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Abstract

This article summarizes anatomical, neurophysiological, pharmacological, and brain imaging 

studies in humans and animals that have provided insights into the neural circuitry and 

neurotransmitter mechanisms controlling the lower urinary tract. The functions of the lower 

urinary tract to store and periodically eliminate urine are regulated by a complex neural control 

system in the brain, spinal cord, and peripheral autonomic ganglia that coordinates the activity of 

smooth and striated muscles of the bladder and urethral outlet. The neural control of micturition is 

organized as a hierarchical system in which spinal storage mechanisms are in turn regulated by 

circuitry in the rostral brain stem that initiates reflex voiding. Input from the forebrain triggers 

voluntary voiding by modulating the brain stem circuitry. Many neural circuits controlling the 

lower urinary tract exhibit switch-like patterns of activity that turn on and off in an all-or-none 

manner. The major component of the micturition switching circuit is a spinobulbospinal 

parasympathetic reflex pathway that has essential connections in the periaqueductal gray and 

pontine micturition center. A computer model of this circuit that mimics the switching functions of 

the bladder and urethra at the onset of micturition is described. Micturition occurs involuntarily in 

infants and young children until the age of 3 to 5 years, after which it is regulated voluntarily. 

Diseases or injuries of the nervous system in adults can cause the re-emergence of involuntary 

micturition, leading to urinary incontinence. Neuroplasticity underlying these developmental and 

pathological changes in voiding function is discussed.

Introduction

The storage and periodic elimination of urine depend on the coordinated activity of two 

functional units in the lower urinary tract (LUT): (1) a reservoir (the urinary bladder) and (2) 

an outlet consisting of the bladder neck, the urethra, and the urethral sphincter (218). 

Coordination between these organs is mediated by a complex neural control system located 

in the brain, spinal cord, and peripheral ganglia (449). Thus, urine storage and release are 

highly dependent on central nervous system pathways. This distinguishes the LUT from 
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many other visceral structures (e.g., the gastrointestinal tract and cardiovascular system) that 

maintain a certain level of function even after extrinsic neural input has been eliminated.

The LUT is also unusual in its pattern of activity and organization of neural control 

mechanisms. For example, the urinary bladder has only two modes of operation: storage and 

elimination. Thus, many of the neural circuits have switchlike or phasic patterns of activity 

(142, 156, 173), unlike the tonic patterns characteristic of the autonomic pathways to 

cardiovascular organs. In addition, micturition is under voluntary control and depends on 

learned behavior that develops during maturation of the nervous system, whereas many 

other visceral functions are regulated involuntarily. Micturition also requires the integration 

of autonomic and somatic efferent mechanisms to coordinate the activity of visceral organs 

(the bladder and urethra) with that of urethral striated muscles (449).

Due to the complexity of the neural mechanisms regulating the LUT, micturition is sensitive 

to a wide variety of injuries, diseases, and chemicals that affect the nervous system. Thus, 

neurologic mechanisms are an important consideration in the diagnosis and treatment of 

voiding disorders. This article reviews (1) the innervation of the urinary bladder and urethra, 

(2) the organization of the reflex pathways controlling urine storage and elimination, (3) the 

neurotransmitters involved in micturition reflex pathways, and (4) neurogenic dysfunctions 

of the LUT. Abbreviations can be found in Table 1.

Peripheral Nervous System

Efferent innervation and neurotransmitters

The LUT receives a bilateral efferent innervation from the thoracic and lumbosacral 

segments of the spinal cord (Fig. 1A). Efferent axons are carried in three sets of peripheral 

nerves: sacral parasympathetic (pelvic nerves), thoracolumbar sympathetic (hypogastric 

nerves and sympathetic chain), and sacral somatic nerves (primarily the pudendal nerves) 

(175, 449) (Fig. 1A). Preganglionic axons carrying information from the spinal cord to the 

bladder and urethra synapse with autonomic ganglion cells widely distributed throughout the 

peripheral nervous system in: (1) the pelvic plexus, (2) prevertebral sympathetic ganglia 

(inferior mesenteric ganglia, IMG), (3) paravertebral sympathetic chain ganglia, and (4) 

ganglia on the serosal surface and in the wall (intramural ganglia) of the organs (168, 211, 

212, 368, 369, 678). Ganglia on one side are interconnected by numerous fiber tracts and the 

majority of inputs from the spinal cord occur ipsilaterally. In addition in some species fiber 

connections between the right and left pelvic plexuses and the IMGs occur (220, 327, 622) 

and synaptic interactions between the right and left plexuses have been reported (257). The 

striated muscle of the external urethral sphincter (EUS) is directly innervated by axons 

originating from motoneurons in the spinal cord.

Pelvic and bladder ganglia—The autonomic ganglia contain thousands of 

postganglionic neurons but are innervated by considerably smaller numbers of preganglionic 

neurons located in the intermediolateral region of the spinal cord (13, 39, 

155,164,278,318,319,443, 444, 455–458). Thus, the preganglionic axons exhibit 

considerable divergence within the peripheral nervous system to synapse with multiple 

ganglionic targets. Synaptic transmission in all ganglia is mediated by acetylcholine (Ach) 

de Groat et al. Page 2

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acting on nicotinic receptors; although, as discussed later, other neurotransmitters acting on 

various types of presynaptic and postsynaptic receptors can modulate cholinergic 

transmission.

The morphology of the ganglion cells varies markedly in different species. In the rat major 

pelvic ganglion (606) and mouse hypogastric ganglion (522) the cells are 20 to 30 μm in 

diameter and have no dendrites or only a few short dendrites. On the other hand, neurons in 

pelvic and bladder ganglia of the cat are larger (40–60 μm) and have a more complex 

morphology, exhibiting on the average 6 to 7 dendrites (152).

In the cat bladder ganglia, virtually all neurons are CHAT positive and 50% stain for NOS. 

VIP-IR is also present in 10% to 15% of cat bladder ganglion cells and is present in neurons 

that stain heavily for acetylcholinesterase (AChE) (310, 391). Thus, VIP is very likely 

colocalized with ACh in some bladder ganglion cells. Cat, bladder ganglion cells receive an 

extensive cholinergic/enkephalinergic input from sacral preganglionic neurons (160, 236, 

267, 311). CGRP, substance P and VIP-containing axons and axonal-varicosities are also 

present in cat pelvic and bladder ganglia, where they represent, in part, afferent pathways 

(162, 267, 310, 313).

Immunohistochemical studies (318, 319) in the rat pelvic ganglia revealed that neurons are 

either cholinergic (stained for choline acetyltransferase, ChAT) and vesicular acetylcholine 

transporter (VAChT) or noradrenergic (stained for tyrosine hydroxylase, TH). Most 

cholinergic neurons express nitric oxide synthase (NOS) and vasoactive intestinal 

polypeptide (VIP) and a smaller population also expresses NPY. All pelvic noradrenergic 

neurons express NPY. Many neurons are surrounded by ENK-IR varicosities (50%–65%) 

and fewer neurons are surrounded by CCK-or SOM-IR varicosities (30%–35%). The 

immunohistochemistry of the pelvic ganglia of the male mouse is similar to that of the rat 

(672).

Intramural ganglion cells in the guinea pig urinary bladder (124, 290, 291) contain either 

AChE, SOM, NPY, or quinacrine-fluorescence (a marker for purinergic neurons). Studies of 

the colocalization of peptides in these ganglion cells revealed that 55% to 70% of the total 

population which is assumed to be primarily cholinergic exhibit both NPY and SOM 

immunoreactivity. Thus NPY and somatostatin could function as neuromodulators in the 

cholinergic efferent pathway to the bladder.

Intramural ganglia in the human bladder contain small numbers of neurons (1–36 per 

ganglia) that exhibit immunoreactivity to VAChT, VIP, NOS, NPY, and galanin (189, 190, 

572, 573). Approximately 75% are VAChT positive, 95% NPY positive, and 40% NOS 

positive. A small percentage of the neurons contain TH-IR. (189). The intramural ganglion 

cells are surrounded by pericellular baskets of varicose terminals containing CGRP, VIP, 

enkephalin, NPY, galanin, or substance P.

