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INTRODUCTION

The bladder is an important organ required in our daily life, 
and its functions are maintained by highly coordinated activi-
ties of several parts of the nervous system along with the detru-
sor and sphincter muscles. Information from the stretch recep-
tors in the bladder reaches the periaqueductal gray via the spi-
no-bulbo-spinal pathway and it is relayed to the higher brain 
areas. The pontine micturition center controls the bladder state 
between storage and voiding by communicating with other 
brain regions including the medial prefrontal cortex, hypothal-
amus, and periaqueductal gray (Fig. 1). During the bladder fill-
ing state, the detrusor muscle is relaxed and the external ure-
thral muscle is contracted. There are three major actuator mus-
cles in the bladder control system: the detrusor smooth muscle 

in the bladder wall, internal urethral sphincter located at the 
bladder neck, and external urethral sphincter (EUS). Control 
commands coordinating these actuators are mediated through 
hypogastric nerves, pelvic nerves, and pudendal nerves. The 
neurotransmitters, noradrenaline and acetylcholine, and β3-
adrenergic receptor, α1-adrenergic receptor, nicotinic acetyl-
choline  receptor, and M3 muscarinic receptors are involved in 
contracting or relaxing the muscles. Nonneuronal cells also play 
a part in bladder sensory mechanisms. Urothelium responds to 
the chemical and mechanical stimuli and releases adenosine 
triphosphate, acetylcholine, and nitric oxide, which in turn 
modulate neural activity. Receptors for nicotinic, muscarinic, 
tachykinin, adrenergic, bradykinin, and transient receptor po-
tential vanilloid type 1 have been reported in the urothelium 
[1-4].
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In the neural engineering field, physiological dysfunctions are approached by identifying the target nerves and providing arti-
ficial stimulation to restore the function. Neural stimulation and recording technologies play a central role in this approach, 
and various engineering devices and stimulation techniques have become available to the medical community. For bladder 
control problems, electrical stimulation has been used as one of the treatments, while only a few emerging neurotechnologies 
have been used to tackle these problems. In this review, we introduce some recent developments in neural stimulation tech-
nologies including microelectrode array, closed-loop neural stimulation, optical stimulation, and ultrasound stimulation. 
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 Loss of coordination results in neurogenic bladder dysfunc-
tions that include overactive bladder, incontinence, obstruction 
of the urinary tract, or urinary retention. Treatment methods 
include behavioral modification, pharmacological treatment, 
electrical stimulation, and surgical interventions. Behavioral 
modifications include exercise, timed bladder voiding, bladder 
training, and biofeedback. For pharmacological treatments, 
muscarinic or adrenergic receptors are targeted using specific 
agonists or antagonists [5]. Electrical stimulation therapy is 
used with pharmacological treatments to improve the thera-
peutic effect. Despite the severe invasiveness, sacral neuromod-
ulation is available for patients with intractable overactive blad-
der or neurogenic bladder. In this mini-review, we will intro-
duce the neural stimulation techniques that are either used in 
bladder control studies or potentially applicable for bladder 
dysfunctions. 

ELECTRICAL STIMULATION OF PERIPHERAL 
NERVES FOR BLADDER CONTROL

As there are many nerves involved in the bladder control sys-
tem, neurogenic dysfunctions can be treated by electrical stim-
ulation. Both invasive and noninvasive electrodes are used to 
modulate neural activity at the pudendal, sacral, and dorsal 
genital nerves for the treatment of patients with overactive 
bladder, urinary incontinence, and urinary retention. The con-
trol parameters for the electrical stimulation are electrical pulse 

shape, amplitude, pulse width, frequency, and stimulation dura-
tion. Both the inhibition and enhancement of detrusor or uri-
nary sphincter contraction can be achieved, which leads to the 
relief of urinary retention and involuntary micturition. 
 There have been efforts to develop a reliable stimulus strategy 
to induce specific lower urinary track activity using electrical 
stimulation. The stimulation frequency and target locations are 
considered important in modulating the bladder activity. Low 
frequency stimulation current to the afferent pudendal nerve 
initiated reflex bladder contraction and voiding [6], while high-
frequency blocking current to the efferent pudendal nerve sup-
pressed EUS contractions, and in turn decreased intraurethral 
pressure [7]. In another study, low frequency stimulation to 
motor related fibers innervating the EUS induced sphincter 
closure, while high frequency stimulation to sensory related fi-
bers inhibited bladder contractions in acute feline models [8]. 
Here, they used Utah Slanted Microelectrode Arrays (48 elec-
trodes, 200 μm) intrafascicularly implanted into the pudendal 
nerve trunk. Similarly, bimodal bladder control (voiding or 
storage) was achieved using different frequencies (30 Hz or 20 
kHz) on the lumbar ventral roots of rats [9]. Surface electrodes, 
which were attached to the skin, close to the pudendal nerve in 
felines, were used to deliver a stimulus between 5 and 7 Hz re-
sulting in suppressed bladder contractions, while 20 Hz had 
both weak inhibitory and excitatory effects on the bladder con-
tractions depending on the bladder volume [10]. Bruns et al. [11] 
performed intraurethral stimulation with wire electrode with 

