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Abstract
Detrusor underactivity (DU) is a common urodynamic diagnosis in patients with lower 
urinary tract symptoms and large post-voiding residual volume. Animal and human studies 
showed the possible etiologies of DU include central or peripheral nerve injury, bladder 
outlet obstruction, chronic ischemia, aging, diabetes mellitus, and sympathetic inhibition 
of micturition reflex. Evidence from animal and human DU studies with various etiologies 
revealed highly similar gross and histological characteristics in the bladders, including 
increased bladder weight, bladder wall thickening, inflammation, collagen deposition, 
and fibrosis. In electron microscopy, smooth muscle destruction, swollen mitochondria, 
decreased nerve innervation, caveolae, and umbrella cell fusiform vesicles were noted in 
the DU bladders. Most animal DU models demonstrate detrusor contractility changes from 
compensatory to the decompensatory stage, and the change was compatible with human 
DU observation. The cystometry in the DU animal studies is characterized by impaired 
contractility, prolong intercontraction interval, and hyposensation, while in vitro bladder 
muscle strips experiment may exhibit normal detrusor contractility. Decreased bladder 
blood flow and increased oxidative stress in bladders had been proved in different animal 
DU models, suggesting they should be important in the DU pathogenesis pathway. Sensory 
receptors mRNA and protein expression changes in DU bladders had been observed in both 
animal and human studies, including muscarinic receptors M2, M3, adrenergic receptor β3, 
purinergic receptor P2X1, P2X3, and transient receptor potential vanilloid (TRPV) 1 and 
TRPV4. Although some of the sensory receptors changes remain controversial, it might be 
the target for further pharmacologic treatments.
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to receive clean intermittent catheterization rather than 
active medical or surgical treatment [3]. Medical or surgical 
treatments for patients with DU mainly focus on reducing 
bladder outlet resistance to facilitate voiding efficiency by 
using abdominal pressure [3]. Pharmacological treatment or 
surgical procedures to restore bladder contractility was still 
lacking [3].

Current insufficient understanding in the pathogenesis 
of DU leads to the lack of effective pharmacological 
treatments. The micturition reflex involved the coordination 
of persisting detrusor muscle contraction and simultaneous 
relaxation of the urethra sphincter [4]. The sacral 

Introduction

Detrusor underactivity (DU) is a urodynamic diagnosis 
which was defined as “a contraction of reduced detrusor 

strength and/or duration, resulting in prolonged bladder 
emptying and/or a failure to achieve complete emptying 
within a normal period” [1]. Patients with DU usually suffer 
from a weak urinary stream, straining to void, hesitancy, 
with or without a feeling of incomplete bladder emptying, 
and sometimes with storage symptoms [1]. In patients with 
lower urinary tract symptoms (LUTS) and aged over 65 years 
without neurological or anatomic abnormality, the urodynamic 
study revealed that 40.2% of men and 13.3% of women were 
diagnosed as DU [2]. Although DU is a common etiology 
among elderly patients with LUTS, effective treatment for 
patients with DU is still limited. Current guidelines only 
suggest DU patients with large post-voiding residual volume 
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parasympathetic nucleus controls the bladder emptying 
reflex, and sacral spinal cord injury (SCI) could directly 
cause detrusor areflexia and a loss of normal bladder 
sensation [5]. Clinically, DU patients with a history of 
sacral SCI or pelvic nerve injuries, such as pelvic trauma or 
pelvic organ radical surgery, were classified into neurogenic 
DU [6]. A large proportion of DU patients are neurologically 
intact and were generally classified into myogenic DU in 
some studies [3]. However, some patients might develop 
DU without any causative episodes which may lead to 
detrusor muscle dysfunction, and the pathogenesis in these 
patients remains a mystery.

Several animal models have been developed to imitate 
human DU, including central nervous system (CNS) or 
peripheral nerve injury, diabetes mellitus (DM), aging, 
bladder outlet obstruction (BOO), chronic ischemia, and 
cryoinjury of bladders. The above-mentioned animal models 
could result an acontractile or underactive detrusor, and 
distinct molecular changes also have been identified in 
different animal models. Observation of clinical DU studies 
and laboratory data from human DU bladders also provided 
some indirect evidence for the possible pathogenesis. The 
aim of the current study is to review the techniques and 
findings in the animal DU models, and the pathogenesis 
evidence from human DU studies.

The animal detrusor underactivity models
According to the possible pathogenesis which was 

observed from human DU patients, several animal models 
have been successfully developed. The animal DU models 
could be generally classified into neural (central or peripheral) 
injury, bladder injury, mixed nerve and bladder injury, and 
transgenic animal models. Due to the heterogenicity of human 
DU etiologies, the animal DU models are only corresponded 
to a part of the etiologies in human DU, and some possible 
mechanism of human DU has not been reproduced in the 
animal study.

