1 DAT, mi-
totic cells were sparse in the external granular layer of the
MTX group. The mitotic index in the external granular layer
of MTX group on 1 DAT was significantly lower than in
the control group (Fig. 4B). On 2 DAT, the mitotic index in
the external granular layer of the MTX group recovered and
showed a significant increase on 3 and 4 DAT compared with
the control group (Fig. 4B).

The external granular cells decreased on 8 DAT and almost
disappeared by 15 DAT in the control group (Figs. 3 and 5A).
Moreover, a significant reduction in the width of the external
granular layer was detected on 2 and 3 DAT in the MTX
group (Figs. 3 and 5A). By 4 DAT, the width of the external
granular layer of MTX group increased, and it was greater
than the control group’s width by 8 DAT (Figs. 3 and 5A).
On the other hand, the molecular layer of MTX group on 8
and 15 DAT was significantly thinner than that of the control
group (Figs. 3 and 5B).

Most of the pyknotic granular cells were positively stained
by the TUNEL method (Fig. 6) and were positive for cleaved

Fig. 2.

The size of cerebellar hemispheres in MTX-treated group
was diminished compared to a control on 15 DAT. (A) Control
group, (B) MTX-treated group. Bar=500 um.

caspase-3 (Fig. 7). On 1 DAT, in the MTX group, TUNEL-
and cleaved caspse-3-indices were significantly higher than
in the control group, and they decreased from 3 DAT onward
(Fig. 8).

On 1 DAT, while there were a large number of phospho-
histone H3-positive cells in the external granular layer of the
control group, phospho-histone H3-positive cells in the ex-
ternal granular layer of MTX group were sparse, and phos-
pho-histone H3-index was significantly lower than in the
control group (Figs. 9 and 11A). On 2 DAT, phospho-histone
H3-index of the MTX group recovered and was significantly
higher than in the control group (Fig. 11A). Phospho-histone
H3-index of the MTX group showed a tendency to increase
on 3 and 4 DAT (Fig. 11A).

On 1 DAT, in MTX group, while there were few p21-
positive cells in the external granular layer, a large number
of p21-positive external granular cells appeared and scat-
tered in the external granular layer (Fig. 10). P21-index in
the external layer of MTX group was significantly higher
than in the control group on 1-4 DAT, and on 1 DAT, showed
a tendency to be higher than the control on 2, 3 and 4 DAT
(Fig. 11B).

There were no differences in the density, location and
shape of Purkinje cell and the development degree of den-
dritic spines of Purkinje cells between the control group and
MTX group.
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Fig. 3. Sequence of histopathological changes in the external granular cells in the lobules VIII-IV of vermis. (A)
Control group, (B) MTX-treated group. Bar=50 um. (1) 1DAT, (2) 2DAT, (3) 3DAT, (4) 4DAT, (5) 8DAT, (6) 15SDAT

DISCUSSION

In the present study, the cerebral and cerebellar length and
width in the MTX-treated rats were decreased compared with
those of the saline-treated control rats. It was reported that
MTX exposure during prenatal period induced microcephaly

in human [2, 20], however, the detailed pathogenesis of
MTX-induced microcephaly has been unclarified. To our
knowledge, there are no reports about involvement of postna-
tal MTX exposure in microcephaly. Postnatal MTX exposure
reduced cerebral glucose metabolism, and it disrupted the
metabolism of dopamine [38, 43]. Postnatal MTX exposure
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Fig. 6.

TUNEL-positive cells in the external granular layer of
MTX-treated rat infant cerebellum on 1 DAT. (A) Control group,
(B) MTX-treated group. Bar=20 um.

decreased cerebral blood flow [31]. These effects of postnatal
MTX exposure may be involved with the pathogenesis of
miniaturization of the cerebrum observed in the present study.