Fig. 1. Functional block diagram of the bladder control system. PAG, periaqueductal gray; PMC, pontine micturition center; ACh, 
acetylcholine; NE, norepinephrine; nAChR, nicotinic acetylcholine receptor.
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different types of stimulus patterns (bursting or continuous) and 
reported that the lower frequency burst-patterns (2 Hz) evoked 
greater voiding efficiencies than lower (<5 Hz) or higher (>20 
Hz) continuous stimuli in a cat model. Frequency dependent 
modulation technique was also implemented in a closed loop 
stimulation study. Serial cystometries were performed in pa-
tients with spinal cord injury using low frequency (10 or 15 Hz) 
with a surface electrode patch placed over the genital branches 
of the pudendal nerve, which resulted in increasing the bladder 
capacity from 149 to 211 mL, while conditional stimulation out-
performed continuous stimulation in reducing stimulation time 
from 469 to 174 seconds with increased bladder capacity of 223 
mL [12]. In contrast to the conventional approaches, deep brain 
stimulation (DBS) of the pontine micturition center with fre-
quencies ranging from 64–256 Hz with 1- to 10-mA current in-
tensity was reported to induce increased detrusor pressure [13]. 
It is also reported that chronic stimulation could induce habitua-
tion of targeted nerves and degrade stimulus efficacy [14].

MICROBIOSENSORS AND MICROELECTRODE 
ARRAY TECHNOLOGY

In order to obtain reliable and accurate information about the 
state of bladder fullness, various types of sensors are needed. 
With the advances in nano- and microtechnologies, sensors are 
getting smaller and more sensitive while integrating multifunc-
tional sensing units. Moreover, flexible substrates that can make 
strong adhesive and conformal contact with the skin or tissues 
have been developed. Using this new technology, one can mea-
sure not only the physical information (volume or pressure) 
and bladder activity, but also biological signals related to the 
muscles and nerves. Multiple types of sensors including strain 
gauge, thermometer, electromyography sensor, and pH sensor 
were integrated on flexible substrates [15-17], which could be 
further integrated into an existing medical device such as a 
catheter [18]. Pang et al. [19] reported a flexible and highly sen-
sitive sensor that consists of a reversible interlocking of plati-
num-coated polymeric nanofibers (density: ~1.85×109 cm-2) 
supported on polydimethylsiloxane layers with a thickness less 
than 500 μm. This study showed the gauge factor, which is the 
relative resistance change divided by the applied strain, to be 
less than 11.45 for pressure, 0.75 for shear, and 8.53 for torsion. 
Recently, Xu et al. [17] reported deformable arrays of sensors 
that can be designed to establish conformal interfaces with spe-
cific organs (heart in this study) via the use of 3-dimensional 

