J Toxicol Pathol 2016; 29: 173—180

Original Article

Effect of methotrexate exposure at middle gestation on the inner
plate of the ocular cup and lens in the rat fetus
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Abstract: Pregnant rats were treated intraperitoneally with a single dose of methotrexate (MTX) 90 mg/kg on gestation day (GD) 13,
and fetal eyeballs were examined time-dependently from GD 13.5 to 15.5. Throughout the experimental period, the inner plate of the
ocular cup in the MTX group was significantly thinner than that in the control group. In the inner plate of the ocular cup on GD 15
and 15.5, whereas a developed ganglion cell layer was observed in the control group, the ganglion cell layer in the MTX group was
undeveloped and indistinguishable. Disturbance of the arrangement of lens fiber cells, narrowing of the hyaloid cavity of the optic cup,
and hypoplasia of optic nerve fibers were observed in the MTX group on GD 15 and 15.5. Increase of pyknosis and decrease of mitosis
were induced in the optic cup and the lens epithelium of the MTX group. In the inner plate of the optic cup and the lens epithelium of
the MTX group, the cleaved caspase-3- and TUNEL-positive rates increased significantly throughout the experimental period. The
phospho-histone H3-positive rate in the inner plate of the optic cup decreased significantly from GD 13.5 to 14.5, and it recovered on
GD 15. On the other hand, the phospho-histone H3-positive rate in the lens epithelium decreased significantly throughout the experi-
mental period. These results suggested that optic tissue on GD 13 in rats was sensitive to MTX. (DOI: 10.1293/t0ox.2016-0014; J Toxicol

Pathol 2016; 29: 173-180)
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Introduction

Methotrexate (MTX) is a dihydrofolate analog that in-
hibits dihydrofolate reductase, which is important for con-
version of dihydrofolate to tetrahydrofolate!. Consequently,
MTX prevents the pyrimidine and purine synthesis required
for DNA and RNA synthesis and inhibits cell prolifera-
tion?, MTX also induces apoptosis via the upregulation of
p53 and p21 proteins® 4, repression of the induction of c-Jun
N-terminal kinase (JNK) activity?, expression of the CD95
receptor/ligand system?, or elevation of the reactive oxygen
species level> . MTX has been used for the treatment of
neoplastic disease, theumatic disorders, Crohn disease, sys-
temic lupus, psoriasis, and intrinsic asthma” 3. MTX is also
used for the medical management of ectopic pregnancy and
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as an abortifacient in pregnancy®°.

Fetal MTX syndrome results from failed medical abor-
tion with MTX, or when mothers who are taking MTX for
medical reasons become pregnant inadvertently®. The most
common anomalies of fetal MTX syndrome include growth
deficiency, craniofacial deformities, central nervous sys-
tem anomalies, and skeletal defects®. Small eyes reportedly
resulted from failed medical abortion by the use of MTX
in combination with misoprostol in a 5-month-old human
infant!®, On the other hand, intravenous administration of
MTX 19.2 mg on any of gestation day (GD) 10, GD 11, or
GD 12 induced microphthalmia in the rabbit!!. However,
there are few reports to date describing the detailed his-
topathological findings of the ocular disorders induced by
prenatal MTX administration, and effects of prenatal MTX
treatment on fetal eye development have not been complete-
ly elucidated. Therefore, in the present study, we examined
histopathologically the time-dependent changes of the fetal
eyeball following MTX treatments on GD 13, to clarify the
effect of MTX on eye development.
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Material and Methods

Animals

All experiments were performed using female Wistar-
Imamichi rats that were 9-10 weeks of age and obtained
from the Institute of Animal Reproduction (Kasumigaura,
Japan). The animals were reared in a room with the temper-
ature controlled at 22 + 2°C, the humidity controlled at 50 +
5%, ventilation 11 times per hour, and a 12:12-h light/dark
cycle (light cycle, 7:00-19:00), and they were given standard
chow (CE-2, CLEA Japan, Inc., Tokyo, Japan). The present
experiments were performed following the provisions ap-
proved by the Animal Research Committee of Tottori Uni-
versity.

