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ABSTRACT

The neurogenic bladder is a polyaetiological disease syndrome. It results from changes in the central and pe-
ripheral nervous system and, so far, has been mainly regarded at the macroscopic level. An increasing number 
of recent studies have pointed, however, to the role of intact bladder innervation also at the cellular level. At 
present, urothelium is considered not only as a tight barrier but also as a complex structure controlling the 
activity of the urinary bladder due to multiple connections with the nervous, endocrine, and immune systems. 
As a result of denervation, the biological processes taking place in urothelium are disturbed. Understanding of 
such signalling pathways could contribute significantly to effective pharmacological treatment of neurogenic 
bladder dysfunction. Moreover, it may contribute to the creation of a bio-organ that could potentially replace 
a dysfunctional urinary bladder in such patients.
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INTRODUCTION

Neurogenic bladder is a polyaetiological disease syn-
drome with diverse clinical manifestations presenting 
dysregulation of the detrusor muscle and of the urethral 
sphincters. The condition is a consequence of changes in 
both the central and the peripheral nervous systems, and 
so far it has been discussed mainly at this macroscopic 
level. However, an increasing number of studies carried 
out in recent years indicate the importance of intact blad-
der innervation also at the cellular level. Disorders of the 
urothelial cell innervation cause significant morpholo- 

gical and physiological changes, which may affect the uri-
nary bladder function.

The urothelium is the part of the mucosal system 
where constant interaction between the human body and 
various external factors takes place. Historically, urothe-
lium was considered only as a tight barrier to urine and 
pathogens from the external environment. Recently the 
urothelium has been recognised as a more complex or-
gan, both structurally and functionally. It is not only 
a sealing barrier but has a role as an important communi-
cator between the bladder contents and numerous human 
homeostasis-regulating systems. The urothelium has the 
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capacity to receive mechanical, chemical, thermal, and 
biological stimuli from the environment and to transmit 
them simultaneously to the nervous system [1–5]. Such 
crosstalk between the urinary and the nervous systems is 
a highly complex phenomenon. It determines both the 
normal activity of the bladder muscle and regeneration 
of the urothelial cells [3]. Understanding the properties 
of the urothelial cells, including the signalling pathways, 
will hopefully enable further studies on improvement of 
neurogenic bladder function. 

A great variety of causative diseases makes it very 
difficult to estimate the actual prevalence of neurogen-
ic bladder. The leading causes of neurogenic bladder are 
post-traumatic spinal cord injury in adults and myelo-
meningocele in children. The prevalence of spinal dysra-
phism has been estimated at 1 per 1000 live births, con-
stituting the second largest group of malformations after 
heart defects [6, 7]. In 2015, 143,200 children with spinal 
cord defects were born worldwide [8] while 250,000 to 
500,000 people experience the spinal cord traumas each 
year [9]. The combination of just these two groups results 
in about 600,000 new patients with neurogenic bladder 
every year. However, the exact number of such patients 
seems to be greater.

SENSORY AND TRANSDUCING PROPERTIES  
OF THE UROTHELIAL CELLS

Although previously underestimated, the urothelium 
has now been referred to as “the functional centre” of the 
bladder due to its complex sensory and transducing ca-
pabilities [5]. It has been proven that the afferent fibres 
innervating the bladder (Aδ and C) penetrate into the 
urothelium and remain in direct contact with the epi-
thelial cells [1, 5, 10, 11]. The axons of the submucosal 
plexus are very close to the urothelium, while the thinnest 
of them penetrate throughout its entire thickness [10]. 
Apodaca et al. named such neural network the “uroepi-
thelial-associated sensory web”, emphasising that any in-
terruption leads to impaired filling and emptying of the 
bladder [1]. Chai et al. suggested the term “mucosal sig-
nalling”, pointing to close interaction between the auto-
nomic nerves and the urothelial cells [5]. Tight junctions 
between the urothelial cells bind them together to form 
a functional syncytium, which allows for long-distance 
signal transmission from the urothelial layer to the mus-
cular one, in different directions. This specialised conduc-
tive system is responsible for the proper function of the 
bladder [4, 5].