Pelvic ganglia in some species such as the dog, cat and rabbit also exhibit dense collections 

of adrenergic varicosities surrounding the principal ganglion cells (188, 204, 255, 256). 

These varicosities persist after chronic decentralization and therefore must arise from cells 

within the pelvic plexus, either from adrenergic neurons or SIF cells. Two types of SIF cells 
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have been identified; those with processes (Type I) and those devoid of processes (Type II). 

It has been suggested that the former can function as interneurons in ganglia and make 

connections with the principal ganglion cells (491, 626). The latter may have an endocrine 

function. In the rat, SIF cells can contain 5-hydroxytryptamine, histamine and enkephalins, 

in addition to norepinephrine (261, 306).

Parasympathetic postganglionic nerves—Parasympathetic neuroeffector excitatory 

transmission in the bladder is mediated by ACh acting on postjunctional muscarinic 

receptors (15, 17, 409, 410). Both M2 and M3 muscarinic receptor subtypes are expressed in 

bladder smooth muscle; however, use of subtype selective muscarinic receptor antagonists 

and muscarinic receptor knockout mice revealed that the M3 subtype is the principal 

receptor involved in excitatory transmission (Fig. 1B) (15, 17, 409, 410). Activation of M3 

receptors triggers intracellular Ca2+ release; whereas activation of M2 receptors inhibits 

adenylate cyclase (17). The latter may contribute to bladder contractions by suppressing 

adrenergic inhibitory mechanisms which are mediated by β adrenergic receptors and 

stimulation of adenylate cyclase.

In bladders of various animals stimulation of parasympathetic nerves also produces a 

noncholinergic contraction that is resistant to atropine and other muscarinic receptor 

blocking agents. Adenosine triphosphate (ATP) is the excitatory transmitter mediating the 

noncholinergic contractions (15, 17, 87, 515). ATP excites the bladder smooth muscle by 

acting on P2X receptors which are ligand gated ion channels. Among the seven types of 

P2X receptors expressed in the bladder, P2X1 is the major subtype in the rat and human 

bladder smooth muscle (87, 515). Purinergic transmission has an important excitatory role in 

animal bladders but is not important in the normal human bladder. However, it appears to be 

involved in bladders from patients with pathological conditions such as detrusor overactivity 

(DO), chronic urethral outlet obstruction, or interstitial cystitis (87, 494).

Parasympathetic pathways to the urethra induce relaxation during voiding (15, 17, 18, 85, 

180, 265). In various species the relaxation is not affected by muscarinic antagonists and 

therefore is not mediated by ACh. However inhibitors of NOS block the relaxation in vivo 

during reflex voiding or block the relaxation of urethral smooth muscle strips induced in 

vitro by electrical stimulation of intramural nerves indicating that NO is the inhibitory 

transmitter involved in relaxation (15, 85, 180, 451). In some species neurally evoked 

contractions of the urethra are reduced by muscarinic receptor antagonists or by 

desensitization of P2X purinergic receptors, indicating that ACh or ATP are involved in 

excitatory transmission to urethral smooth muscle (738). More detailed information about 

the actions of neurotransmitters on urinary tract smooth muscle and mechanisms of muscle 

contraction are available in several review articles (17, 218).

Thoracolumbar sympathetic pathways—Sympathetic preganglionic pathways that 

arise from the T11 to L2 spinal segments pass to the sympathetic chain ganglia and then to 

prevertebral ganglia in the superior hypogastric and pelvic plexus (Fig. 1) and also to short 

adrenergic neurons in the bladder and urethra. Sympathetic postganglionic nerves that 

release norepinephrine provide an excitatory input to smooth muscle of the urethra and 

bladder base, an inhibitory input to smooth muscle in the body of the bladder (Fig. 1B), and 
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inhibitory and facilitatory input to vesical parasympathetic ganglia (15, 180, 322). α-

adrenergic receptors are concentrated in the bladder base and proximal urethra, whereas β-

Adrenergic receptors are most prominent in the bladder body (Fig. 1B) (17,180). These 

observations are consistent with pharmacological studies showing that sympathetic nerve 

stimulation or exogenous catecholamines produce β-adrenergic receptor mediated inhibition 

of the body and α-adrenergic receptor mediated contraction of the base, dome and urethra. 

Molecular and physiological studies have shown that β3-adrenergic receptors elicit 

inhibition and α1-adrenergic receptors elicit contractions in the human bladder (17). The 

α1A-adrenergic receptor subtype is most prominent in the normal bladders but the α1D-

subtype is upregulated in bladders from patients with outlet obstruction, raising the 

possibility that α1-adrenergic receptor excitatory mechanisms in the bladder might 

contribute to irritative LUT symptoms in patients with benign prostatic hyperplasia (BPH) 

(17).

Sacral somatic pathways—Somatic efferent pathways to the EUS are carried in the 

pudendal nerve from anterior horn cells in the third and fourth sacral segments of the human 

spinal cord and from various caudal lumbo-sacral segments in animals (Fig. 1B). Branches 

of the pudendal nerve as well as other sacral somatic nerves carry efferent impulses to 

muscles of the pelvic floor (38, 158, 451, 507, 633).

Afferent innervation

Afferent axons in the pelvic, hypogastric, and pudendal nerves transmit information from 

the LUT to second-order neurons in the lumbosacral spinal cord (145,292,701). Pelvic nerve 

afferents that innervate the bladder and urethra originate in caudal lumbosacral dorsal root 

ganglia (DRG) and are divided into two populations: small myelinated (Aδ) and 

unmyelinated C-fibers.

Receptor properties of afferents—Aδ mechanoreceptor afferents identified in the 

pelvic nerve (Fig. 2A) (37, 195, 548, 677) or the sacral dorsal roots (252, 292), of the cat 

respond to both passive distension as well as active contraction of the bladder indicating that 

they are in series tension receptors. These afferents which have conduction velocities 

ranging between 2.5 and 15 m/s (252) are silent when the bladder is empty but during slow 

filling of the bladder display a graded increase in discharge frequency at intravesical 

pressures below 25 mmHg (83,292). Multiunit recordings exhibit a successive recruitment 

of mechanoreceptors with different thresholds during bladder filling. The maximal firing 

rates range from 15 to 30 Hz. All afferents behave like slowly adapting mechanoreceptors 

with both a dynamic and static component of their discharge. Pressure thresholds for 

mechanosensitive afferents in the cat fall on the flat, compliant part of the bladder pressure 

volume curve at about 25% to 75% of the pressure at which the curve becomes steep. These 

thresholds are consistent with intravesical pressures at which humans report the first 

sensation of bladder filling. Electrophysiological studies in cats and rats have revealed that 

the normal micturition reflex is triggered by myelinated Aδ-fiber afferents (164, 168, 251, 

397).
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In contrast to the low threshold mechano-sensitive Aδ-bladder afferents, the C-bladder 

afferents in cats are generally mechano-insensitive (“silent C-fibers”) (251). Many of these 

afferents are nociceptive and respond to cold stimuli or chemical/noxious stimuli such as 

high potassium, low pH, high osmolality, and irritants such as capsaicin and turpentine oil 

(209, 251, 394, 424). Following exposure to these substances silent afferents become 

mechanoreceptive and the sensitivity of bladder mechanoreceptors to distension also 

increases.

In rats, Sengupta and Gebhart (561) reported that both Aδ- and C-fiber afferents are 

mechanosensitive and respond to bladder distension (Fig. 2B). They also found that 30% of 

bladder afferents are not responsive to any mechanical stimuli, and these unresponsive 

bladder afferents include both Aδ-and C-fibers (Fig. 2). Other studies in rats showed that 

most myelinated Aδ-fiber bladder afferents are mechno-sensitive, while about one-half of 

unmyelinated C-fiber bladder afferents have no clear mechano-sensitivity (i.e., silent C-

fibers), but respond to chemical stimuli (191). Neural activity induced by bladder distention 

is much lower in mechano-sensitive C-fiber bladder afferent fibers than in myelinated Aδ-

fibers, suggesting that C-fiber bladder afferents are less excitable than Aδ-fiber afferents in 

rats. Another study showed that many C-fiber bladder afferents are volume receptors that do 

not respond to bladder contractions, a property that distinguishes them from “in series 

tension receptors” (448).