Experimental design

Pregnant rats were treated with MTX on GD 13, and fe-
tal eyeballs were examined time-dependently. A total of 30
animals were divided into two groups as follows: (1) saline-
treated control rats (n = 15) and (2) MTX-treated rats (n =
15). MTX (Pfizer Japan Inc., Tokyo, Japan) was dissolved in
saline. Day 0 of gestation (GD 0) was designated as the day
when the presence of a vaginal plug was identified. The rats
received intraperitoneal injections (i.p.) of MTX (90 mg/kg
body weight) or saline (the control) on GD 13. The specific
timing of MTX administration we used was selected because
the injection of DNA-damaging chemicals such as busulfan
in this period induced significant apoptotic changes in the
inner plate of the optic cup of rat fetuses'?. Additionally, GD
13 in rats is also the time at which optic cup formation is
completed3. The dose of MTX in the present study was des-
ignated as 90 mg/kg based on the results of our preliminary
study, in which MTX 10 mg/kg treatment on GD 13 induced
few histopathological changes in the inner plate of the optic
cup. Although MTX 30 mg/kg treatment on GD 13 induced
pyknotic changes in the inner plate of the optic cup, the pyk-
notic rate was uneven, and individual differences in the pyk-
notic rate were observed in this administered group. MTX
90 mg/kg treatment caused pyknotic changes stably in the
inner plate of the optic cup, and no individual differences in
the pyknotic rate were observed in this administered group.
Fetus samples were collected after euthanasia by overdose
administration of pentobarbiturate (100 mg/kg, i.p.) on GD
13.5, 14, 14.5, 15, and 15.5. The percentage of the number of
live fetuses to the total number of live and dead fetuses in an
individual litter was calculated as the fetal survival rate. The
thickness of the inner plate of the optic cup was measured in
the region 50 um away from the optic disk.

Histopathological examination

For histopathological examination, all fetuses were
fixed in 10% neutral buffered formalin and then embedded
in paraffin. The fetal eyes were sectioned, stained with he-
matoxylin and eosin, and examined with light microscopy.

TUNEL method

DNA-fragmented cells in the inner plate of the op-
tic cup and the lens epithelium were detected by terminal
deoxynucleotidyl-transferase (TdT)-mediated deoxyuri-
dine triphosphate-digoxigenin (dUTP) nick-end labeling
(TUNEL), which was performed using an in situ apopto-
sis detection kit (Trevigen, Inc., Gaithersburg, MD, USA).
The TUNEL-positive rate in the inner plate of the optic cup
and the lens epithelium was calculated as the percentage of
TUNEL-positive cells out of the total number of component
cells counted.

Immunohistochemical examinations

Immunohistochemical staining was performed by a la-
beled-polymer method using Histofine Simple Stain MAX-
PO (R) (Nichirei, Tokyo, Japan). To retrieve the antigen, tis-
sue sections for the detection of cleaved caspase-3 antigen
were immersed in citrate buffer, pH 6.0 (Dako, Glostrup,
Denmark), and autoclaved for 15 min at 121°C; and tissue
sections for the detection of phospho-histone H3 antigen
were immersed in citrate buffer, pH 6.0 (Dako, Glostrup,
Denmark), and microwaved for 15 min. Because histone
H3, a protein involved in chromatin structure, is phos-
phorylated at serine 10 during chromatin condensation in
mitosis', phosphor-histone H3 is recognized as a mitosis-
specific marker!'> 1. Endogenous peroxidase activity was
quenched by immersing the sections in 3% hydrogen per-
oxide in methanol for 15 min. The sections were incubated
with the cleaved caspase-3 rabbit polyclonal antibody (1:200
dilution; Cell Signaling Technology, Inc., Danvers, MA,
USA) for 30 min at room temperature, and the sections were
incubated with the phospho-histone H3 rabbit monoclonal
antibody (1:1500 dilution; Abcam, Tokyo, Japan) for 30 min
at room temperature and then treated with Histofine Simple
Stain MAX-PO (R) (Nichirei, Tokyo, Japan) for 30 min at
room temperature. They were exposed to a 3,3'-diamino-
benzidine solution containing hydrogen peroxide (Nichirei,
Tokyo, Japan) to facilitate a peroxidase color reaction and
then counterstained with Mayer’s hematoxylin. The cleaved
caspase-3-positive rate and the phospho-histone H3-positive
rate were calculated as the percentage of cleaved caspase-
3-positive cells and phospho-histone H3-positive cells out
of the total number of component cells counted.