Expressed on the urothelial cell surface are multiple 
receptors and ion channels. Some of them play a role in 
the development of the lower urinary tract, while their 
expression is determined genetically. Mutations within 
these genes may lead to diverse malformations of the 
lower urinary tract [12]. Other cells are analogical to the 
nociceptors and mechanoreceptors found in other regions 

of the human body [4]. The urothelial cells receive nu-
merous stimuli, mainly mechanical ones such as intra-
vesical pressure changes, changes in the bladder position, 
or movements of the neighbouring organs. Stimulation of 
these receptors triggers activation of transducer proteins, 
and consequently the signal may be transferred to other 
cells throughout the bladder wall layers. Multiple trans-
mitters and mediators, modulating activities of sensory 
neurons, are also released by the urothelial cells [1, 2, 4, 5, 
11, 13, 14]. Recognised best is the adenosine triphosphate 
(ATP), released in response to the bladder wall stretching. 
Stimulation of its receptors (P2X and P2Y) dispersed in 
the uroepithelium and in the smooth muscle cells caus-
es various biological effects like sensation of fullness and 
pain, detrusor muscle contraction, as well as endo- and 
exocytosis of the umbrella cells [11, 14]. Mechanical 
stretching of the bladder wall enhances also the release of 
nitric oxide (NO). Experimental studies have shown that 
this process depends on the vanilloid receptor (TRPV1), 
expression of which is common in the urothelium. Its role 
in induction of the bladder hyperactivity has been proven 
in infections of the lower urinary tract as well as during 
normal micturition reflex [14]. Acetylcholine (Ach) is 
another mediator released in response to mechanical 
stimuli. It modulates the release of ATP and NO in situ 
by affecting the urothelial receptors (M2, M3, M5). Ach 
participates in transduction of the sensory signals, acting 
upon the afferent sensory fibre receptors (M2, M3), and 
it triggers bladder muscle contraction by acting directly 
upon the smooth muscle cells [14]. These receptors are 
valuable targets for drugs commonly used in pharmaco-
logical therapies of the neurogenic bladder [13]. Another 
molecule attracting scientific interest is nerve growth fac-
tor (NGF), produced spontaneously by the urothelium. 
NGF performs both as a trophic factor and as a signal-
ling molecule [15]. NGF plays a significant role in the 
generation of pain and urgency in the state of disturbed 
transduction of sensory information, e.g.: inflammation, 
hyperactivity, and neurogenicity [11, 15, 16]. The bladder 
and dorsal ganglions NGF is elevated in spinal cord injury 
and is correlated with bladder spasticity and its low com-
pliance [13, 15]. These findings will hopefully contribute 
to the development of a new group of drugs alleviating 
those inconvenient symptoms.

STRUCTURAL AND FUNCTIONAL CHANGES IN 
THE UROTHELIUM INDUCED BY DENERVATION

Disrupted communication between the nervous sys-
tem and the urothelium results in both morphological 
and functional changes. Spinal cord injury leads to depri-
vation of the urothelial trophic factors and consequently 
to abnormal proliferation, differentiation and maturation 
[17]. Physiologically, the urothelium is characterized by 
low cellular turnover with the average life span ranging 
between 6 months and one year [18]. However, it shows 
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an enormous regenerative potential in response to sudden 
damage. In case of injury, production of growth factors 
(especially epidermal growth factor and keratinocyte 
growth factor) increases, and the damaged cells are more 
sensitive to these growth factors [3, 16, 18]. Much effort 
is undertaken to find a progenitor urothelial cell giving 
rise to all three layers of the uroepithelium and initiating 
its regeneration. As shown, it is likely to originate from 
the basal layer and is characterised by the expression of 
cytokeratin 14 [3, 19]. In denervation, such mechanisms 
are impaired, resulting in disruption of the urothelium, 
relaxation of tight junctions between the cells, increased 
urinary permeability and susceptibility to infection [10, 
19, 20]. In the study by Apodaca et al. numerous fields 
of damaged urothelium without any apical umbrella cells 
were observed as early as two hours after spinal cord in-
jury. After 14 days, initiation of regenerative processes 
was observed, while on day 28 significant improvement 
was noted in many experimental animals. Nevertheless, 
the rebuilt urothelium was not identical and the apical 
cells were much smaller in size [10]. Recent studies have 
shown that these small superficial cells do not express cy-
tokeratin 20, a well-known marker of a mature umbrella 
cell [19]. Similar results were found in studies on expres-
sion of cytokeratin 20 in urinary bladder biopsies in pa-
tients with spinal cord injuries. Despite the preserved epi- 
thelial continuity, cytokeratin 20 was not expressed [21]. 
This indicated the presence of low-differentiated epithelial 
areas long after the injury, as a result of chronic mucosal 
damage due to denervation.