Neural injury associated detrusor 
underactivity animal model
Central nerve system injury detrusor underactivity 
model

Although the micturition reflex center locates in the 
sacral spinal cord, injury in a higher level of the spinal 
cord also may result in functional damage of central 
nerve descending modulatory pathways, leading to at least 
transient bladder contractility impairment. Spinal cord 
transection and contusion, which mainly destroy dorsal 
columns, had been widely used to create animal neurogenic 
bladder to investigate detrusor overactivity (DO), but it also 
could result in transient DU. Unlike human, the lumbosacral 
spinal cord (L1–S5) in rats located within the T11-L1 
vertebra [7]. A study showed rat spinal contusion injury at 
T4 and T9 level could result in transient increased residual 
urine volume with 2 weeks, but not in the rat with spinal 
contusion at T1 level [8]. Animal SCI model for persisted 
DU also has been developed [9,10]. Lumbar canal stenosis 

by inserting a silicon rubber into the L6 epidural space could 
compress the sacrum spine, and exhibits persisted DU in 
1 month after the procedure [10]. Unilateral L5–S2 ventral 
root avulsion in rats mimicked an injury in the cauda equina, 
and the cystometry showed markedly reduced voiding 
efficiency and maximum detrusor contractility amplitude 
at 12 weeks after the procedure [9]. The bladder weight 
was significantly increased in the sacral SCI DU rat, and 
fibrosis was also noted [11]. In the molecular analysis, the 
bladders from sacral SCI DU rat exhibited lower expression 
of gap junction alpha-1 protein and higher expression of 
transforming growth factor-beta (TGF-β) in both protein and 
mRNA level [11].

Urine retention due to transient DU is a common 
phenomenon in patients with brain trauma or cerebrovascular 
accident (CVA), but the mechanism is not clear. A rat 
traumatic brain injury study revealed cystometric evidence 
of detrusor function changes from underactive to overactive 
in 1 month after the brain injury. The bladder weight and 
collagen deposition were also noted in rats’ bladder with brain 
injury [12]. A recent study investigated the long-term voiding 
function in mice after traumatic brain injury study, and the 
cystometry showed DO with decreased maximal voiding 
pressures in chronic brain injury [13]. The voiding dysfunction 
and DU might be caused by neuroinflammation in the sensory 
input reflex pathways at rostral but not midbrain and hindbrain 
regions [13].

Peripheral nerve injury detrusor underactivity models
Lower urinary tract organs are innervated by 3 sets of 

peripheral nerve systems: Sacral parasympathetic pelvic 
plexus, sympathetic hypogastric plexus, and sacral somatic 
nerves (primarily the pudendal nerves) [4]. The pelvic 
nerve injury, including transection and crush injury, has 
been widely used in creating animal DU model [14-17]. 
For the pelvic nerve transection, the bilateral L6 and S1 
nerve bundles were exposed near the transverse processes 
and then were transected with microscissors [16]. For the 
crush injury model, first, the major pelvis ganglion near the 
prostate and bladder should be identified, and a hemostat 
clamp was used to crush each pelvic nerve for 30s to 
2 min [15,18]. Both bilateral pelvic nerve injury (BPNI) 
models could significantly increase the bladder capacity 
and intercontraction intervals in cystometry, and the 
residual urine volume. The bladder weight was significantly 
increased, and decreased smooth muscle distribution 
with increased collagen deposition was noted in the rat 
with BPNI [15]. In the molecular level, the protein gene 
product 9.5 (marker for sensory and autonomic nerve 
fibers) and choline acetyltransferase expression in the 
bladder were significantly reduced [14], while the transient 
receptor potential vanilloid 4 (TRPV4) expression level 
was significantly increased [15]. The bladder muscarinic 
receptors expression level changes in BPNI DU rats remain 
controversial. Hannan et al. reported the M3 receptor 
expression in the bladder was decreased and the M2 was 
unchanged [19]. However, the other study showed increased 
expression of the M2 receptor, but the M3 expression was 
not significantly different [15].
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Bladder injury associated detrusor 
underactivity animal model
Bladder outlet obstruction associated detrusor 
underactivity animal model