In the mouse pelvic nerve four classes of bladder afferents (serosal, muscular, muscular/

urothelial, and urothelial) have been identified based on responses to receptive field 

stimulation with different mechanical stimuli including probing, stretch, and stroking the 

urothelium (Fig. 2B). A low threshold group, representing 65%–80% of the total population, 

and a high threshold stretch-sensitive population of muscular afferents were identified (132, 

679). The muscular afferents can be sensitized by application of a combination of 

inflammatory mediators (bradykinin, serotonin, prostaglandin, and histamine at pH 6.0) 

(679).

In the guinea pig bladder four classes of afferents have also been detected (731,732). These 

include: stretch-sensitive afferents in muscle which behave as in-series tension receptors as 

well as tension-mucosal mechanoreceptors which can be activated by stretch, mucosal 

stroking with light von Frey hairs or by hypertonic solutions applied locally to the receptive 

fields in the mucosa. In addition stretch-insensitive afferents consisting of mucosal 

mechanoreceptors and chemoreceptors have been identified. Muscle mechanoreceptors are 

activated by stretch but not by mucosal stroking or by hypertonic solution or capsaicin. 

Removal of the urothelium does not affect the stretch induced firing. Muscle-mucosal 

mechanoreceptors are activated by both stretch and mucosal stroking, by hypertonic 

solution, αβ-methylene-ATP but not by capsaicin. Stroking and stretch induced firing is 

significantly reduced by removal of the urothelium. The third class of afferents, mucosal 

high-responding mechanoreceptors, are stretch-insensitive but can be activated by mucosal 

stroking, hypertonic solution, αβ-methylene-ATP and by capsaicin. Stroking induced 

activity is reduced by removal of the urothelium. The fourth class of afferents, mucosal low-

responding mechanoreceptors, are stretch insensitive but can be weakly activated by 

mucosal stroking but not by hypertonic solution, αβ-methylene-ATP or capsaicin. Removal 
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of the urothelium reduces stroking induced firing. All four populations of afferents conduct 

in the C-fiber range and show class-dependent differences in spike amplitude and duration.

Activity of Aδ and C-fiber bladder and urethral afferent axons have been identified in the 

hypogastric nerves (214,677) lumbar splanchnic nerves (LSNs) or the lumbar white rami 

(36). The receptive fields of the units are either single or multiple punctuate sites (Fig. 2D 

and E) on the bladder or urethral surface or associated with blood vessels in the peritoneal 

attachments to the bladder base. Afferents with receptive fields on or in the bladder wall 

respond in a graded manner to passive distension or isovolumetric contraction at intravesical 

pressures from 10 to 70 mmHg with threshold pressures generally below 20 mmHg. 

Urethral afferents exhibit either no responses to bladder stimulation or low discharge rates at 

higher intravesical pressures. No functional differences between the Aδ and C-fiber afferent 

populations in the hypogastric nerve have been reported except that firing rates are lower in 

the latter group. In contrast to pelvic nerve afferents the hypogastric afferents often are 

active with the bladder empty (36, 677).

Bladder afferents in the LSNs in the mouse consist of low threshold and high threshold 

subtypes with receptive fields in the serosal and mucosal layers of the bladder (679). The 

serosal afferents are the most abundant. Virtually all of these afferents possess small (0.5 

mm), punctuate receptive fields that tend to be clustered at the base of the bladder. Some of 

the afferents exhibit low rates of spontaneous activity. LSN afferents do not exhibit a 

dynamic response to probing nor adaptation during a maintained force; whereas pelvic 

afferents in the mouse give dynamic responses at the onset of stimulation and adaptation to a 

maintained stimulus.

Afferent fibers innervating the urethra are also important for modulating LUT function. In 

dogs, urethral afferent fibers in the pelvic and pudendal nerves are sensitive to the passage 

of the fluid through the urethra and pudendal nerve afferents are more sensitive than pelvic 

nerve afferents (620). Afferents in the pelvic nerves of the rat also are activated by high 

intraurethral pressures (>60 cm water) (210).

Conduction velocities of cat pudendal nerve afferent fibers responding to electrical 

stimulation of the urethra are approximately twice as fast (45 m/s vs. 20 m/s) as pelvic nerve 

afferent fibers responding to the same stimulation (76). In addition, urethral afferents in the 

pudendal, pelvic, and hypogastric nerves of the cat have different receptor properties. 

Pudendal nerve afferents responding to urine flow exhibit a slowly adapting firing pattern 

(643) while small myelinated or unmyelinated urethral afferents in the hypogastric nerves 

and myelinated urethral afferents in the pelvic nerves responding to urine flow or urethral 

distention exhibit rapidly adapting responses (36,37). Stimulation of flow-sensing urethral 

afferents by intraurethral saline infusion enhances volume-induced reflex bladder 

contractions in rats (294). Electrical stimulation of urethral afferents also evokes reflex 

bladder contractions in the cat (325, 326, 420).

Nociceptive C-fiber afferents are also present in pelvic and pudendal nerves innervating the 

urethra (120, 640) and the number of these afferents is higher in the pelvic than in the 

pudendal nerves (715). Activation of urethral C-fibers by capsaicin application elicits EUS 
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and pelvic floor striated muscle EMG activity and nociceptive behavioral responses that 

disappear after pudendal nerve transection (120,376,640). Urethral C-fiber activation by 

capsaicin also suppresses reflex bladder contractions in rats (294,682). Putative C-fiber 

afferent fibers identified by positive staining for CGRP or substance P are present in the 

subepithelium, the submucosa, and the muscular layers in all portions of the urethra (267, 

673).

Electrophysiological properties of afferent neurons—Functional properties of 

dissociated bladder and urethral afferent neurons identified by retrograde axonal transport of 

fluorescent dyes injected into the bladder or urethra have been investigated using patch 

clamp techniques (Fig. 3) (136, 137, 554, 555, 697, 701, 703, 714–717, 734).

Based on electrical and chemical properties, bladder afferent neurons are divided into two 

populations (717). The most common population of neurons (greater than 70%) are small in 

size, sensitive to capsaicin and exhibit high-threshold, longduration action potentials 

resistant to tetrodotoxin (TTX), a Na+ channel blocker (Fig. 3). The other population of 

bladder afferent neurons which are larger in size and insensitive to capsaicin exhibit low-

threshold, short-duration action potentials which are reversibly blocked by TTX (Fig. 3). 

Because the majority of bladder afferent neurons with TTX-resistant spikes are sensitive to 

capsaicin, these neurons are likely to be the origin of C-fiber afferent axons (703).

Chemical properties of afferent neurons—Immunohistochemical studies reveal that 

bladder afferent neurons contain various neuropeptides such as substance P (SP), calcitonin 

gene-related peptide (CGRP), pituitary adenylate cyclase-activating polypeptide (PACAP), 

and VIP (162,321, 394, 659, 660) as well as putative excitatory amino acid transmitters, 

glutamic and aspartic acid (323), and vesicular glutamate transporters (82). Peptide-

containing axons are distributed throughout all layers of the bladder but are particularly 

dense in the lamina propria just beneath the urothelium. In the spinal cord of rats and cats 

peptidergic afferents are present in Lissauer’s tract, in lamina I where they are very 

prominent on the lateral edge of the dorsal horn and in the region of the parasympathetic 

nucleus (310, 312, 315, 660). This distribution is similar to that of the central projections of 

bladder afferent neurons labeled by axonal tracers (145, 585). The release of these peptides 

in the bladder wall is known to trigger inflammatory responses, including plasma 

extravasation or vasodilation (i.e., neurogenic inflammation).

