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Background: Bladder dysfunction has been implicated as a major cause of

progressive renal failure in children with neurogenic bladder. However, its pathogenesis

remains unclear. This study aimed to compare the expression of proliferation,

apoptosis, and neuromuscular-related proteins during the development of the

bladder in myelomeningocele fetal rats, and to explore the characteristics of its

abnormal development.

Methods: For the myelomeningocele group, Sprague Dawley pregnant rats were

intragastrically injected with retinoic acid on the 10th day of gestation to induce

myelomeningocele fetal rats. For the control group, the same amount of olive oil was

injected to induce normal fetal rats. Bladders were harvested at embryonic days E16,

E18, E20, and E22. Real-time quantitative polymerase chain reaction and western

blotting were used to detect the protein levels of proliferating cell nuclear antigen (PCNA),

cleaved caspase-3, neuron-specific nuclear-binding protein (NeuN), α-smooth muscle

actin (α-SMA), and mRNA at E16–E22; immunohistochemistry was used to detect the

expression of cleaved caspase-3 at E22.

Results: The proliferation of bladder tissue cells was inhibited, with suppressed

PCNA expression in myelomeningocele bladder tissue compared with that in control

tissue at the early stage (E16). Myelomeningocele bladders showed increased tissue

apoptosis in the late embryonic stage, with significantly higher cleaved caspase-3 protein

expression than in the control bladders at E20 and E22. NeuN protein expression

increased along with embryonic stage, although the expression at E20 and E22 was

significantly lower in myelomeningocele bladders than in control bladders. α-SMA protein

expression in myelomeningocele bladders increased gradually with the progression of

pregnancy, although its expression was lower than that for control bladders at E22.

Immunohistochemistry showed abundant positive staining for cleaved caspase-3 in the

bladder mucosa and muscle layer of myelomeningocele bladders, and the expression

of cleaved caspase-3 was significantly higher in myelomeningocele bladders than in

control bladders.

Conclusions: Bladder dysfunction in myelomeningocele fetal rats is related to the

inhibition of proliferation, promotion of apoptosis, and reduction of bladder nerve and

smooth muscle-related protein synthesis.

Keywords: myelomeningocele fetal rats, bladder nerve, immunohistochemistry, apoptosis, proliferation,

inflammatory, neurogenic bladder
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FIGURE 2 | Cell proliferation, apoptosis, and neuromuscular

development-related protein changes in fetal rat bladder at E16–E22. (A)

Expression of PCNA, cleaved caspase-3, NeuN, and a-SMA proteins in the

MMC and CRL groups at E16, E18, E20, and E22. (B–E) The expression of

PCNA (B), cleaved caspase-3 (C), NeuN (D), and α-SMA (E) in the MMC and

CRL groups changed with the development of the embryos, n = 5, *P < 0.05.

Data are expressed as means ± STDs. MMC, myelomeningocele; STD,

standard deviation; PCNA, proliferating cell nuclear antigen; α-SMA, α-smooth

muscle actin; NeuN, neuron-specific nuclear-binding protein; CRL, control

group; CL-caspase3, cleaved caspase-3; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

(Figure 3A). The expression of cleaved caspase-3 in the bladder
muscle or urothelium was significantly higher in theMMC group
than in the CRL group (Figures 3B,C). Inflammatory invasion
and increased apoptosis of bladder mucosa may be a major
inducer of bladder mucosa fibrosis after birth.

DISCUSSION

MMC is a common neural tube malformation, and 95% of
children with MMC have NB. Early NB shows detrusor sphincter
dyscoordination, increased residual urine in the bladder,
increased bladder pressure, and bladder ureteral reflux, which
causes repeated upper urinary tract infection and progressive
renal scar formation (4, 13), late bladder smooth muscle
hyperplasia, and trabecular formation, further increasing bladder
pressure and aggravating renal damage. Urinary tract injury is
a common complication of NB caused by MMC (4). Clinically,
58% of children with MMC show progressive deterioration of
renal function within 3 years of birth without regular treatment
(4, 14). However, the physiological and pathological development
of NB remains controversial, and the lack of this understanding

FIGURE 3 | Expression and distribution of bladder cleaved caspase-3 at E22.