In patients with bladder innervation disorders, re-
gardless of their aetiology, the increased incidence of 
urinary tract infections was a consequence of the well-
known mechanical factors leading to urinary retention 
and conditions enhancing the excessive growth of bacte-
ria. Increased intra-vesical pressure also has an indirect 
adverse effect on urothelial cells, leading to their hypoxia 
and malfunction. Hypoxia-inducible factor (HIF-1α), 
found in excess in the urothelial cells of patients with 
neurogenic bladder dysfunction, is a sensitive marker 
of oxygen deficiency. Together with vascular endotheli-
al growth factor (VEGF), it also triggers further uncon-
trolled angiogenesis, leading to fibrosis of the bladder and 
its end-stage disease [22].

Additional factors in the aetiopathogenesis of infec-
tions are morphological and functional changes of the 
urothelium, resulting from its disrupted innervation [23, 
24]. The lack of neural stimulation of the urothelium not 
only disturbs secretion of the growth factors, epithelial 
regeneration, and function of receptors and adhesion 
molecules, but also results in malfunction of defence 
mechanisms, which predispose to infections. Recurrent, 
chronic, and resistant to treatment, urinary tract infec-
tions are among the most severe complications in patients 
with neurogenic bladder [23, 24]. Experimental studies 
indicate impairment of immune mechanisms of the blad-

der wall in rats with spinal cord injury. Over-expression 
of genes for proinflammatory cytokines and significant-
ly reduced expression of genes regulating the neutrophil 
recruitment pathways have been observed. These result 
in increased susceptibility to urinary tract infections, 
impaired bacterial eradication, and a chronic inflam-
matory process [20, 25]. Specimens of the bladder wall 
taken from patients with myelomeningocele show more 
frequent presence of chronic inflammatory infiltration 
and decreased expression of uroplakin in umbrella cells, 
indicating their incomplete differentiation [26]. Another 
important component of the mucosal anti-inflammatory 
system is IgA. Immunohistochemical studies of the blad-
der wall in patients with non-neurogenic dysfunction 
demonstrated correct representation of IgA in all sam-
ples, while biopsies from patients with neurogenic blad-
der showed such representation in less than half of their 
number [27]. This confirms the presence of mucosal IgA 
deficiency in neurogenic bladder.

BLADDER NEUROHISTOLOGY AS THE KEY  
TO FURTHER DEVELOPMENT IN BLADDER 
TISSUE ENGINEERING

All recent embryological studies of urothelial cells, 
their regeneration, and the search for the urothelial pro-
genitor cell have focused on the creation of a bladder 
by means of tissue engineering. Transplantation of such 
a bio-organ could replace a fibrotic and non-compliant 
bladder and hopefully revolutionise the management of 
neurogenic bladder. However, according to recent studies, 
this would not be possible without reconstruction of the 
neural network to ensure correct and constant stimula-
tion of the urothelium.