BOO is a common human disease, and detrusor DO or DU 
was often observed in the patients with chronic BOO. Partial 
BOO has been used to create lower urinary tract dysfunctions 
in numerous male and female animal models, including pig, 
dog, rabbit, guinea pig, rat, and mouse. After abdominal lower 
midline incision in rat and introduction of a urethral catheter, the 
partial BOO could be performed by tying a suture with rubber 
ring or 4-0 nylon silks in proximal urethral, with or without 
a small rod placed adjacent to the urethra to avoid complete 
urethral obstruction [20,21]. In the rat, transurethral ligation of 
the perineal urethra also has been used to create partial BOO 
successfully for both sexes. Prolong partial BOO could lead to 
DU in various animal models, and the duration to cause DU 
varied from 2 to 8 weeks in different studies [20-23]. Similar 
to the clinical observation in human BOO patients, animal 
BOO model elicits bladder structural and functional changes 
in three stages: hypertrophy with overdistention, compensation 
with DO and appropriate emptying, and decompensation with 
loss of functional emptying ability [22]. Since the hypertrophy 
phase, the BOO bladders rapidly increased both the total weight 
and total cellular content, and the growth continued until the 
decompensation phase [22]. Evidence showed significantly 
increased peri-bladder artery blood flow since the initial stage 
of rat and rabbit BOO (may increase within first 4 h), and may 
persist to 4 weeks after the procedure [24,25]. Immunochemical 
staining showed significantly increased hypoxyprobe-1 
(a marker for tissue ischemia) in the BOO rat bladders 
from day 3 to day 14 [24]. The results suggested the 
increased bladder blood flow might be responded to bladder 
ischemia after BOO, and the ischemia persisted even with 
increased blood flow. The molecular mechanism in the 
BOO associated bladder decompensation was still unclear. 
Some cell signaling proteins such as AMP-activated protein 
kinase, extracellular signal-regulated protein kinase 1/2, actin 
regulation protein Rho A and L-type Ca2+ channels expression 
were significantly changed in the compensation phase BOO, 
but not in the decompensation phase [26,27]. The level of 
8-hydroxy-2-deoxyguanosine was increased, and superoxide 
dismutase was decreased in the bladder of BOO associated 
DU; the result suggested increased oxidative stress in the DU 
bladder [20]. Increased M2 receptor and decreased M3 receptor 
also were noted in the bladder of BOO associated DU. Although 
BOO associated DU animal model had been well established, 
the molecular changes of animal BOO associated DU remained 
controversial in different studies, such as the bladder purinergic 
receptors expression [20,25-27]. The difference might be 
resulted from different outlet obstruction duration and pressure, 
further studies to comprehensively investigate the molecular 
changes in different timing of BOO were necessary.

Artery obstruction/ischemia associated detrusor 
underactivity animal model

Chronic ischemia has long been suspected as the 
possible etiology of DU. The risk factors of cardiovascular 

diseases (e.g. hypertension and hyperlipidemia) were 
associated with LUTS in both male and female patients, so 
atherosclerosis with reduction of bladder blood flow has been 
considered as a possible cause of DU. The early bladder 
ischemia animal model was performed by internal iliac artery 
ligation with 5-0 silk suture [28]. Both unilateral and bilateral 
internal iliac artery ligation could result in decreased voiding 
pressure in 7 days after the procedure. However, internal iliac 
artery ligation is acute rather than chronic ischemia animal 
model. Combination of vascular endothelial damage by iliac 
arteries balloon repeat inflation and high cholesterol diet (from 
0.5% to 2%) was used to simulate chronic ischemia in rat and 
rabbit bladder [29,30]. Eight to 16 weeks after the procedure, 
significant artery occlusion was found by angiography, and 
the detrusor voiding pressure was decreased [29,30]. In the 
chronic ischemia model, tissue inflammation increased bladder 
weight, and significant bladder fibrosis with increased TGF-β 
were noted [29,30]. In the view of ultrastructure, swollen 
mitochondria, impaired microvasculature with thickened 
intima, and muscle fascicles destruction in the rabbit chronic 
ischemia bladder were observed by electron microscopy [31]. 
The S-100 protein-positive neurons and purinergic receptor 
P2X1 were reduced in the ischemia bladder, but the 
calcitonin gene-related peptide (CGRP) positive neurons was 
increased [29,30,32]. Kim et al., analyzed the genome-wide 
gene expression in the chronic ischemia rat DU bladder, and 
the pathway analysis showed genes related to interleukin-17 
and hypoxia-inducible factors 1 signaling pathways were 
upregulated [29]. The chronic ischemia DU animal model 
seems to well imitate the human ischemic DU, especially 
in elderly patients. The detrusor function in this model also 
initially presented as DO, and then progressed to DU [29]. 
However, currently, most animal chronic bladder ischemia 
study investigated the bladder at the overactivity stage, the 
evidence about bladder changes in underactivity stage remains 
limited. The factors to cause detrusor function worsen from 
overactivity to underactivity is important and has the potential 
to develop to novel pharmacological treatment. Using 
α1A-adrenoceptor antagonist silodosin in bladder chronic 
ischemia rat with DO could increase bladder blood flow, 
ameliorate detrusor function from overactivity, and decrease 
the bladder oxidative stress [33]. Further studies focus on 
pharmacological treatment effects in chronic ischemia DU are 
necessary.