Bladder afferent neurons and axons, especially C-fiber afferents, also express various 

receptors including the transient receptor potential vanilloid receptor 1 (TRPV1, the 

capsaicin receptor) (35, 57, 394), transient receptor potential ankyrin 1 receptor (TRPA1) 

(208,594), TRPM8, a cold receptor (208), tyrosine kinase receptor A (TrkA) which responds 

to nerve growth factor (NGF) (511, 512), α and β estrogen receptors (48) and tyrosine kinase 

receptor B (TrkB) that responds to brain derived neurotrophic factor (BDNF) (511,512), 

glial cell line-derived neurotrophic factor (GDNF) receptors that respond to GDNF (GRFα1) 

and artemin (GRFα3) (215), isolectin B4 binding sites (IB4) (715), muscarinic receptors, 

endothelin receptors, and purinergic receptors (P2X2, P2X3, P2Y) receptors that can be 

activated by ATP (47,208,379,470,523,594,595,734) (Table 2). Many of these receptors 

have been detected not only in axons in the bladder but also in the lumbosacral spinal cord 
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in the same locations as the projections of bladder afferent axons. Patchclamp recordings 

from bladder afferent neurons (703,704) has also demonstrated that a high percentage of 

these neurons not only from lumbosacral DRG (i.e., pelvic nerve afferents), but also 

thoracolumber DRG (i.e., hypogastric nerve afferents) respond to ATP, protons, and/or 

capsaicin (136).

Axonal tracing studies have also revealed that a small percentage of lumbosacral afferent 

neurons innervate multiple pelvic organs. For example, 3% to 15% of dorsal root ganglion 

(DRG) neurons are double labeled following injections of different tracers into the colon and 

bladder (113, 321, 400, 401). The double labeling occurs more frequently in rostral lumbar 

(L1–L2) than in caudal lumbosacral (L6–S1) DRG, which provide the major innervation to 

the bladder and colon. It has been speculated that dichotomizing afferents that send axonal 

branches to different target organs may contribute to viscero-visceral cross-organ 

sensitization (504). Furthermore the suppression of cross-organ sensitization by capsaicin 

treatment indicates that a large proportion of the dichotomizing afferents are C-fibers.

Summary—In summary, because capsaicin, the C-fiber afferent neurotoxin, does not block 

normal micturition reflexes in cats and rats, it is believed that C-fiber afferents are not 

essential for normal voiding (105, 106, 161, 395). On the other hand, the efficacy of 

capsaicin in reducing bladder overactivity induced by noxious stimuli indicates that C-fiber 

afferents do play an important role in LUT dysfunction in pathological conditions (see (107, 

175–178, 303) and later sections of this article for more detailed discussions about primary 

afferents and their role in LUT dysfunction).

Neuron-like properties of the urothelium: Interaction with afferent nerves

While the urothelium has been historically viewed as primarily a “barrier,” there is 

increasing evidence that urothelial cells display a number of properties similar to sensory 

neurons (nociceptors/mechanoreceptors), and that both types of cells use diverse signal-

transduction mechanisms to detect physiological stimuli (50). Figure 4 depicts possible 

interactions of urothelial cells with other bladder structures such as bladder nerves, 

interstitial cells, smooth muscle and blood vessels through autocrine (i.e., autoregulation) or 

paracrine mechanisms (release from nearby nerves or other cells). Examples of “sensor 

molecules” (i.e., receptors/ion channels) associated with neurons that have been identified in 

urothelium include receptors for bradykinin (110) neurotrophins (TrkA and p75) (453), 

purines (P2X and P2Y) (61, 86, 111, 379, 628), norepinephrine (α and β) (53, 59, 357, 383), 

acetylcholine (muscarinic and nicotinic) (43, 46, 108, 355, 356) protease activated receptors 

(PARs) (130,140), amiloride/mechanosensitive Na+ channels (29,576,668), prostaglandin E2 

(PGE2) receptors (EP1) (671), and a number of TRP channels (TRPV1, TRPV2, TRPV4, 

TRPM8, and TRPA1) (51,57,58,200,230,358,440,590,680) (Fig. 4).

When urothelial cells are activated via these receptors/ion channels in response to 

mechanical or chemical stimuli, they can in turn release chemical mediators such as NO, 

ATP, acetylcholine, prostaglandins, and substance P (50,53,54,86,87,109,213). These agents 

are known to have excitatory and inhibitory actions on afferent nerves, which are located 

close to or in the urothelium (16, 57). Thus, it has been speculated that the urothelium plays 
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a role in bladder sensation by responding to local chemical and mechanical stimuli and then 

sending chemical signals to the bladder afferent nerves, which convey information to the 

central nervous system (50, 62, 149, 699) (Fig. 4).

NO can be released by the urothelium, particularly during inflammation (53). The release of 

NO can be evoked by the calcium ionophore A-23187, norepinephrine, substance P and 

capsaicin. Release of NO from bladder strips evoked by adrenergic agonists is reduced by 

85% after removal of the urothelium. Given that NO has a minimal direct effect on the 

detrusor muscle but does exert an inhibitory effect on afferent and reflex activity in the 

bladder (408, 492, 495, 727) and inhibits Ca2+ channels in bladder afferent neurons (714), it 

is likely that NO is involved in urothelial sensory signaling mechanisms in the bladder and 

may have a role in modulating inflammatory and nociceptive pathways. Increases in 

inducible NOS expression in the urothelium and/or NO levels in the bladder have been 

demonstrated in BPS/IC patients, especially those with Hunner’s lesion (BPS/IC ESSIC 

Type 3C) (274, 338, 388). In addition NOS expression in afferent neurons is also increased 

in rats with chronic bladder inflammation (663) raising the possibility that pathological 

conditions increase the contribution of NO to bladder function.

ATP released from urothelial cells during stretch can activate a population of suburothelial 

bladder afferents expressing P2X2 and P2X3 receptors, signaling changes in bladder 

fullness and pain (86,213). Accordingly, P2X3 null mice exhibit urinary bladder 

hyporeflexia, suggesting that this receptor as well as neural-epithelial interactions is 

essential for normal bladder function (118). This type of regulation may be similar to 

epithelial dependent secretion of mediators in airway epithelial cells which are thought to 

modulate submucosal nerves and bronchial smooth muscle tone and play an important role 

in inflammation (272, 289). Thus, it is possible that activation of bladder nerves and 

urothelial cells can modulate bladder function directly or indirectly via the release of 

chemical factors in the urothelial layer. ATP released from the urothelium facilitates stretch 

induced bladder afferent firing in cyclophosphamide irritated bladders but does not have a 

detectable effect in normal bladders, indicating that the role of ATP is unregulated in 

pathological conditions (726). ATP released from the urothelium or surrounding tissues may 

also regulate membrane trafficking in urothelial cells. This is supported by recent studies in 

the urinary bladder where urothelial-derived ATP release purportedly acts as a trigger for 

exocytosis—in part via autocrine activation of urothelial purinergic (P2X; P2Y) receptors 

(669). These findings suggest a mechanism whereby urothelial cells sense or respond to 

ATP and thereby translate extracellular stimuli into changes in afferent and urothelial 

function.

Prostaglandins are also released from the urothelium and are assigned two possible 

functions: (1) regulation of detrusor muscle activity and (2) cytoprotection of the 

urothelium, based on effective treatment of hemorrhagic cystitis by prostaglandins (293). 

The predominant forms found in biopsies of human urothelium are PGE2 > PGF2α > TXA2. 

PGI2 (prostacyclin) is also produced. These findings were confirmed and extended in the 

guinea pig bladder, where the major production of prostaglandins occurs in the urothelium 

and where production increases greatly with inflammation (530). In mice PGE2 provokes 

ATP release from cultured urothelial cells, which express EP1 receptors; and bladder 
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overactivity induced by intravesical application of PGE2 is prevented in EP1 receptor-

knockout mice, suggesting the involvement of EP1 receptors in the PGE2-mediated 

urothelial-afferent interaction (670).

The contribution of the muscarinic receptors to bladder function extends beyond detrusor 

contractility to urothelial-afferent interactions. Muscarinic receptors are expressed in the 

urothelium at high density (259) and there is a basal release of acetylcholine from the 

urothelium, which is increased by stretch and aging (694). Activation of the muscarinic 

receptors in the urothelium releases substances (e.g., ATP) that modulate afferent nerves and 

smooth muscle activity (50, 148, 259, 355, 356).