In the present study, MTX at 1 mg/kg on PD6 induced
severe pyknotic changes on the external granular cells on
I1DAT. The majority of pyknotic external granular cells
were positive for TUNEL staining and cleaved caspase-3.
Cleavage of caspase-3 is known to be involved in cell apop-
tosis and is recognized as an apoptosis marker [13]. These
results indicate that pyknotic changes induced by MTX in
the present study were caused by apoptosis. In the present
study, pyknotic-, TUNEL- and cleaved caspase-3-indices

Fig. 7. Immunohistochemical expression of cleaved caspase-3 in
the external granular layer of MTX-treated rat infant cerebellum
on 1 DAT. (A) Control group, (B) MTX-treated group. Bar=20 ym.

peaked on 1 DAT and decreased time-dependently. Namely,
pyknotic-, TUNEL- and cleaved caspase-3-indices showed
single-peaked change. Although there are several mecha-
nisms of apoptosis by MTX [17, 23, 33, 45], apoptosis may
be caused by a single mechanism in the present study.

In the present study, MTX treatment on PD6 induced sig-
nificant decrease of phospho-Histone H3-positive external
granular cells on 1 DAT. Histone H3, a protein involved in
chromatin structure, is phosphorylated at serine 10 during
chromatin condensation in mitosis [16]. The present result
suggests that MTX exposure on PD 6, suppresses cell prolif-
eration in the external granular layer. On PD 6 in the control
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Fig. 9. Immunohistochemical expression of phospho-histone H3 in
the external granular layer of rat infant cerebellum on 1 DAT. (A)
Control group, (B) MTX-treated group. Bar=20 um.

group, a large number of phospho-Histone H3-positive cells
were observed in the external granular layer of cerebellum.
These histopathological findings suggest that active cell
proliferation occurs in the external granular layer on PD 6 in
rats. It was reported that active cell proliferation is observed
in the external granular layer by PD 13 in rats [36].

In the present study, while the external granular layer
thickness of VIII-IX lobules of vermis in the control group
decreased after 8 DAT, the external granular layer thickness
of the MTX group decreased significantly on 2 and 3 DAT.
It was considered that the significant decrease in external

Fig. 10. Immunohistochemical expression of p21 in the external
granular layer of rat infant cerebellum on 1 DAT. (A) Control
group, (B) MTX-treated group. Bar=20 um.

granular layer thickness at these time points in the MTX
group could be attributed to inhibition in the production of
external granular cells that had arisen from apoptosis and the
decrease in cell proliferative activity. The external granular
layer thickness of the MTX group recovered on 4 DAT and
was thicker than that of the control group on 8 DAT. These
results demonstrated that MTX exposure on PD6 induced
a delay, slowing the migration of the external granular cell
to the inner granular layer. A previous study suggested that
2 Gy irradiation on PD6 caused a delay in the migration of
the external granular cells to the inner granular layer in the
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mouse cerebellum [19].

In the axon of the granular cells, the parallel fiber estab-
lishes synapses with the spines of spiny dendrites of the
Purkinje cells [48]. A previous study suggested that the inhi-
bition of granular cell production may induce developmental
disorders in the spiny dendrites of Purkinje cell, such as the
downward directed spiny dendrites of the T-shaped Purkinje
cells and the low-density dendrites in Purkinje cells [48].
In the present study, thinning of the molecular layer in the
MTX group may be attributed to incomplete development
of the parallel fiber and spiny dendrites of the Purkinje cells,
which are principal components of the molecular layer [15],
induced by MTX.