Statistical analysis

Means + SE of the individual litter value were calcu-
lated. Comparisons between the two groups were made by
Student’s ¢-test or Welch’s t-test if the data were normally
distributed or by Mann-Whitney U test if the data were not
normally distributed, with the “Excel Toukei 2008 statisti-
cal software being used for the comparisons (SSRI Co., Ltd.,
Tokyo, Japan). The data were analyzed with an F-test. When
variances were homogenous, the Student’s #-test was per-
formed. Welch’s #-test was employed when variances were
not homogeneous (P<0.05). P<0.05 or P<0.01 was consid-
ered to be statistically significant.
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Results

On GD 13.5, 14, and 14.5, there were no significant dif-
ferences in the fetal survival rate between the control group
and the MTX group (Fig. 1). On GD 15 and 15.5, the fetal
survival rate in the MTX group significantly declined com-
pared with those of the control group (Fig. 1). Throughout
the experimental period, the fetuses in the MTX group were
small and their body weights were significantly reduced
compared with the control group (Fig. 2).

Eyeballs in the MTX group were small compared
with those in the control group on GD 15 and 15.5 (Fig. 3).
Throughout the experimental period, the inner plate of the
optic cup in the MTX group was significantly thinner than
that in the control group (Figs. 3, 4, and 7). In the inner plate

19)0
(%) «
50 i
0
13.5 14 14.5 15 15.5
| OControl group MMTX group | (GD)

Fig. 1. Time course changes in fetal survival rate. *Significantly
different from the control group at p<0.05 (Student’s #-test).
fSignificantly different from the control group at p<0.01
(Welch’s t-test).

Fig. 3. Histopathological changes in the eyeball induced by MTX on
GD 15.5. A. Control group. B. MTX group. *Hyaloid cavity
of optic cup. Bar = 100 pm.

of the optic cup on GD 15 and 15.5, whereas the ganglion cell
layer in the control group developed, the ganglion cell layer
in the MTX group was undeveloped and indistinguishable
(Fig. 4). Disturbance of the arrangement of the lens fiber
cells, narrowing of the hyaloid cavity of the optic cup, and
incomplete development of the optic nerve were observed
in the MTX group on GD 15 and 15.5 (Figs. 3, 5, and 6).
Increase of pyknosis and decrease of mitosis were observed
in the inner plate of the optic cup and the lens epithelium in
the MTX group (Fig. 8). The pyknotic cells in the inner plate
of the optic cup and the lens epithelium were positive for
cleaved caspase-3 and TUNEL staining (Figs. 9 and 10). In
the inner plate of the optic cup and the lens epithelium of the
MTX group, the cleaved caspase-3- and TUNEL-positive
rates increased significantly throughout the experimental
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Fig. 2. Time course changes in fetal body weight. **Significantly
different from the control group at p<0.01 (Student’s #-test).
Significantly different from the control group at p<0.01
(Welch’s t-test).

Fig. 4. Histopathological changes in inner plate of optic cup induced
by MTX on GD 15.5. A. Control group. B. MTX group.
*Ganglion cell layer. Bar = 50 pm.
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Fig. 6. Histopathological changes in the optic nerve induced by
Fig. 5. Histopathological changes in the lens induced by MTX on MTX on GD 15.5. A. Control group. B. MTX group. Bar = 50
GD 15.5. A. Control group. B. MTX group. Bar = 100 pm. um. Arrows show the optic nerve.

200
(pm)
100 T
i i +
0
13.5 14 14.5 15 15.5
| OControl group EWMTX group | (GD)

Fig. 7. Time course changes in inner plate thickness of the optic cup
in rat fetuses. Values are expressed as means + SE. **Signifi-

cantly d‘iffe.rent from.the control group at p<0.01 (Student’s r- Fig. 8. Pyknotic changes in the inner plate of the optic cup (1) and
test). fSignificantly different from the control group at p<0.05 lens epithelium (2) induced by MTX on GD 14.5. A. Control
(Welch’s r-test). group. B. MTX group. HE stain. Bar = 30 pm.

Fig. 9. Cleaved caspase-3 expression in the inner plate of the optic

cup (1) and lens epithelium (2) induced by MTX on GD 14. and lens epithelium (2) induced by MTX on GD 15. A. Con-
A. Control group. B. MTX group. Immunohistochemistry for trol group. B. MTX group. TUNEL stain. Bar = 30 pm.
cleaved caspase-3. Bar =30 um.