Bladder cryoinjury detrusor underactivity animal model
In contrast to the other bladder injury associated DU animal 

model, bladder cryoinjury might be the only model which is 
designed to directly and purely result in DU. Somogyi et al. 
used an 8-mm aluminum rod which was chilled on −40°C 
dry ice to place against the serosal surface of the bladder wall 
for 30 s in rat [34]. Five days after the cryoinjury, the square 
wave and adenosine triphosphate (ATP) evoked bladder strips 
contractility were significantly lower [34]. Bladder cryoinjury 
could result in decreased cystometric detrusor voiding pressure 
without changing the intercontraction interval, and the 
effect could last for 4 weeks [35,36]. Significantly increased 
cyclooxygenase-2 and TGF-β protein expression suggested 
inflammation and fibrosis in the cryoinjury bladder, while the 
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CGRP expression nerve was significantly decreased [35,36]. 
CGRP is a sensory neurotransmitter which is localized to 
both C and Aδ sensory fibers [37], depletion of CGRP in the 
cryoinjury bladder suggested impairment of sensory function 
might be the key mechanism of DU. However, the other 
molecular and neural changes in the cryoinjury bladder has 
not been well investigated. Although the cryoinjury is a pure 
bladder injury DU model, the mechanism of this model is 
different from most human DU. Using the cryoinjury model to 
investigate DU treatment intervention were reasonable [35,36], 
but the feasibility in human is still questionable.

Mixed nerve and bladder injury detrusor 
underactivity model
Aging detrusor underactivity animal model

Since the prevalence of DU indeed increased with age, 
DU has been considered as the age-associated changes 
in the urinary bladder. Impaired detrusor contractility has 
been regarded as an important etiologic of DU, but neural 
sensation or activation also may play a role in the mechanism 
of age-associated DU. Aging models has been widely used 
in bladder function researches in different species animal, 
including mice (about 22–25 months old in C57BL6 mice), 
rats (about 18–24 months old in male SD rat), guinea pigs 
and dogs [38-41]. Increased bladder weight was observed in 
the male aged mice, but not in females [42]. From the view 
of histopathology, urothelial thinning, lower muscle mass, 
fibrosis, and increased suburothelial collagen deposition had 
been reported in aged rats and mice studies [39,42,43]. In vivo 
cystomtery in aged bladder yielded variable results, both 
increased and decreased voiding pressure might be developed 
in aged animals [39,41,42]. Similar to cystometry studies, 
the in vitro bladder strips contractility in aged animals also 
showed highly variable results [41,42,44-46], the aged animal 
bladder strips response to electric field stimulation (EFS) or 
agonists for muscarinic receptors might demonstrate increased 
or decreased contractility. The difference might be due to 
various spices animal and age used in the studies. Furthermore, 
recent aged animal studies showed decreased in vivo bladder 
contractility in cystometry but preserved similar in vitro 
bladder strips contractility response to potassium or ATP 
stimulation [42,47,48]. This result suggested in vitro DU might 
not only due to detrusor functional failure, neural activation 
dysfunction also involved in the mechanism of aged DU. DU 
is common in elderly patients with CNS disorders, such as 
dementia and CVA [5], which also might happen in the aged 
animal model. The impact of degenerative CNS deterioration 
on voiding dysfunction should be important but has not been 
well investigated. Evidence of molecular changes of the 
aged animal bladder was limited, especially in the aged DU 
animal model. Daly et al. reported increased P2X3 receptor 
in aged DU mice bladder mucosa, but the mRNA expression 
of all muscarinic and purinergic receptors was decreased [48]. 
Another study showed decreased M3 and P2X1 receptor 
mRNA in male aged mice with DU, but not in female aged 
mice with preserved bladder contractility [42]. Caveolae is a 
special type of lipid raft in the plasma membrane and plays 
a role in cell mechanoprotection and mechanosensation [49]. 

An electron microscopy study showed the caveolar area 
and depth were decreased in aged bladder smooth muscle 
cells, suggesting loss of caveolin protein might alter bladder 
contractility resulting in aged bladder dysfunctions [50]. Aged 
animals might be the most well-imitated model to human DU, 
but the aged effect in voiding dysfunction is complicated, 
resulting in conflicting physiologic and molecular results in 
different studies. Since both DU or DO might be observed 
in aged animals, studies to compare the physiologic and 
molecular differences in aged animals with DU or DO should 
be the key to understand the pathogenesis of DU.