printing, thus enabling the measurement of mechanical strain 
using the Si-strain gauge sensors. Roger’s group also developed 
an ultrathin sensor with bioresorbable silk fibroin substrate, 
which is water soluble, and they demonstrated conformal wrap-
ping on the curvilinear cortex to measure evoked brain activity 
by visual stimulus in cats [20]. Electroneurogram is used to as-
sess the dynamic bladder states by measuring the innervating 
nerve activity in the bladder muscles or the activity of the neu-
ronal somata in the dorsal root ganglia (DRG). Cuff electrodes 
have been conventionally used to record the activity of bladder 
afferent nerve signals, but they present the drawback of low sig-
nal-to-noise ratios and interference from nonbladder activity. 
Microelectrode arrays have also been used for selective record-
ing from nerve fibers and DRG [21,22]. High-density micro-
electrode arrays composed of 50-μm-sized wired microelec-
trodes arranged in a 5 by 10 grid with a 200-μm spacing be-
tween the electrodes provide high quality recordings of a signal 
unit activity from a large population of DRG neurons, making 
it possible to harness major afferent signals from the bladder. 
Bruns et al. [22] implanted a microelectrode array, which had 
90 microelectrodes with an interelectrode spacing of 400 μm 
and a shaft length of 1 mm, into the S1 and S2 DRGs and iden-
tified 48 units (or cells) that were correlated to bladder pressure 
and 274 units that responded to perineal stimuli. Although mi-
croelectrode arrays were mainly used to map neural activity, it 
was also shown that high-density electrode arrays (25 elec-
trodes/mm2) could be used as stimulation electrodes to restore 
urinary function [8].
 In recent studies, a flexible microchannel electrode array was 
developed to enhance the signal to noise ratio and to record pa-
rameters of bladder control in a spatially selective manner. The 
device was fabricated through a combination of photolithogra-
phy and soft-lithography, and a biocompatible silicone rubber, 
polydimethylsiloxane, was used as a flexible substrate. The de-
vice had 5-mm-long microchannels with a cross-sectional area 
of 100 μm×100 μm, and each channel had a tripolar electrode 
with a size of 100 μm×200 μm [23]. In this study, the array was 
implanted in the dorsal roots of S1–S2 in a rat, and large neural 
signal recordings (~410 μV) and excellent signal-to-noise ratio 
(~17:1) were achieved. Moreover, the same group also applied 
this new device to design a long-term closed-loop control sys-
tem, and they demonstrated that the activity of spikes had high 
correlation with bladder pressure and that the teased dorsal 
rootlets within the microchannels survived for up to 3 months 
[9].
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CLOSED-LOOP STIMULATION AND CONTROL 
SYSTEM

Closed-loop feedback control has been adopted in many fields 
of neural engineering to restore neural functions. Overall, the 
system is composed of several imperative elements: sensors, ac-
tuators, and control units. It requires the acquisition of neural 
information through biosensors (e.g., microelectrodes or sur-
face electrodes) and implementation of data processing and 
analyses using various types of computers (Fig. 2). Finally, a 
neural stimulation unit needs to be implanted at the target area 
to produce the desired outcome. This approach has been main-
ly applied for treating neurological disorders (e.g., Parkinson 
diseases, epilepsy) or patients who are paralyzed [24]. 

In epilepsy treatments, neural activity is continuously moni-
tored by neurosensors such as microelectrode arrays to estimate 
the emergence of epileptic activity. The main goal is to stimulate 
or inhibit specific parts of the brain region to suppress the epi-
leptic activity so that the patients can perform their daily activi-
ties without interruption. Recently, an implantable closed-loop 
stimulation system was approved by the U.S. Food and Drug 
Administration and became available for clinical use (respon-
sive neurostimulator system, NeuroPace Inc., Mountain View, 
CA, USA). The whole system is packaged in a stand-alone 
pocket-sized unit that contains two electrodes, a battery, and a 
computer controller. Disc-shaped subdural electrodes (3.175-

mm size, 10-mm spacing) are placed on the surface of the 
brain, and a cylindrical depth electrode (either 3.0- or 10-mm 
spacing) is placed in the target brain tissue. A noninvasive stim-
ulation technique was also investigated as an alternative meth-
od for the closed-loop system approach. In the study using a rat 
model, the duration of epileptic activity could be suppressed by 
more than 60% by applying transcranial electrical stimulation 
triggered by the seizure detected from the cortical layers by us-
ing ten tripolar electrodes (50 μm, tungsten). Conductive stim-
ulation pads were attached on the skull above the barrel cortex 
generating 50-ms Gaussian voltage waveform only when the 
two measured current source density spikes crossed the thresh-
old of 1 mV/m within 200 ms [25]. 

The DBS technology still uses an ‘open-loop’ control system, 
which means that no feedback signals from the target regions 
(such as the thalamus, subthalamic nucleus, and globus palli-
dus) are provided to decide on the stimulation parameters in 
real time. A novel real-time adaptive DBS technique was tested 
in a primate model of Parkinson disease. Two separate arrays of 
four glass-coated tungsten microelectrodes were inserted into 
the primary motor cortex for the detection, and stimulating 
microelectrodes were placed at the globus pallidus, thus creat-
ing a feedback loop between the two brain regions. Cathodic-
anodic biphasic square current pulses (80-μA amplitude, 200-
ms width) were used either in a pulse train mode (7 pulses per 
train, 130-Hz intratrain frequency) or in a single pulse mode, 

Fig. 2. Conceptual diagram of the closed-loop bladder control system with three main parts: sensing block (sensing modality), control 
block (bladder state controller), and stimulation block.
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and they were delivered 80 ms after the detection of activity 
from the motor cortex. The alleviation of the parkinsonian mo-
tor symptoms was compared with that observed in the case of 
the standard open-loop stimulation [26]. 