Muscarinic agonists also release a substance called urothelium-derived inhibitory factor that 

decreases the force of detrusor muscle contraction (259,361). The molecular identity of this 

factor is not known, however, pharmacological studies suggest that it is not NO, a 

prostaglandin, prostacyclin, adenosine, a catecholamine, GABA or an agent that acts via 

apamin sensitive, small-conductance K+ channels. It has been shown that the inhibitory 

response elicited by this factor is attenuated in a fetal model of bladder outlet obstruction 

(BOO) (631). Further studies are required to identify this substance and its role in bladder 

function.

Modulation of efferent neurotransmission

Studies in the urinary bladder of several species (rats, rabbits, human, and guinea pig) have 

revealed that the efficiency of transmission at postganglionic cholinergic and adrenergic 

neuroeffector junctions (579, 642) as well as at cholinergic synapses in bladder ganglia 

(152) can vary with the frequency and/or pattern of nerve activity and be modulated by 

drugs that activate or block receptors for neurotransmitters. This neuroplasticity is 

dependent in part on homosynaptic and heterosynaptic modulatory mechanisms mediated by 

the actions of various neurotransmitters (acetylcholine, norepinephrine, neuropeptides, and 

purines). Postganglionic nerve terminals and ganglonic synapses exhibit frequency-

dependent gating mechanisms and are sites of “cross-talk” between sympathetic and 

parasympathetic nerves (128, 169–171, 549, 581). These properties can alter efferent nerve 

signals passing from the spinal cord to the bladder.

Prejunctional cholinergic inhibitory mechanisms—Different subtypes of 

muscarinic receptors on the parasympathetic and sympathetic postganglionic nerve endings 

have a role in inhibiting or facilitating transmitter release. The first studies of prejunctional 

modulation in the rat bladder (127, 128, 578) focused on inhibitory receptors that mediate an 

autoinhibitory control over ACh release. Administration of muscarinic receptor agonists to 

bladder strips decreases radiolabeled ACh release evoked by low frequency (1–2 Hz) 

electrical field stimulation. Atropine blocks the inhibition and when administered alone 

enhances release indicating that endogenously released ACh activates a negative feedback 

mechanism to suppress its own release. Low concentrations of physostigmine, an 

anticholinesterase agent, that reduces the metabolism and increases the extracellular 

concentration of ACh also produces an inhibition that is blocked by atropine. Studies with 

selective muscarinic receptor antagonists indicate that prejunctional inhibitory mechanisms 
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are mediated by M4 receptors in rabbit, guinea pig, and human bladder and M2 receptors in 

rat bladder (12,125,126,565,641).

Activation of muscarinic receptors by cholinergic agonists or during low frequencies of 

electrical field stimulation also suppresses norepinephrine release from noradrenergic 

terminals in rabbit, cat, and human urinary bladder strips (108,577). Whereas block of 

muscarinic receptors enhances release indicating that cholinergic nerves can interact 

functionally with adrenergic nerves.

Prejunctional cholinergic facilitatory mechanisms—Stimulation frequencies higher 

than those producing prejunctional inhibition facilitates transmitter release in both 

parasympathetic and sympathetic nerves in the urinary bladder. This effect which has been 

demonstrated in several species including rat, rabbit, and human is mediated by activation of 

prejunctional muscarinic receptors (108, 578–580).

ACh release in rat urinary bladder strips is influenced by various stimulation parameters 

including frequency, pattern, and number of stimuli (108, 232, 580, 582, 641, 642). During 

intermittent field stimulation (IS), consisting of short trains (10 shocks) separated by 5 s 

quiescent periods, the duration of stimulation (5–360 shocks) had little effect on the total 

ACh output (nonfacilitatory stimulation). On the other hand, during continuous stimulation 

(CS) ACh release per volley markedly increases as the number of shocks are increased from 

5 to 70 (facilitatory stimulation). The facilitation of ACh release is blocked by atropine or 

pirenzepine (an M1 selective antagonist) indicating that it is mediated by M1 muscarinic 

receptors. The lower range of CS (10 Hz, 100 shocks) which mimics the physiological firing 

rate of bladder parasympathetic neurons (155) and which produces maximal bladder 

contractions elicits a marked recruitment of ACh release (580).

Various evidence indicates that the phosphatidylinositolprotein kinase C (PKC) cascade 

which is known to be a signal transduction pathway linked to M1 muscarinic receptors (627) 

is involved in the prejunctional facilitation in the rat bladder (582). Activation of PKC by 

phorbol dibutyrate elicits a concentration dependent increase in ACh release, and the PKC 

blocker, H-7, suppresses the facilitation of ACh release induced by continuous stimulation. 

H-7 does not block non-facilitated release of ACh during intermittent stimulation indicating 

that the PKC system only participates in transmitter release under facilitatory conditions 

(582). Nifedipine significantly reduces facilitated release but not non-facilitated release 

indicating a role for L type Ca2+ channels in muscarinic receptor mediated facilitation.

High frequency (10 Hz) continuous stimulation enhances norepinephrine release from 

noradrenergic terminals (582). This effect is blocked by an M1 muscarinic receptor 

antagonist (pirenzepine) indicating that heterosynaptic cholinergic facilitation can modulate 

adrenergic transmission. The facilitation is suppressed by a PKC inhibitor (H7) and reduced 

by pharmacological suppression of PKC. The function of this facilitatory mechanism is 

uncertain.

Noncholinergic prejunctional modulatory mechanisms—Noncholinergic 

prejunctional modulatory mechanisms have also been identified in the urinary tract. 
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Activation of α2 adrenergic receptors by adrenergic agonists or by electrical stimulation of 

bladder nerves suppresses norepinephrine release in the rat bladder and urethra (418, 419, 

454, 577). Block of these receptors with an α2 adrenergic receptor antagonist, enhances 

release indicating that adrenergic terminals are subject to negative feedback inhibition by 

endogenous norepinephrine.

Prejunctional α1 facilitatory mechanisms have been identified in cholinergic nerves in the 

rat urinary bladder. α1 agonists, phenylephrine and methoxamine, enhance neurally 

mediated bladder contractions and increase release of ACh from cholinergic nerves (581). 

These effects are blocked by an α1 adrenergic receptor antagonist.

Neuropeptide Y (NPY) which is contained in a large percentage of adrenergic and 

cholinergic neurons and nerves in the bladder and urethra can suppress neurally evoked 

contractions as well as ACh and norepinephrine release in the rat urinary tract (648,738). 

The inhibitory effect of NPY in rat urinary tract is dependent on the frequency of nerve 

stimulation, being greater (80%–100% inhibition) at low frequencies (2–5 Hz) than at high 

frequencies (10–50 Hz). This raises the possibility that during urine storage when 

cholinergic parasympathetic nerve firing is low NPY release from adrenergic nerves can 

elicit heterosynaptic inhibition of cholinergic nerves and promote urinary continence (648). 

However, during micturition when the frequency of cholinergic nerve firing is high, NPY 

should have minimal effects on ACh release and therefore not interfere with efficient 

voiding.

Hormonal influence on transmitter release in the bladder—ACh release in the 

urinary bladder is influenced by sex hormone levels in adult female rats (693). Ovariectomy 

significantly reduces neurally mediated ACh release in bladder strips at frequencies between 

5 and 40 Hz, but enhances basal and stretch evoked ACh release which is thought to occur 

in the urothelium. Estrogen replacement reverses the alterations in ACH release. The 

sensitivity of transmitter release to estrogen levels may contribute to impaired detrusor 

contractility that can occur in postmenopausal elderly women.

Modulation of transmission in autonomic ganglia

Transmission in the bladder ganglia is mediated by ACh acting on nicotinic cholinergic 

receptors. However, considerable differences have been noted between species in regard to: 

(i) the properties of the preganglionic input to the pelvic ganglia and (ii) facilitatory and 

inhibitory synaptic mechanisms. Preganglionic pathways to the pelvic ganglia vary in their 

conduction velocities, patterns of convergence onto ganglion cells and in the characteristics 

of transmitter release under different physiological conditions (152). In the cat, 

preganglionic parasympathetic input to the bladder ganglia is carried by myelinated (B-

fiber) axons (166, 168, 171). In the rat and mouse preganglionic inputs to the major pelvic 

ganglion are primarily unmyelinated C-fibers (397,522) and in guinea pig the inputs are a 

mixture of B- and C-fibers (63).