So far, two methods have been used to create a blad-
der substitute. The first one used a scaffold of biomateri-
als, which was expected to become spontaneously settled 
by the patient’s native cells in vivo [28]. This would be 
possible due to the enormous regenerative capacity of the 
urothelium, able to regenerate even when the entire or-
gan is removed as a result of spontaneous epithelial cell 
migration from the ureters [29]. The second one assumed 
implantation of previously prepared scaffolds filled with 
cells collected from the patient in vitro [28]. In 2006, 
Atala et al. reported promising results in seven patients 
with myelomeningocele, using scaffolds with the urothe-
lial cells of these patients in bladder augmentation. All of 
the patients showed significantly increased capacity and 
compliance of the bladder, with no metabolic complica-
tions or urinary stones observed and normal production 
of mucus and the renal function. In the biopsies, normal 
architecture and cell phenotype were observed [30, 31]. 
Despite some excellent results, the subsequent 11 pae-
diatric patients with spina bifida, treated with the same 
method, showed no improvement, and additionally mul-
tiple side effects were observed [31, 32]. Given the latest 
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knowledge, the disappointing results of the study could be 
explained by the fact that the bladder cells collected from 
patients and sown on the matrices had been initially dam-
aged due to the lack of proper innervation. It has been 
repeatedly proven that the urothelial cells collected from 
the altered bladders present impaired divisions and differ-
entiation in vitro [22]. Moreover, no complete regenera-
tion was possible without reconstruction of the urothelial 
neural network to guarantee the urothelial-mesenchymal 
crosstalk. A reciprocal interaction between the urothe-
lium, submucosa, and the smooth muscles is crucial in 
the development of the bladder and begins as early as in 
foetal life because the urothelium needs signals from the 
underlying mesenchyme to differentiate properly while 
the smooth muscle cells can develop only in the company 
of adjacent properly innervated urothelium [12, 16, 33]. 
In the period 2010–2014 one research group managed to 
design and conduct a clinical trial (NCT01087697) eval-
uating the use of a tissue-engineered artificial bladder 
conduit. Researchers chose a demanding model of total 
cystectomy in which both ureters were transplanted to 
a conduit. It raised hopes in the urology tissue engineer-
ing community, but unfortunately the results were not 
published [34, 35].

The urinary bladder possesses a unique anatomy, 
allowing for repetitive expansion and contraction. Fur-
thermore, it is lined with a highly specialised multilayer 
epithelium. The complexity of this structure poses a chal-
lenge for regenerative medicine. Beneath the urothelial 
layer Cajal-like cells act as electrical pacemaker cells that 
trigger and drive synchronous smooth muscle contrac-
tion. Even if we learn how to isolate Cajal-like cells, in 
vitro production of a functional network that could re-
store the peristaltic wave seems to be far beyond our 
biotechnological development level [35]. All applied 
cells are held together by a tri-dimensional scaffold that 
provides the shape and initial mechanical strength, but 
further regeneration in vivo needs to be induced by mo-
lecular signals transported via complicated vascular and 
nervous networks [36]. The bladder neural plexus fails to 
regenerate beyond the lesion site and native axons do not 
elongate into the tissue-engineered graft. In this context, 
rebuilding the neural network within the neobladder wall 
should be a high priority [37]. Finding a way to restore 
proper vascularisation and innervation is the only chance 
for effective and up-to-date treatment of neurogenic blad-
der by means of tissue engineering. 

CONCLUSIONS

Neurogenicity of the bladder causes structural, func-
tional, and immunological changes in the urothelium. 
The current results of experimental studies on animal 
models, as well as investigation of the human bladder 
sections, indicate that interruption of the innervation of 
the urinary bladder causes disorders in differentiation, 

maturation, and function of the urothelium. Interaction 
between the epithelial cells and the nervous system is 
a determinant of their continuous complex activity. It also 
affects the efficiency of the immune system in the bladder 
wall, including lymphocyte distribution, the amount of 
mucosal IgA, and the number of cells producing it, which 
may alleviate the antimicrobial defence. Prevention and 
treatment of lower urinary tract infections in this group 
of patients should take into account not only the well-
known aetiological factors, such as urinary retention and 
high intravesical pressure, but also the altered structure 
and function of the urothelium. Intensive experimental 
studies of the urothelium morphology and function have 
some profound practical grounds. The goal of regenera-
tive medicine is to create a urinary bladder that could re-
place an irreversibly damaged organ. It is known, howev-
er, that without restoration of the neural network, correct 
regeneration of the urothelium and the smooth muscle 
layer is not possible. Knowledge of the bladder neuro-
histology is the basis for any further studies in this area.
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