In case of patients with severe disability in motor controls, an 
artificial limb such as a robotic arm, is controlled by their corti-
cal neural signals. Here, the target system is the artificial limb 
and the neural signals are monitored and analyzed to extract 
the motor command (‘intention’) from the patient [27]. In the 
study with tetraplegic patients, the motor cortex signals were 
decoded by the implanted microelectrode arrays, and the ro-
botic arms were controlled by the decoded signals to perform 
the intended motor tasks of the patients, such as grasping and 
reaching [28,29]. In a clinical trial, an intracortical silicon mi-
croelectrode array (4 mm×4 mm×1.5 mm, 96 channels) was 
implanted to collect neural signals, which were decoded by a 
linear estimator or Kalman filter to predict the patient’s inten-
tion [30]. Collinger et al. [29] reported a very high success rate 
(~92%) on target-based reaching tasks compared to a median 
chance level of 6.2%.

In cases of bladder control problems, efforts have been made 
in several studies to monitor the bladder state and to control 
the time course of bladder storage and emptying, thus provid-
ing a basis for developing closed-loop bladder neuroprostheses 
without the need for transecting the nerves [9,14,31]. Wenzel et 
al. [14] compared conditional stimulation (closed-loop system) 
versus continuous stimulation (open-loop system) in the con-
trol of urinary continence. Lin et al. [31] reported that the intra-
vesical pressure-driven closed-loop stimulation in a rat model 
of acute spinal cord injury resulted in increased voiding effi-
ciency to 20% after low frequency stimulation current on the 
pudendal sensory nerves, which was further increased to 25% 
by the simultaneous delivery of low frequency stimulation cur-
rent and high frequency blocking current to the sensory and 
motor nerves, respectively. 

OPTICAL STIMULATION OF NEURAL TISSUES

Optical Stimulation
Optical stimulation of neural tissue has emerged as an impor-
tant method to modulate the activity of the peripheral nerves as 
well as the central nerves, and has several advantages over elec-
trical stimulation [32]. First, the precise delivery of optical ener-
gy is superior to the electrical approach. Second, it provides 
higher spatio-temporal resolution to stimulate individual 

nerves. Third, it is possible to record electrical responses from 
the target nerve during the stimulation, which is very difficult 
with electrical stimulation due to the electrical crosstalk (‘stim-
ulation artifact’). In addition, as the optical stimulation is 
achieved in a noncontact manner, one can minimize traumatic 
damage and inflammation at the interface of tissue and metal 
electrodes.

In general, brief pulses of infrared laser have been used as a 
source of optical stimulation, which is focused to a small spot 
on the nerve [33]. The wavelength of the infrared laser ranges 
from 1,400 to 2,200 nm. In the infrared neural stimulation 
(INS), the rat sciatic nerve or gerbil cochlea have been com-
monly used as model systems, which show an excitation of 
evoked potentials [34-36]. Recently, INS has been applied to the 
central nerves such as in the motor or somatosensory cortex as 
well as primary neurons to initiate neural responses [37,38]. In 
addition to the excitation effects, the inhibition of neural firing 
and axonal propagation in nerves were also reported in a few 
studies [39-44]. Although the mechanism of neural excitation 
and inhibition from the INSs are not clear, it is commonly 
agreed that the generation of transient temperature gradient as 
a consequence of the heating of water by the laser would be in-
volved in changing the neural responses [35,45]. 

Most recently, plasmonics of nanoparticles has been utilized 
in the field of optical stimulation. It was demonstrated that gold 
nanorods (GNRs) that can convert the near infrared light (785–
980 nm) into heat could enhance the photothermal effect of la-
ser, which successfully activated the neural tissues [46,47]. 
Compared to the conventional INS using longer wavelength re-
gion, the employed near infrared-sensitive GNRs was more ad-
vantageous in terms of thermal safety and tissue penetration for 
deeper stimulation. In contrast to the neural excitation studies, 
it was reported that the GNR-mediated photothermal stimula-
tion could inhibit the electrical activity of individual neurons 
and neural circuits [48]. The inhibition effect was controllable 
by input laser power and highly reversible without thermal 
damages to the cells. It was further demonstrated that photo-
thermal inhibition could be used to modulate epileptic neural 
activity in tissue culture models.

Optogenetics
Optogenetics combines optics (or photonics) with genetics to 
probe neural circuits, and light illumination is used to modulate 
neuronal excitation or inhibition though exogenous light-acti-
vated proteins [49]. Two genetically encoded proteins are used 
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as light-gated switches: channelrhodopsin-2 (ChR2) and halor-
hodopsin (NpHR). ChR2 is a rapidly gated light-sensitive cat-
ion channel [50], which is derived from the microbial opsin 
genes [51]. NpHR is a light-driven chloride pump [52] that can 
silence neuronal activity through hyperpolarizing membrane 
potentials. The power of the optogenetic approach is that it can 
be engineered to selectively excite or inhibit specific cell types 
in the neural circuits. ChR2 and NpHR respond to different 
wavelengths of light, 470 nm and 589 nm, respectively, which 
make it possible to either excite or inhibit the circuit simultane-
ously. 