In the present study, MTX treatment significantly in-
creased levels of p21-index and decreased levels of mitotic-
and phospho-histone H3-indices on 1 DAT. A moderate
inverse correlation was observed between time-dependent
movement of the p21-index and that of mitotic- and phospho-
histone H3-indices. Several previous studies have shown
that MTX induced p21 expression [7, 14, 18, 44]. Western
blot analysis revealed that MTX induced p21 protein expres-
sion in human adenocarcinoma cells or human breast cancer
cells [7, 14]. Flow cytometry analysis with human T cells
showed that MTX treatment significantly increased levels
of p21 [44]. RT-PCR demonstrated that MTX induced p21
gene expression in human lung carcinoma cells [18]. P21 is a
member of cyclin-dependent kinase (CDK) inhibitors, which
negatively modulates cell cycles by inhibiting the activity of
CDK in a complex with cyclin [26, 40, 45]. P21 induces cell
cycle arrest in the G1 or G2 phase after DNA damage [3, 4].
It was suggested that decrease of the mitotic- and phospho-
histone H3-index in the present study could be attributed
to cell cycle arrest induced by p21. P21 is a downstream
transcriptional target of p53 and was induced in wild-type
pS53-containing cells by exposure to DNA damaging agents
[9]. Doxorubicin and busulfan are known as DNA damag-
ing agents [36, 37]. Western blot analysis demonstrated that
doxorubicin up-regulated the protein expression of p53 and
p21 in mouse cerebellar granule cells [37]. Immunohisto-
chemical analysis revealed busulfan increased the number of
p53- and p21-positive cells in the external granular cells of
infant rats [36]. Previous studies showed that MTX induces
not only inhibition of DNA synthesis but also DNA damage
[25, 28]. In the present study, p21 expression may have been
induced by p53 expression after DNA damage. In a previous
study, flow cytometry analysis with human T cells revealed
that MTX treatment induced expression of both p53 and p21
by JNK-2- and JNK-1-dependent mechanisms [44].

A previous study showed that a single intraperitoneal dose
of MTX 20 mg/kg caused loss, apoptosis and degeneration
of Purkinje cells relevant to oxidative stress in adult Wistar
rats [47]. In the present study, obvious pathological changes
of Purkinje cell were not observed in cerebellum of the MTX
group. These results may be attributed to the difference in
dosage.

A previous study demonstrated that MTX is excreted into
breast milk [21]. It was detectable in breast milk 2 hr after
administration to a woman treated with MTX 22.5 mg/kg/

day for choriocarcinoma, and the MTX level in milk reached
a peak between 4 and 10 hr later at an 8% concentration of
the plasma concentration [21]. MTX is a highly ionized and
lipid-insoluble compound that barely penetrates the blood-
brain barrier [12]. However, several previous studies dem-
onstrated that intravenous or oral administration of MTX
induced central nervous system toxicity [1, 12, 39, 49].
Furthermore, the blood-brain barrier develops to acquire
the barrier function and protect the brain from neurotoxic
substances [46]. The infant brain is vulnerable to neurotoxic
substances due to the immature blood-brain barrier [41, 46].
Because it is possible that MTX treatment in the lactation pe-
riod causes some adverse effect on cerebellar development
in infant, breastfeeding during MTX administration should
be avoided.

It was reported that MTX chemotherapy and cranial irra-
diation induced cerebellar hypoplasia in children with ALL
at age 25 years [5]. Because the external granular layer of
human cerebellum is detectable until an age of 1 year [10], it
is considered that the pathogenesis of cerebellar hypoplasia
in children induced by MTX chemotherapy and irradiation is
not involved with damage of the external granular cells. Cer-
ebellar hypoplasia associated with damage of the external
granular cell in rats was induced by cytarabine 30 or 50 mg/
kg 2, 3 and 4 days after birth [42].

In conclusion, MTX administration of 1 mg/kg on PD6
induced apoptosis of external granular cells and inhibited
their proliferation, causing migratory delay of those cells
and resulting in cerebellar hypoplasia. It was suggested that
inhibition of cell proliferation activity of the external gran-
ule cells was mediated by p21 expression induced by MTX.
While the detailed molecular mechanisms of MTX-induced
apoptosis in the external granular cells remain unclear, the
results of the present study provide fundamental information
about cerebellar hypoplasia induced by MTX. To our knowl-
edge, this is the first report demonstrating histopathological
findings of cerebellar developmental disorder induced by
MTX.
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