Fig. 10. TUNEL-positive cells in the inner plate of the optic cup (1)
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period (Figs. 9, 10, and 12). Whereas the cleaved caspase-
3-positive rate in the inner plate of the optic cup tended to
be high from GD 14 to 15, the TUNEL-positive rate in the
inner plate of the optic cup tended to be high from GD 14.5
to 15.5 (Fig. 12). Meanwhile, the cleaved caspase-3-positive
rate in the lens epithelium tended to be high from GD 13.5
to 14.5, and the TUNEL-positive rate in the inner plate of
the optic cup tended to be high from GD 15 to 15.5 (Fig. 12).
On GD 13.5, whereas there were many phospho-histone H3-
positive cells in the inner plate of the optic cup and the lens
epithelium in the control group, only a few phospho-histone
H3-positive cells existed in the same regions in the MTX
group (Fig. 11). The phospho-histone H3-positive rate in the
inner plate of the optic cup decreased significantly from GD
13.5 to 14.5, and it recovered on GD 15 (Figs. 11 and 12).
On the other hand, the phospho-histone H3-positive rate in
the lens epithelium decreased significantly during the en-
tire experimental period, and no recovery was observed
(Figs. 11 and 12).

Discussion

In the present study, MTX treatment on GD 13 induced
marked apoptotic changes and cell proliferation inhibition
in the inner plate of the optic cup and the lens epithelium
in the rat fetus. The pyknotic cells in the inner plate of the
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optic cup and the lens epithelium were positive for cleaved
caspase-3 and TUNEL staining. Cleavage of caspase-3 is
known to be involved in cell apoptosis, and is recognized as
an apoptosis marker'”. These results indicate that the pyk-
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Fig. 11. Inhibition of cell proliferation in the inner plate of the optic
cup induced by MTX on GD 13.5. A. Control group. B. MTX
group. Immunohistochemistry for phospho-histone H3. Bar =
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Fig. 12. Time course changes in the cleaved caspase 3-positive rate (A), the TUNEL-positive rate (B), and the phospho-histone H3-positive rate
(C) in the inner plate of the optic cup (1) and lens epithelium (2). Values are expressed as means + SE. **Significantly different from the
control group at p<0.01 (Student’s #-test). TTSignificantly different from the control group at p<0.01 (Welch’s ¢-test). Significantly differ-

ent from the control group at p<0.05 (Mann-Whitney U test).
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notic changes induced by MTX in the present study were
caused by apoptosis. In the present study, marked increases
in the cleaved caspase-3-positive rate of the inner plate of
the optic cup and the lens epithelium were observed earlier
than those in their TUNEL-positive rate. This result may
reflect that the cleavage of caspase-3 precedes DNA frag-
mentation in the process of apoptosis of the component cells
in the inner plate of the optic cup and the lens epithelium
induced by MTX. On the other hand, in the MTX group of
the present study, whereas the phospho-histone H3-positive
rate in the inner plate of the optic cup showed the recovery
suggesting the compensatory changes for preceding apopto-
sis and cell proliferation inhibition, the recovery was not ob-
served in the lens epithelium. This result suggests that there
is a difference between the sensitivity of the inner plate of
optic cup for MTX and that of the lens epithelium.

Marked thinning of the inner plate of the ocular cup
was observed in the MTX group of the present study. It is
considered that this histopathological change is associated
with the apoptotic change and cell proliferation inhibition
in the inner plate of the optic cup induced by MTX. Similar
histopathological changes are observed in ocular disorder
induced by busulfan, a DNA damaging factor similar to
MTZX, in rat fetuses'2. Busulfan treatment on GD 12 to 14
in rats induced apoptosis and inhibited cell proliferation in
the neural retina on GD 14.5, 15, and 16, resulting in the reti-
nal hypoplasia with a reduction in the thickness of the outer
nuclear layer and outer plexiform layer on GD 21'2.