Optogenetics has been extensively applied to investigate the 
role of functional neural circuits related to various neurological 
disorders including epilepsy, depression, Parkinson disease, and 
other human brain disorders [53]. Krook-Magnuson et al. [54] 
reported the arrest of spontaneous seizures using closed-loop 
optogenetic system in a mouse model of temporal lobe epilepsy. 
They used transgenic mice expressing NpHR to directly inhibit 
the principal cells, and ChR to excite parvalbumin-expressing 
GABAergic neurons. Kravitz et al. [55] used transgenic mice 
expressing ChR2 in the regulatory elements of the dopamine 
D1 or D2 receptors. The study showed that the neural firing 
rates increased in the D1- and D2-ChR2 mice upon light stim-
ulation, which confirmed that the activation of the direct-path-
way could ameliorate motor deficits in the mouse model. Hag-
glund et al. [56] studied locomotion control by expressing 
ChR2 in glutamatergic neurons in the spinal cord. In this ex-
periment, light stimulation of the lumbar spinal cord led to the 
initiation and maintenance of locomotor-like activity, which in-
dicated that the glutamatergic neurons in the spinal cord play 
an important role in locomotor network. 

Other than the central nervous system, optogenetics has been 
also applied in other organ systems. The feasibility of heart con-
trol was tested by showing heart beat control in zebrafish. Ar-
renberg et al. [57] made a genetically encoded zebrafish and ex-
pressed ChR2 and NpHR in the cardiac pacemaker cells in the 
sinoatrial (SA) node and atrioventricular node, respectively. 
They demonstrated that the zebrafish heart could be manipu-
lated very precisely to rapidly switch between a healthy state 
and a diseased state. Illuminating the entire heart with 589 nm 
light to activate NpHR instantaneously blocked contractions, 
while periodic light illumination with 473 nm light to activate 
ChR2 in the SA ring rhythmically activated the heartbeats. In 
another study, researchers attempted to control insulin secre-
tion in intact pancreatic islets [58]. They demonstrated that in-

sulin secretion could be controlled through external optical 
stimulation mediated by ChR2-expressing pancreatic islets us-
ing a transgenic mouse model. It was successfully shown that 
the glucose level was controlled by light-induced insulin release 
in high fat diet mice.

NEURAL STIMULATION USING ULTRASOUND

Ultrasound (US) can go through solid structures like the bone 
and soft tissue and reach deeper from the surface. Ultrasonic 
stimulation has a spatial resolution in the order of a few milli-
meters and provides depth of 10- to 15-cm penetration [59]. 
Most of all, its noninvasiveness makes it very attractive for ap-
plication in human subjects. It is shown that mechanical and 
thermal mechanisms of US can modulate membrane potentials 
of neurons [60]. US has induced excitatory effects on the motor 
cortex and suppressive effects on the visual cortex of rabbit [61], 
eyeball movement through stimulating the abducens nerve in 
rat [62], or triggered motor behavior by stimulating the motor 
cortex in an intact mouse [63]. It was also shown to evoke re-
sponses from the salamander retina by activating interneurons 
behind the photoreceptors using focused US that has 90-µm 
lateral resolution in vitro [64]. In human subjects, transcranial 
focused US was used to investigate the neuromodulation effects 
in the somatosensory circuits [65-67]. In addition to neural 
stimulation for activity control, neural regeneration effects have 
also been studied by determining the effects of low intensity 
pulsed US on cultured Schwann cells [68,69], and rat nerve re-
generation with poly(lactic-co-glycolic acid) conduits [70,71]. 

CONCLUSIONS

Advances in neural engineering for neural stimulation and re-
cording are promising for treating disorders of the peripheral 
nervous system. Systematic approaches to control neural disor-
ders have become popular, as more technologies are becoming 
available to the medical community. Molecular and cellular en-
gineering approaches also have potential applications in blad-
der control, as there are many different types of cells involved. 
There are many opportunities for utilizing state-of-the-art neu-
rotechnologies to solve bladder control issues and improve 
quality of life in the future. We expect that improved therapeu-
tic effects on bladder dysfunctions can be achieved by fusing 
the current treatment methods with new emerging technolo-
gies.
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