Frequency dependent homosynaptic facilitation—A major difference between 

transmission in the parasympathetic ganglia of rat, guinea pig and mouse and transmission 

in ganglia in cats and rabbits is the magnitude of temporal facilitation and the safety factor 
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for transmission. In the rat, single stimuli to the preganglionic axons in the pelvic nerve 

elicit large amplitude EPSPs and synaptically mediated postganglionic discharges (397,606). 

These responses do not change markedly in amplitude during repetitive stimulation with 

frequencies between 0.25 and 20 Hz. At high frequencies (30–50 Hz) the discharges 

decrease in amplitude. On the other hand, in the cat, single or low frequency stimuli (<0.25 

Hz) elicit small amplitude EPSPs and postganglionic discharges which gradually increase in 

amplitude during continuous stimulation and are very prominent at frequencies of 1 to 20 Hz 

(Fig. 5) (74, 142, 151, 153, 154, 171). Maximal facilitation of transmission requires 15 to 25 

stimuli in a train and persists for 30 to 60 s after termination of high frequency stimulation.

Frequency dependent facilitation of transmission has also been noted in bladder ganglia of 

the rabbit (7, 474). As reported in the cat, low frequencies of preganglionic nerve 

stimulation (0.1–1 Hz) elicits EPSPs which are subthreshold for evoking action potentials. 

However, at higher frequencies (10–20 Hz) the EPSPs gradually increase in amplitude and 

initiate action potentials. The recruitment disappears within 30 s after the termination of 

repetitive stimulation and is followed by a prolonged facilitation of the EPSP which lasts for 

more than 10 min. Since the membrane depolarization elicited by exogenous ACh is not 

altered during recruitment it has been concluded that this phenomenon is dependent upon a 

presynaptic mechanism and enhancement of ACh release during repetitive preganglionic 

firing (74,151,474). It has, therefore, been concluded that synapses in cat and rabbit bladder 

ganglia have a low safety factor for transmission and function as “high pass” filters 

(142,171) and, therefore, act as a peripheral gating mechanism to suppress the transfer of 

low-frequency efferent activity from the spinal cord to the bladder during urine storage, but 

amplify the transfer of high-frequency activity during micturition. Based on the frequency 

dependence of synaptic transmission, cat and rabbit bladder ganglia can contribute to the 

maintenance of urinary continence and also promote bladder emptying. On the other hand 

the mouse, rat, and guinea pig parasympathetic ganglia seem to function as relay rather than 

integrative centers (63, 522, 606) and frequency-dependent modulation of efferent signals 

occurs at a more distal location (the postganglionic neuroeffector junction) as described 

earlier.

Muscarinic modulation of cholinergic transmission—In addition to nicotinic 

excitatory receptors certain types of pelvic ganglion cells also exhibit muscarinic excitatory 

receptors that can be stimulated by exogenous cholinergic agonists or by endogenously 

released ACh. Muscarinic excitatory receptors have been identified in the dog (616), cat 

(171, 238, 568) and mouse pelvic ganglia (522) but not in the rat (615).

In cat bladder ganglia, muscarinic receptor agonists elicit a postganglionic discharge which 

is resistant to hexamethonium, a nicotinic receptor antagonist, but is blocked by atropine, a 

muscarinic receptor antagonist (314). Endogenously released ACh can elicit a similar 

discharge following the administration of an anticholinesterase agent which blocks ACh 

metabolism and increases the extracellular concentration of ACh (171). The discharge is 

markedly enhanced by repetitive stimulation of preganglionic axons in the pelvic nerves and 

can be facilitated or inhibited by other transmitters (eg., VIP and norepinephrine) (314). 

These data indicate that under certain conditions endogenous ACh can mediate a muscarinic 

type of excitatory transmission.
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Muscarinic cholinergic inhibitory mechanisms have also been identified in bladder ganglia 

(314, 549). Intra-arterial injections of muscarinic agonists (ACh, acetyl-B-methylcholine, 

and bethanechol) depress the postganglionic action potentials elicited by pelvic nerve 

stimulation. The inhibition is antagonized completely by atropine or in part by alpha 

adrenergic blocking agents (549). These data indicate that activation of muscarinic receptors 

can produce a direct inhibition of transmission and also an indirect inhibition through the 

release of transmitters from adrenergic inhibitory neurons or SIF cells in the pelvic plexus.

Intracellular recording of slow synaptic potentials in cat bladder ganglia 

(226,227,359,360,567,568) provided further support for muscarinic synaptic transmission. 

Two types of slow potentials were identified: (i) s-IPSPs and (ii) s-EPSPs. Cholinergic 

mechanisms have been implicated in both types of potentials, although other transmitters 

may also initiate slow synaptic responses in bladder ganglia (see next section). s-EPSPs and 

s-IPSPs are resistant to nicotinic blocking agents but are blocked by atropine; and therefore 

must be mediated by muscarinic receptors. The muscarinic s-IPSP is mediated by a Ca++-

dependent K+ conductance (568); while the s-EPSP is mediated by a decrease in membrane 

conductance probably due to a decrease in potassium channels as in other autonomic ganglia 

(5).

Adrenergic modulation of cholinergic transmission—Electrical stimulation of 

sympathetic nerves (either the hypogastric nerve or the lumbar sympathetic chain) inhibits 

transmission in bladder ganglia of the cat (169,170,362,549) rabbit (649), guinea pig 

(3,423), and dog (489) but not in the rat (510, 606) or mouse (522).

Interest in the role of adrenergic transmitters in pelvic ganglia arose from the histochemical 

studies of Hamberger and Norberg (255, 256) which revealed a dense network of adrenergic 

varicosities surrounding presumed cholinergic neurons in cat bladder ganglia. The 

adrenergic varicosities are not altered by chronic decentralization of the ganglia (i.e., 

transection of the pelvic and hypogastric nerves) and therefore are assumed to arise from 

local adrenergic neurons or from SIF cells within the pelvic plexus. Histochemical 

experiments also identified pericellular baskets of adrenergic varicosities surrounding 

ganglion cells in the rabbit bladder and in the guinea pig hypogastric plexus (649, 685). This 

type of varicosity is less obvious in the rat major pelvic ganglion (131).

Pharmacological experiments in vivo revealed that transmission in cat bladder ganglia is 

sensitive to both inhibitory and facilitatory adrenergic modulatory mechanisms mediated by 

different types of adrenergic receptors. Epinephrine and norepinephrine which activate alpha 

and beta adrenergic receptors elicit an initial inhibition and a delayed and more prolonged 

facilitation, whereas isoproterenol, a selective beta adrenergic receptor agonist, elicits only 

facilitation (154, 169, 170, 172, 549). The inhibitory responses are markedly frequency 

dependent; being very prominent at low frequencies of stimulation (0.25–2 Hz) and 

considerably weaker at high frequencies of stimulation (5–10 Hz). Thus adrenergic 

modulation accentuates the temporal facilitation or “high-pass” characteristics of 

transmission in cat bladder ganglia (see previous section).
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The adrenergic inhibitory responses are antagonized by nonselective alpha adrenergic 

blocking agents, (dihydroergotamine and phentolamine) and the facilitatory response to 

isoproterenol is antagonized by beta adrenergic blocking agents (propranolol). The 

facilitatory effects of epinephrine and norepinephrine are not antagonized by alpha or beta 

adrenergic blocking agents but are blocked by prazosin a selective α1 adrenergic receptor 

antagonist. These experiments revealed that two types of α-adrenoceptors are present in cat 

bladder ganglia: α2 inhibitory and α1 facilitatory (322, 466).

Adrenergic inhibition in bladder ganglia can also be activated by spinal reflex pathways via 

a sacral-lumbar intersegmental reflex arc consisting of an afferent limb in the pelvic nerve 

and a lumbar preganglionic cholinergic efferent limb that activates adrenergic inhibitory 

cells or SIF cells via both nicotinic and muscarinic receptors (170, 172, 549) (Fig. 6). The 

reflex is triggered by bladder afferent axons during bladder filling and appears to function as 

a negative feedback mechanism to promote the accommodation of the bladder to increasing 

volumes of urine. The reflex pathway initiates three responses in the bladder: (i) closure of 

the bladder neck, (ii) inhibition of the bladder smooth muscle, and (iii) inhibition of 

transmission in bladder ganglia. During micturition the reflex pathway is turned off by 

supraspinal mechanisms.