(A) The distribution of cleaved caspase-3 at E22. (B) The expression of

cleaved caspase-3 in the bladder muscle layer was significantly lower in the

CRL group than in the MMC group. (C) The expression of cleaved caspase-3

in the bladder mucosa layer was significantly higher in the MMC group than in

the CRL group, n = 6, *P < 0.05. Data are expressed as means ± STDs.

MMC, myelomeningocele; STD, standard deviation; CRL, control.

hinders the development of MMC-related treatment strategies
for NB. Retinoic acid has been shown to be highly effective in
inducing isolated MMC-like defects in fetal rats. Danzer et al.
(9) show that exposure to 60 mg/kg RA at E10 (time of posterior
neuropore closure in rats) leads to a pathology that has striking
morphologic and clinical similarity to human MMC. We used 60
mg/kg RA at E10 not only to induce MMC fetal rat, but also it
will not cause bladder dysfunction (9). Therefore, this prenatal rat
model of RA exposure has been used to study both prenatalMMC
symptoms and mechanisms of action, and thus has been helpful
in understanding more about what may be occurring when spina
bifida occurs in bladder.

The development and differentiation of the rat bladder
is a gradual process, from organ formation to postpartum
maturation, accompanied by the growth of the bladder. We
observed that the expression of PCNA in the bladder tissue
of normal fetal rats decreased gradually from E16 to E22.
Smeulders (15) reported that the expression of PCNA in the
bladder tissue of fetal rats decreased gradually from E14 to
postnatal day 6. However, the expression of PCNA in the
MMC group was significantly lower than that in the CRL
group at E16 (P < 0.05), reached its peak at E18, and
then gradually decreased, indicating that the proliferation of
bladder cells in the MMC group was inhibited on E16. Wang
et al. (16) reported that the cleft palate of the offspring
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of pregnant rats exposed to retinoic acid can inhibit the
extension of the skeleton by inhibiting the proliferation of
cells, which indicates that the occurrence of malformation
in offspring is closely related to early tissue proliferation
disorder. Lima TS (17) reported that the expression of apoptotic
protein-related proteins was inhibited by cytoplasmic expression
of PCNA, thereby prolonging cell lifespan. In the present
experiment, we found that some MMC fetal rats had a
small bladder. The expression of PCNA in MMC fetal mice
was decreased at E16, a critical period of organ formation,
which may lead to the absence of the bladder or occurrence
of a small bladder. Follow-up experiments are needed to
determine whether the small bladder is caused by the inhibition
of proliferation.

Apoptosis plays an important role in the formation of tissues
and organs. In this study, the expression of cleaved caspase-3
was not detected in MMC and CRL groups at E16 and E18.
However, the expression of cleaved caspase-3 was significantly
higher in the MMC group than in the CRL group at E20 and
E22. Further, we found that the expression of cleaved caspase-
3 in the muscle and mucosal layers of the bladder was higher
in the MMC group than in the CRL group, which may be
related to the apoptosis of smooth muscle cells, involved in the
remodeling of bladder, in late embryo. Nomiya et al. (18) showed
that oxidative stress and inflammation induced apoptosis may
be key factors in the development of bladder overactivity in
chronic bladder ischemia. Similarly, oxidative damage caused by
ovariectomy has been shown to result in enhanced urination
frequency and reduced bladder compliance, and bladder function
can be restored through anti-inflammatory and antioxidant
properties (18, 19). As the expression of cleaved caspase-3 in
the bladder mucosa and muscle was significantly higher in the
MMC group than in the CRL group at E22, an increase in
inflammatory mediators and apoptotic proteins in the bladder
mucosa and muscle in late embryos may be a major cause of
bladder dysfunction in MMC.