Diabetic animal detrusor underactivity model
DM is a common disease which could be contributed to 

multiple tissue pathologic change in organs, such as neuropathy 
and myopathy. Diabetic associated bladder dysfunction 
is characterized by decreased bladder sensation, and the 
urodynamic finding might include DO or DU. The commonly 
used DM animal models in voiding dysfunction include 
streptozotocin and alloxan-induced DM, which could produce 
pancreatic islet β-cell destruction and insulin-dependent 
DM [51]. Hyperglycemia could be detected in several days 
after streptozotocin or alloxan injection, and time-dependent 
bladder contractility changes from a compensated (DO) to a 
decompensated state (DU) were also observed [52]. The time 
to developed DU in the diabetic animal model highly varied in 
different studies; DU might be developed as early as 4 weeks 
later in rats [53], or sixteen weeks later in rabbits [53]. 
Similar to other DU animal models, grossly increased 
bladder weight, histologically inflammatory cells infiltration, 
collagen deposition, and even increased apoptotic cells in the 
bladders were observed in the diabetic DU model [52-54]. 
Decreased umbrella cells fusiform vesicle and broken cell-cell 
junctions between adjacent cells in the DU rat bladders 
were also noted in electron microscopy [55]. The bladder 
blood flow was also decreased in the rat DU model [56]. 
The cystometry results of the animal diabetic animal model 
were characterized by significantly increased intercontraction 
interval, nonvoiding contraction, voiding volume, and residual 
volume [53,56,57]. The peak voiding pressure was constant 
in most studies [53,56,57], but decreased voiding pressure 
also might be observed in the decompensated stage [52]. 
The cystometry characteristics of the DU animal model 
correspond with some human DU patients with urodynamic 
hyposensation, increased residual volume, but the voiding 
pressure was still within the normal range. In vitro bladder 
muscle strip contractility test in DU animal showed higher 
contractile responses to muscarinic receptor agonist carbachol, 
ATP, and EFS in the early compensated stage, but it might be 
reversed in the decompensated stage [58-60]. In transcriptome 
level, one study showed the level of M2, M3, TRPV1, and 
P2X3 mRNA expression was significantly increased in the 
diabetic DU rat bladders [55], but the other conflicted study 
showed the level of M2 and M3 mRNA expression was 
similar between diabetic and control rat bladders [61]. In 
the protein level, immunochemical studies showed decreased 
nerve growth factor [62] and sensory nerve C-fiber marker 
peripherin [56] in the diabetic animal DU bladders. The protein 
expression level of mitochondrial Bax, cytosolic cytochrome 
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c, nuclear factor erythroid 2-related factor 2, and Keap1 were 
increased in the diabetic DU bladder in a recent study, and 
the results suggested increase of bladder oxidative stress and 
mitochondria dysfunction in the bladders [63]. Although the 
diabetic animal model for voiding dysfunction has been well 
established, it should be noted most studies used the type 1 
DM model, but most human patients with diabetic associated 
bladder dysfunction are the type 2. Since the DM animal 
model is characterized by bladder hyposensation with possibly 
preserved contractility, the molecular difference between DM 
animal and the other DU animal model bladders should be 
compared to understand the mechanism of DU.

Transgenic detrusor underactivity animal model
With the recent progress in genetic editing technique, 

several transgenic DU animal model has been developed. 
Although detrusor contraction is mediated by cholinergic 
neurotransmitter and muscarinic receptors, in vitro cystometry 
in M2 and M3 knocked out mice only exhibited longer 
voiding intervals without changes of voiding contractility [64]. 
Previous physiology study showed prostaglandin E2 and 
its receptor EP family could modulate detrusor muscle 
contractility [65]. The EP3 knockout mice demonstrated higher 
voided urine volumes and higher infused volumes required to 
stimulate micturition [66]. However, the average and threshold 
filling pressures were not significantly different between the 
EP3 knockout and wild type mice [66]. ATP released from 
parasympathetic neurons or urothelium could contribute to both 
contraction and sensation via the purinergic signaling pathway 
in the bladder [67]. The purinergic receptor P2X3 is critical for 
peripheral pain responses, the P2X3 knockout mice exhibited 
decreased voiding frequency and increased bladder capacity, but 
normal detrusor contractility [68,69]. In contrast, both bladder 
hyposensation and decreased contractility were observed in 
the P2X2 knockout mice [70]. TRPV4 is a nonselective cation 
channel activated by mechanical pressure, osmolality, warmth, 
and chemical stimuli [71]. Urothelial TRPV4 channels act as 
a pressure sensor to enhance bladder activity, predominantly 
through activation of bladder afferent pathways by ATP [72]. 
In the TRPV4 knockout mice, cystometry revealed the lower 
frequency of voiding contractions but a higher frequency 
of non-voiding contraction [73]. Although the cystometric 
contractility in the TRPV4 knockout mice did not decrease, 
the bladder strips study revealed decreased amplitude of the 
spontaneous contractions [73]. Stretch-induced ATP release 
from the urothelium was also decreased in the TRPV4 knockout 
mice [73]. The results of transgenic DU animal model revealed 
in vitro bladder contractility is controlled by multiple signaling 
pathways, and single receptor knockout may not cause changes 
of cystometric maximal contractility. Transgenic DU animal 
model could improve our understanding of bladder physiology, 
but the mechanism remains totally different from human DU. 
Hence, studies aim to develop novel pharmacological treatment 
for DU should not use the transgenic animal model.