The mechanisms of adrenergic modulation of pelvic ganglionic transmission have been 

studied with intracellular recording techniques in vitro in cat (6, 151, 466, 567) and rabbit 

bladder ganglia (7,10,649). Application of low concentrations of norepinephrine (NE), 

dopamine or epinephrine (E) depresses orthodromically induced action potentials elicited by 

stimulation of preganglionic axons but does not affect the depolarization of the ganglion 

cells induced by the iontophoretic application of ACh. The depression of transmission by 

low concentrations of NE is accompanied by a decrease in the amplitude of the EPSPs 

elicited by pelvic nerve stimulation but is not associated with a consistent change in 

membrane potential (151, 649). These observations indicate that NE has a presynaptic 

inhibitory action to depress ACh release in bladder ganglia.

The postsynaptic effects of high concentrations of catecholamines on bladder ganglion cells 

are complex and involve two types membrane potential changes: hyperpolarization and 

depolarization (6, 7, 9, 151, 466), the former mediated by α2 and the latter by α1 adrenergic 

receptors.

Purinergic modulation of transmission—Neurons in the cat bladder ganglia stain for 

all seven P2X receptors and four types of P2Y receptors raising the possibility that 

ganglionic transmission might be modulated by purinergic agents (528). The most intense 

staining is obtained with P2X3, P2Y2, P2Y4, P2Y6, and P2Y2 antibodies. Double staining 

showed that 100%, 50% and 97% of P2X3 neurons coexpressed ChAT and NOS and 

NF200. This spectrum of receptors differs from that in the rat pelvic ganglion neurons which 

express high levels of P2X2 and low levels of P2X4 protein and mRNA but no message for 

P2X1 and P2X3 receptors (735). In the guinea pig pelvic neurons at least three P2X 

receptors (P2X2, P2X3, and P2X2/3) are present (201,736).
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In cat bladder ganglia in situ various purinergic agonists including ATP,α-β methylene ATP, 

ADP, AMP, adenosine (ADS), and 2-chloroadenosine (2-Cl-ADS) administered intra-

arterially depress cholinergic transmission and depress the bladder contractions elicited by 

stimulation of preganglionic axons in the pelvic nerve (151, 630). All of the nucleotides are 

equipotent in depressing transmission, except 2-Cl-ADS, an agent more resistant to cellular 

uptake and metabolism, that is 10-fold more potent than the other agents. This indicates that 

metabolism has a significant influence on the effectiveness of purinergic agents. 

Dipyridamole, which slows the cellular uptake of ADS enhances the inhibitory actions of 

AMP and ADS as well as those of ATP and ADP suggesting that the latter agents can be 

converted to ADS. Theophylline and caffeine block the inhibitory effects of purinergic 

agents on ganglionic transmission and on neurally evoked bladder contractions indicating 

that the inhibition is mediated by P1 receptors. Since purinergic agents inhibit the ganglionic 

stimulating effects of nicotinic agonists the P1 receptors must be located postsynaptically on 

the ganglion cells.

A synaptic inhibitory effect of endogenously released purinergic agents was identified using 

intracellular recordings from cat bladder ganglia in vitro. High-frequency (40 Hz) 

stimulation of the preganglionic nerve trunk elicits a noncholinergic, slow hyperpolarizing 

synaptic potential (8,567) which is increased in amplitude and duration by dipyridamole and 

is reduced in amplitude by adenosine deaminase, an enzyme that metabolizes adenosine. 

Caffeine, a P1 receptor antagonist, also blocks the synaptic potential. The slow 

hyperpolarizing synaptic potential is mimicked by the administration of various exogenous 

purinergic agonists and the relative order of potency of the agonists is consistent with an 

inhibitory response mediated by a P1 receptor.

Excitatory purinergic responses have also been observed in cat bladder ganglia in vivo after 

administration of large doses of ATP (50 to 100 times the threshold dose for inhibition). 

This firing is resistant to nicotinic ganglionic blocking agents and therefore is not mediated 

via the intraganglionic release of ACh (630). ATP, α,β-methylene-ATP, ATP-γ-S, and UTP 

also induce an increase in intracellular Ca2+ in a subpopulation of dissociated bladder 

ganglion cells (528) indicating that P2X3 and P2Y2/4 are functional receptors in these 

ganglia in the cat. All cells that responded to α,β-methylene-ATP also responded to UTP 

indicating coexpression of P2X3 and P2Y receptors in the same cells.

Patch clamp recordings in dissociated neurons from the rat and rabbit pelvic ganglia (475), 

and guinea pig bladder ganglia (737) revealed that ATP evokes a rapid depolarization or 

inward current via P2X receptors. Although 2-MeSATP and ATP are approximately 

equipotent in rat neurons α,β-me-ATP evokes only small responses consistent with the 

immunohistochemical data indicating that high levels of P2X2 receptors but not P2X1 or 

P2X3 receptors are expressed in these ganglia (737). On the other hand at least three types 

of P2X receptors are expressed in guinea pig pelvic ganglia (P2X2, P2X3, and P2X2/3) 

(736). Although ATP can be released from various nerves in ganglia and activation of P2X 

receptors by exogenously applied ATP can excite ganglion cells, it is still unclear if 

endogenously released ATP mediates excitatory transmission in bladder ganglia.
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Enkephalinergic inhibitory modulation of transmission—In cat bladder ganglia a 

short train of stimuli (20 Hz for 5–10 s) applied to one preganglionic nerve can elicit a 

prolonged inhibition lasting for 40 to 60 s of excitatory transmission elicited by stimulation 

of another preganglionic nerve(159,160). This heterosynaptic inhibition contrasts with the 

marked facilitation of transmission lasting 700 to 800 ms which occurs with homosynaptic 

conditioning volleys (74, 171). Because this inhibition is resistant to drugs that block the 

actions of traditional transmitters, such as ACh, norepinephrine or GABA, but is suppressed 

by naloxone, an opioid receptor antagonist, the role of opioid peptides in the inhibition was 

examined.

The most prominent peptidergic system in pelvic ganglia is the enkephalinergic 

preganglionic pathway arising from neurons in lumbosacral parasympathetic nucleus in the 

spinal cord (160,236,266,316,320). Exogenous opioid peptides that activate delta opioid 

receptors mimick heterosynaptic inhibition of transmission (159, 570) whereas agents that 

activate mu and kappa opioid receptors are ineffective. The inhibitory effects of opioid 

peptides are frequency dependent, being very prominent at low frequencies of preganglionic 

nerve stimulation (0.25–0.5 Hz) and negligible at higher frequencies (5–7 Hz).

Intracellular recording from bladder ganglion cells in vitro demonstrated that 

enkephalinergic inhibition is accompanied by a decrease in the amplitude of EPSPs elicited 

by preganglionic nerve stimulation, an increase in the number of EPSP failures and a 

reduced probability of firing without a consistent change in resting membrane potential or 

resistance indicating that the inhibition is mediated by a presynaptic action (570).

These observations coupled with the immunocytochemical data demonstrating leucine 

enkephalin in presynaptic terminals (316) and intracellular observations regarding the 

mechanisms of enkephalinergic inhibition indicate that at high frequencies of preganglionic 

activity leucine enkephalin is released with ACh and activates δ opioid receptors on 

preganglionic terminals of the same or adjacent cells to elicit a prolonged reduction of ACh 

release. Since electron microscopy did not detect enkephalinergic axo-axonic synapses on 

preganglionic nerve terminals in bladder ganglia, enkephalinergic inhibition must be 

mediated entirely by “parasynaptic” interactions. In addition it is likely that enkephalins act 

in an autoinhibitory manner on the terminals from which they are released. Since 

heterosynaptic inhibition occurs at frequencies of preganglionic stimulation which are 

within the physiological range of firing of preganglionic neurons (159) it is likely that this 

mechanism acts synergistically with other inhibitory pathways in bladder ganglia to regulate 

the transmission of neural activity from the spinal cord to the urinary bladder.