Bladder studies in children with MMC have shown that NB
dysfunction in MMC is associated with abnormal innervation
of the bladder. Shapiro et al. (20) reported that the density
of neurons in the bladder wall is decreased in fetuses with
MMC. Gup et al. (14) found that the density of muscarinic
cholinergic receptors in the bladder is significantly decreased in
children with MMC. Haferkamp et al. (21) recently analyzed the
ultrastructural changes of abnormal bladder detrusor innervation
in adolescents with MMC, and showed that NB dysfunction
is not only associated with axonal degeneration and depletion
of terminal organelles (such as vesicles and mitochondria),
but also with increased width of the neuromuscular junction,
suggesting that children with MMC-related NB have neurogenic
developmental abnormalities. In this study, the expression of
NeuN in the bladder of MMC fetal rats was also significantly
downregulated in the late embryonic stage (E20 and E22),
further confirming that abnormal nerve distribution existed
in the late embryonic stage of MMC fetal rats, and that
bladder dysfunction after birth may be related to abnormal
nerve distribution at an early stage. It has been confirmed
that neural function damage in MMC fetuses shows a clear

time difference. In the early embryotic development, MMC
fetuses show normal lower limb motor function, while in the
late embryotic development, the neural function deteriorates
progressively. In this study, we also observed that there were
no significant differences in the NeuN protein expression
between the groups at E16 and E18. This indicated normal
neurodevelopment of the bladder during early embryotic
development (E16 and E18). The observed neurodevelopmental
malformation in the late embryotic development was consistent
with the reported loss of peripheral limb function. From
another perspective, we believe that there is a correlation
between nerve development and spinal cord injury in fetal rats
with MMC.

The change in bladder morphology is not caused by urinary
tract infection or detrusor sphincter dyscoordination in later
stages. Changes in bladder morphology occur during the
embryonic and neonatal stages. qPCR and western blot results
showed that the expression of α-SMA was gradually upregulated
in the MMC and CRL groups; however, the expression of α-
SMA at E22 was significantly lower in the MMC group than
in the CRL group. Although Danzer et al. (9) reported that
the expression of α-SMA at E22 in MMC bladders was not
significantly different from that in the normal bladders, the
muscle tension of MMC bladders decreased significantly at E22;
this indicated developmental malformation of bladder muscle
contraction in the late embryonic stage. Complete bladder
innervation may be a prerequisite for the morphogenesis and
development of bladder smooth muscle. It was also found
that the expression of NeuN was significantly downregulated
at E20, indicating that neurodevelopmental malformations may
lead to secondary atrophy of local bladder smooth muscle due
to denervation.

A limitation of this study is that it did not explore the
bladder function changes and molecular changes secondary to
spinal cord injuries in fetal rats with MMC simultaneously.
It also did not investigate whether these changes were
accompanied by multiple system malformation. We greatly
consider investigating myelomeningocele and bladder
developmental malformations as worthwhile. However, in
the early phases of our research program, spinal cord repair
in fetal mouse embryos with MMC was conducted on E17,
and we did not find any significant improvement in bladder
molecular changes in later stages. This suggests that, to a
certain extent, even if fetal surgery is carried out in the
future to repair the spinal cord of fetuses with MMC, the
congenital bladder development malformation should not be
ignored. Therefore, it is necessary to address the fetal bladder
dysfunction in MMC. There is still a long way to go to treat
this disease.

CONCLUSIONS

In conclusion, the development of the bladder in rats with
MMC is not due to a single neurodegeneration, and the
failure of neural tube closure does not affect the innervation of
peripheral tissues and organs in the early stage. Degeneration
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of nerve function mostly occurs during late embryonic
development. The occurrence of NB is accompanied by
abnormal early proliferation. Inflammation of the bladder
epithelium in the late embryonic stage mediates the apoptosis
of tissue cells, which may be involved in the remodeling
of the bladder tissue in the late embryonic stage. The
occurrence of bladder dysfunction after birth indicates
a correlation between these two factors. The inhibition
of proliferation, promotion of apoptosis, and reduction
of the bladder nerve- and smooth muscle-related protein
synthesis were characteristic of bladder development in fetal
rats with MMC, which established the bladder dysfunction
after birth.
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