Pathogenesis of detrusor underactivity 
from human evidence

In contrast to many DU animal model studies, studies 
provided human DU pathogenesis evidence is extremely 

limited. Except the patients with totally acontractile bladder, 
making the urodynamic diagnosis for DU patients with 
residual detrusor voiding contractility is often controversial. 
Currently, no universal guideline to define the threshold 
detrusor voiding pressure for the diagnosis of DU [3]. 
Studies usually used bladder contractility index (BCI) 
<100 and/or detrusor pressure at maximum flow <20 cmH2O 
with maximal flow rate <15 mL/s to enrolled patients with 
DU [3]. However, patients with delay evoke or failure to 
sustain detrusor contractility during voiding also meets 
the urodynamic diagnosis of DU, but maximal detrusor 
contractility might remain in the normal range [1]. Bladder 
hyposensation is a common characteristic of human DU [74], 
but the cystometric volume to confirm hyposensation has not 
been defined yet. Human DU studies might enroll DU patients 
which were contributed to one kind of etiology, but in fact, 
the pathogenesis of human DU should be multifactorial. 
Nevertheless, some studies still provided pathogenesis 
evidence, including clinical findings and laboratory data, to 
explore the possible mechanisms of human DU. Our previous 
study enrolled mid-age (mean age of 56 years old) DU 
patients without BOO or neuropathy, and the bladder biopsy 
specimens showed the decreased urothelial E-cadherin, M2, 
M3, β3, and P2X3 receptors expression in patients with DU 
in compared to urodynamic normal controls, while the level 
of tryptase and terminal deoxynucleotidyl transferase dUTP 
nick end labeling expression was increased [75]. Our results 
revealed urothelial barrier function defect, decreased sensory 
receptors, increased inflammation, and apoptosis in urothelium 
of DU patients. The following sections reviewed the clinical 
or laboratory pathogenesis evidence from DU patients with 
different etiologies.

Human pathogenesis evidence from 
neurogenic detrusor underactivity

Evidence from human studies revealed about 50% of patients 
with CVA were suffered from transient urine retention due to 
DU. About 95% of patients with CVA and urine retention were 
regained urination within 2 months, but a small proportion of 
patients with CVA also might suffer from persisted DU [76]. 
The pathogenesis of DU in the CVA patients with long-term 
persisted urine retention is still unknown. In the acute phase 
of SCI, the urodynamic study revealed an acontractile detrusor 
in about 37% of patients despite the injury level [77]. Our 
early study showed DU in 95% of patients with sacral SCI 
in long-term follow-up, while also 31% and 45% of patients 
with cervical and thoracolumbar SCI also presented with DU 
in the urodynamic study [78]. Injury of sacral micturition 
reflex center might directly cause DU, but the mechanism 
of long-term DU in higher-level SCI is still not clear. The 
detrusor muscle strip from human revealed delay EFS in the 
SCI patients with DU. The sensitivity of the detrusor muscle 
strip to EFS did not change in the SCI patients with DU, but 
the maximum force generated by each milligram of bladder 
tissue was significantly reduced [79]. Immunochemical 
staining also exhibited decreased acetylcholinesterase and 
protein gene product 9.5 activity in the detrusor of SCI with 
DU, suggesting loss of detrusor innervation [79]. Several 
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studies focused on the bladder sensory receptors change in the 
SCI patients with DO [80,81], however, the bladder changes 
in human SCI patients with DU had not been investigated yet.

Human pathogenesis evidence from bladder 
outlet obstruction associated detrusor 
underactivity

Since BOO was diagnosed by the pressure-flow study result 
of high voiding detrusor pressure and low maximal flow rate, 
it is a long-existed controversial issue to make the urodynamic 
diagnosis of BOO and DU simultaneously [3,6]. Currently, 
experts suggest that the diagnosis of simultaneous BOO and 
DU might be indirectly made based obviously anatomical 
BOO (such as large prostate, urethral stricture, etc.,) and 
urodynamic low detrusor pressure [6]. Recent studies revealed 
some patients with DU could regain spontaneous urination 
and detrusor contractility after surgery for removing outlet 
resistance [82]. The results support BOO and DU could be 
simultaneously existed, and BOO should be an etiology of 
DU in humans. Molecular analysis for the human bladders 
with DU and BOO is rare. Our previous study showed a 
decreased level of urothelial expression of E-cadherin and 
increased β3 and M3 receptors in the patients with BOO and 
DU in comparison to the patients with BOO and preserved 
detrusor contractility [83]. In addition, the level of urothelial 
M2 receptor was positively correlated to the maximal detrusor 
contractility in the patients with BOO [83].