In the present study, incomplete development of the
ganglion cell layer in the inner plate of the optic cup was
observed in the MTX group on GD 15 and 15.5. In rats, the
ganglion cells began to develop around GD 14 or 15'3. It is
assumed that the incomplete development of the ganglion
cell layer in GD 15 and 15.5 observed in the present study
was caused by apoptotic changes and cell proliferation in-
hibition in the inner plate of optic cup induced by MTX on
GD 14 to 15. On GD 14 in rats, the ganglion cells project
axons through glial channels on the retinal surface'®. Then,
the axon of the ganglion cell outgrows into the optic stalk
to form the optic nerve fibers!® 1°. These results suggest that
hypoplasia of optic nerve fibers on GD 15 and 15.5 in the
MTX group in the present study arose from incomplete de-
velopment of the ganglion cell layer.

In rat fetuses, the posterior lens vesicle cells elongate to
form the primary lens fiber cells during GD 13, and the pri-
mary lens fiber cells contact the lens epithelium by GD 142°.
The lens epithelial cells proliferate in the germinative zone
of the lens epithelium?> 22, The lens epithelial cells newly
produced in the germinative zone move into the equatorial
region, where they differentiate into lens fibers?!> 22, New
lens fiber cells move from the equatorial region to the outer
cortex of the lens and form layers around the primary lens
fibers?!. In the present study, the disturbance of the arrange-
ment of lens fiber cells observed in rat fetuses of the MTX
group may arise from apoptosis and cell proliferation inhibi-
tion of lens epithelial cells. Alternatively, MTX may induce

incomplete development of primary lens fibers or migration
or differentiation disorder of lens fiber cells, and this may
have caused the disarrangement of lens fiber cells on GD
15 and 15.5 in the present study. Eleven grays of soft X-
radiation, a DNA damaging factor similar to MTX, induced
abnormal migration of lens epithelial cells?®. Busulfan treat-
ment on GD 12 to 14 in rats inhibited cell proliferation in
the equatorial zone of the lens and induced apoptosis in the
lens epithelial cells on GD 14.5, 15, and 16, and it reduced
the cell density in the nuclear bow and the equatorial zone
on GD 16, resulting in swollen, fragmentary, and vacuolar
lens fibers in the anterior region and poor development of
the posterior region on GD 21'2.

MTX treatment causes depletion of folate stores?* 23,
Folates are essential for one-carbon unit transfer reactions
which are important for (1) synthesis of purine and thymi-
dine precursors of nucleic acid?% 27, (2) metabolism of ami-
no acids, e.g., conversion of homocysteine to methionine
or cysteine® 2%; and (3) synthesis of s-adenosylmethionine,
which is the major methyl group donor for the majority of
methylation reactions?® 27, In mice, a maternal folate defi-
ciency caused anophthalmia, microphthalmia, and dysplasia
of the optic cup, ciliary body and iris, vitreous body, lens,
and cornea?®. In rats, folate deficiency on GD 7 to 9 induced
aplasia or hypoplasia of the optic nerve on GD 16 and 17".
A previous study suggested that aplasia or hypoplasia of the
optic nerve was associated with dysgenesis of the outgrowth
of axons from the ganglion cells of the retina into the optic
stalk induced by folate deficiency!®. Other studies showed
that folate deficiency and MTX exposure induced hyperho-
mocysteinemia® 30, Interestingly, an earlier investigation
demonstrated that a high level of exogenous homocysteine
caused developmental disorders of the eyeball in chickens
such as microphthalmia and lens dislocation3.

In the present study, eyeballs in the MTX group were
small compared with those in the control group. Although
the actual cause and the pathologic mechanism of this his-
topathological finding remain unclear, it may be associated
with systematic growth disturbance induced by MTX. A
previous study showed that prenatal MTX exposure induced
fetal hypotrophy in rats®2.

In conclusion, MTX administration at 90 mg/kg on GD
13 induced severe apoptotic changes and inhibited markedly
cell proliferation in the inner plate of the optic cup and the
lens epithelium. Thinning of the inner plate of the optic cup,
disturbance of the arrangement of the lens fiber cells, an
undeveloped ganglion cell layer, narrowing of the hyaloid
cavity of the optic cup, and hypoplasia of the optic nerve
were observed in the MTX-treated group. These results
suggested that the optic tissue on GD 13 in rats was sensi-
tive to MTX and that development of the eye in this period
required a suitable amount of folic acid. The results of the
present study thus draw attention to the overall fetal toxicity
induced by MTX and the significant role of folic acid in eye
development in the middle pregnancy period of rats.
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