Human pathogenesis evidence from aged 
associated detrusor underactivity

Although animal studies provided evidence to support age 
as an important etiology in DU, it is still highly debatable 
whether age has an independent impact on detrusor contractility. 
Early cross-sectional studies showed conflicting results in the 
association between age and detrusor contractility [84,85], 
and the other factors such as BOO also might affect the 
detrusor function change in elderly patients. Our recent study 
provided the only longitudinal long-term follow-up study 
to see the impact of age on detrusor contractility [86]. In a 
cohort which had been followed for >10 years, the maximal 
detrusor contractility and BCI were significantly decreased 
in both sexes [86]. In addition, the maximal detrusor 
contractility and BCI both significantly decreased in men 
with or without BOO, and the decline of contractility was no 
significant difference between the two groups [86]. The results 
supported age should be an independent factor for detrusor 
contractility decline. A human bladder strips study from 
patients who underwent radical cystectomy showed in vitro 
detrusor contractility in response to EFS did not change with 
age [87]. In the view of histology, age was associated with 
increased bladder collagen deposition and decreased smooth 
muscle in both male and female patients [88]. The reduction 
of the acetylcholinesterase-positive nerve was also observed 
in the aged bladders [89]. The ultrastructural features of aged 
bladder included dense band patterns in the muscle cells, cell 
junctions, sarcolemma [90], and decreased axon counts [89]. 
Widespread degeneration of smooth muscle was found in 

the aged detrusor with DU, but not in aged detrusor without 
DU [90]. The level of mRNA expression of M2, M3, P2X1, 
and P2X3 receptors did not change with age [87], however, 
increased density of M2 receptors in the mucosa was noted 
in the aged bladder [91]. Researches of urothelial protein 
expression changes in aged human are rare, a recent study 
showed the level of TRPV4 protein expression in both 
bladder mucosa and detrusor was increased in aged patients 
with preserved detrusor contractility [92]. It should be noted 
that most aged human bladder laboratory studies obtained the 
specimens from the patients without DU, hence, the effect of 
aging on human DU bladder remains uncertain.

Human pathogenesis evidence from diabetic 
associated detrusor underactivity

Although animal model researches showed DM could cause 
DU, direct human evidence of DM as an independent etiology 
of DU is still rare. Patients with DM associated LUTS might 
be just resulted from polyuria rather than bladder dysfunction. 
Our previous study revealed that the level of the urothelial 
tryptase and M3 receptor was higher in the DU patients with 
DM than that in those without DM [75]. Although direct 
evidence remains lacking, our results suggested DM might 
be associated with more urothelial inflammation and sensory 
receptors change in the DU patients.

Human sympathetic inhibitory detrusor 
underactivity

Although it was rarely demonstrated in literatures, 
some of the DU patients in clinical practice were young or 
mid-age, neurologically intact, without obviously anatomical 
obstruction, surgical or systemic medical disease history. 
Some researchers refer to these patients as idiopathic 
DU [3], and the video-urodynamic study of idiopathic 
DU may exhibit non-relaxation bladder neck or external 
urethral sphincter with low detrusor pressure [93,94]. 
A hypothesis suggests the mechanism of idiopathic DU 
might be resulted from high sympathetic activity inhibition 
in detrusor reflex contraction, which the inhibition had 
been well demonstrated in early animal studies [95]. Our 
previous study showed some indirect human evidence to 
support this hypothesis. Female patients with long-term 
idiopathic DU and urine retention regained spontaneous 
urination after transurethral incision of the bladder neck, 
and the follow-up urodynamic study proved detrusor 
contractility recovery in some of DU patients [96,97]. The 
detrusor function recovery after the procedure also had been 
observed in cervical SCI patients with long-term DU, which 
physiologically should preserve bladder contractility [98]. 
Sympathetic efferent and afferent pathways project to the 
bladder neck [99,100] and inhibit detrusor reflex during the 
storage phase. The transurethral incision of the bladder neck 
aimed to destroy the sympathetic nerve innervation and the 
autonomic inhibition in the bladder neck, and the patients 
with idiopathic DU indeed regain detrusor contractility 
after the procedure. Although still lack of direct evidence, 
our result indirectly suggested sympathetic inhibition is 
a possible mechanism in patients with DU, further direct 
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animal or human evidence is necessary to confirm this 
hypothesis.

It should be noted that some animal studies for DU only 
demonstrated increased bladder capacity, large PVR, and 
prolong intercontraction interval, however, a significant 
reduction of detrusor contractility in cystometry may not 
present [15,53,56,57]. Although human with DU also could 
present with increased PVR and bladder hyposensation only, 
the urodynamic study in most DU patients indeed revealed 
a significantly lower detrusor contractility. Using human 
bladder tissue to investigate the pathogenesis with DU is 
necessary and might be clinically valuable, but some pitfalls 
still should be noted: (1) Most human DU bladder studies 
lack good control. Some studies [86,87] used bladder tissue 
from aged patients with bladder cancer as control, but it is 
hard to say those were normal bladders. (2) The methods 
of human bladder tissue harvest during operation, such as 
electrocauterization or cold-cup biopsies, may have an impact 
on bladder protein expression of functional experiment 
results. (3) Although some human studies focused on one 
possible etiology of DU, most human DU patients still 
might be multifactorial. DU patients might be contributed to 
old age, BOO and ischemia simultaneously, it is extremely 
difficult to enroll human DU patients with only one etiology.

Conclusion
Animal and human studies showed the possible etiologies of 

DU include central or peripheral nerve injury, BOO, ischemia, 
aging, DM, and sympathetic inhibition. The bladder changes 
in animal and human DU studies are summarized in Table 1. 
Evidence from DU studies with various etiologies revealed 
similar histological characteristics in the bladders, including 
bladder wall thickening and fibrosis. Although lack of direct 
evidence, we speculated that the increased bladder weight 
might be resulted from increased collagen deposition in bladder 
lamina propria and muscle layer. In electron microscopy, smooth 
muscle destruction, swollen mitochondria, and decreased nerve 
innervation were noted in the DU bladders. The cystometry in 
the DU studies demonstrated impaired contractility, prolong 
intercontraction interval, and hyposensation, while in vitro 
bladder muscle strips experiment may exhibit normal detrusor 
contractility. Decreased bladder blood flow and increased 
oxidative stress in bladders had been observed in different 
animal DU models, suggesting they should be important in 
the DU pathogenesis pathway. Sensory receptors mRNA and 
protein expression changes in DU bladders had been proved in 
both animal and human studies, including M2, M3, β3, P2X3, 
and TRPV4 receptors. The changed sensory receptors might be 
the target for further pharmacologic treatments.

Table 1: Summary of the bladder pathological changes in animal and human detrusor underactivity studies
Gross and histology Electron microscopy mRNA or protein expression

Central nerve 
system injury

↑Bladder weight, fibrosis [11] ↓Gap junction alpha-1 [11], acetylcholinesterase, protein 
gene product 9.5 [78]

↑TGF-β [11]
Peripheral 
nerve injury

↑Bladder weight, collagen 
deposition [14]

↓Smooth muscle [14]

↓Protein gene product 9.5, choline acetyltransferase [13]

↑TRPV4[14]

↔M2, M3[14,18]

BOO ↑Bladder weight, total cell count, 
collagen deposition [21], associated 
bladder artery flow [23,24]

↓M3, superoxide dismutase [19], E-cadherin[81]

↑β3, M3 [81], M2, hypoxyprobe-1 [23], 8-hydroxy-2 
deoxyguanosine [19]

Chronic 
ischemia

↑Bladder weight, inflammation, 
fibrosis [28,29]

Swollen mitochondria, impaired 
microvasculature, thickened intima, 
muscle fascicles destruction [31]

↓S-100, P2X1 [29,30,32]

↑TGF-β, CGRP [29,30,32]

Cryoinjury ↑Inflammation [34,35] ↑Cyclooxygenase-2, TGF-β [34,35]

↓CGRP [34,35]
Aging ↑Bladder weight, collagen 

deposition [39,42,43]

↓Smooth muscle, urothelial 
thinning [39,42,43]

Decreased caveolae [48], axon 
counts[87]

Dense band pattern in the muscle cells, 
cell junctions, sarcolemma [88]

↔All muscarinic and purinergic receptors [41,47]

↓Acetylcholinesterase [89]

Diabetic ↑Bladder weight, inflammation, 
collagen deposition, apoptotic 
cells [51-53]
↓Bladder blood flow [56]

Decreased umbrella cells fusiform 
vesicle and broken cell-cell 
junctions [54]

↓Erve growth factor [61], peripherin[55]
↑TRPV1, P2X3 [54], Bax, cytosolic cytochrome c, nuclear 
factor erythroid 2-related factor 2, Keap1 [62], tryptase[74]
↔M2 and M3 [60]

↑: Increased expression, ↓: Decreased expression, ↔: Conflicted results in different studies, BOO: Bladder outlet obstruction
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