Overview of Lower Urinary Tract Activity During Storage and Voiding

The neural pathways controlling LUT function are organized as simple on-off switching 

circuits that maintain a reciprocal relationship between the urinary bladder and urethral 

outlet. Intravesical pressure measurements during bladder filling in both humans and 

animals reveal low and relatively constant bladder pressures when bladder volume is below 

the threshold for inducing voiding. The accommodation of the bladder to increasing volumes 

of urine is primarily a passive phenomenon dependent upon the intrinsic properties of the 
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vesical smooth muscle and quiescence of the parasympathetic efferent pathway. In addition, 

in some species urine storage is also facilitated by sympathetic reflexes that mediate an 

inhibition of bladder activity, closure of the bladder neck, and contraction of the proximal 

urethra. During bladder filling the activity of the sphincter electromyogram (EMG) also 

increases (Fig. 7), reflecting an increase in efferent firing in the pudendal nerve and an 

increase in outlet resistance that contributes to the maintenance of urinary continence.

The storage phase of the urinary bladder can be switched to the voiding phase either 

involuntarily (Fig. 7A) or voluntarily (Fig. 7B). The former is readily demonstrated in the 

human infant when the volume of urine exceeds the micturition threshold. At this point, 

increased afferent firing from tension receptors in the bladder produces firing in the sacral 

parasympathetic pathways and inhibition of sympathetic and somatic pathways. The 

expulsion phase consists of an initial relaxation of the urethral sphincter followed by a 

contraction of the bladder, an increase in bladder pressure, and flow of urine. Relaxation of 

the urethral outlet is mediated by activation of a parasympathetic reflex pathway to the 

urethra that triggers the release of NO, an inhibitory transmitter, as well as by removal of 

adrenergic and somatic excitatory inputs to the urethra.

Model of CNS Lower Urinary Tract Control

The switch of LUT function between storage and voiding is mediated by a long-loop 

spinobulbospinal voiding reflex which has its rostral terminus in the brainstem (see the 

lower part of Fig. 8) (216, 244). During urine storage, as the bladder fills, bladder (sacral) 

afferent signals increase in strength until they exceed a certain threshold in the brainstem, 

specifically the periaqueductal gray (PAG). In the absence of any controlling influences the 

reflex then fires: that is, the pontine micturition center (PMC) is activated, the urethral 

sphincter relaxes, the bladder contracts, and voiding occurs. When the bladder is empty, 

urine storage resumes. Brain imaging in the rat (614) has confirmed this picture: during 

storage, the PAG is activated by afferent input from the bladder while the PMC is inactive. 

When the bladder volume reaches the micturition threshold, the switch from storage to 

micturition is associated with PMC activation and enhanced PAG activity.

If this voiding reflex operated in isolation without restraining influences it would fire 

whenever the bladder volume (and therefore the bladder afferents) reached the threshold 

level, precipitating involuntary voiding (incontinence). Normal adults however can postpone 

or hasten the moment of firing voluntarily and thus ensure that urination occurs only if it is 

consciously desired, emotionally safe and socially appropriate. Inability to exert such control 

is abnormal, as exemplified by urgency or urge incontinence [the complaint of involuntary 

leakage accompanied by or immediately preceded by urgency (4)] or Fowler’s syndrome 

[inability to empty the bladder with impaired bladder sensation (605)].

A simplified working model that encapsulates our current understanding of the control 

system is shown in Figure 8. The brainstem contains two principal nuclei concerned with 

voiding, the PAG and the PMC [also referred to as the “M-region” or “Barrington’s 

nucleus” (268)]. The PAG projects to many parts of the forebrain, receives ascending 

afferent activity from the bladder, and sends efferent signals back to the bladder and urethra. 
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It is therefore well placed to perform the signal processing required to set the threshold value 

for the voiding reflex (45), and thus modulate the onset of voiding. If the threshold is 

exceeded a signal is sent to the PMC, which in turn provides descending output to the sacral 

spinal nuclei and initiates voiding. The PMC may also receive a “safe to void” signal from 

the hypothalamus (268), and—in rats—it may coordinate elimination and voiding behavior 

(656). The PAG however occupies a pivotal location between brain and bladder: it can both 

pass information about the bladder to higher parts of the brain, and also receive information 

back from the cerebral control system so as to suppress or enhance storage or voiding (Fig. 

8).

There is some evidence for the involvement of a third brainstem nucleus, lateral and ventral 

to the PMC and not directly connected to it (67). It is called the L-region, the pontine urine 

storage center or sometimes the lateral pontine continence center (Fig. 9) (601). Excitation 

of this region is believed to tighten the urethral sphincter (70).

Anatomy of the Spinal Pathways Controlling the Lower Urinary Tract

The reflex circuitry controlling micturition consists of four basic components: primary 

afferent neurons, spinal efferent neurons, spinal interneurons, and neurons in the brain that 

activate or modulate spinal reflex pathways (Figs. 8–11).

Afferent projections in the spinal cord

Sacral afferent pathways from the cat, monkey and rat bladder passing through the pelvic 

nerve project into Lissauer’s tract at the apex of the dorsal horn and then send collaterals 

laterally and medially around the dorsal horn into laminae V–VII and X at the base of the 

dorsal horn (Figs. 9 and 10A) (445, 455, 458, 585). The lateral pathway terminates in the 

region of the sacral parasympathetic nucleus. Bladder afferents have not been detected in the 

center of the dorsal horn (laminae III–IV) or in the ventral horn. Afferents from the pelvic 

viscera of the cat passing through sympathetic nerves to the rostral lumbar segments have 

similar sites of termination in laminae I, V–VII, and X (443). The afferents are distributed 

primarily to the ipsilateral side of the spinal cord with an estimated 10% to 20% projecting 

to the opposite side (25, 292).

Pudendal nerve afferent pathways as well as those from the EUS of the cat, rat and monkey 

have central terminations that overlap in part with those of bladder afferents in lateral 

laminae I, V–VII, and in lamina X (145, 422, 524, 639). These afferents differ markedly 

from other populations of pudendal nerve afferents innervating the sex organs as well as 

cutaneous and subcutaneous tissues of the perineum that terminate in the deeper layers of 

the dorsal horn (laminae II–IV) (317, 639, 653).

Efferent neurons in the spinal cord

Parasympathetic preganglionic neurons (PGNs) are located in the intermediolateral gray 

matter (laminae V–VII) in the sacral segments of the spinal cord (166, 455, 456, 458); 

whereas sympathetic preganglionic neurons are located in medial (lamina X) and lateral 

sites (laminae V–VII) in the rostral lumbar spinal cord. EUS motoneurons are located in 
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lamina IX in Onuf’s nucleus in the cat (Fig. 9) and in the dorsolateral motor nucleus in the 

rat (422, 633).

Parasympathetic PGN exhibit dendrites projecting to four major areas: (i) the lateral and 

dorsolateral funiculus, (ii) lamina I on the lateral edge of the dorsal horn, (iii) the dorsal gray 

commissure, and (iv) the gray matter and lateral funiculus ventral to the autonomic nucleus 

(Fig. 9) (447). It has been speculated that these dendritic projections reflect the major 

synaptic inputs to the PGN; that is, lamina I dendrites receiving primary afferent projections, 

lateral funiculus dendrites receiving bulbospinal projections, and medial dendrites receiving 

interneuronal projections from the dorsal commissure and inputs from the contralateral side 

of the spinal cord. EUS motoneurons have a similar dendritic pattern (Fig. 9) (633).

The most striking feature of the sacral PGNs in the cat is an extensive axon collateral system 

that projects bilaterally to various regions of the dorsal and ventral horns including the area 

around the central canal, the intermediolateral gray matter, the dorsal commissure and the 

lateral dorsal horn (446). These axon collaterals are likely to be involved in a bilateral 

recurrent inhibitory pathway that regulates the parasympathetic outflow to the bladder (143, 

167).

Spinal interneurons

Spinal interneurons involved in LUT function have been identified by retrograde 

transneuronal labeling after injection of pseudorabies virus (PRV) into the urinary bladder, 

urethra or EUS of the rat. PRV which is taken up and transported from peripheral efferent 

terminals to efferent neurons in the spinal cord crosses multiple synapses to infect 

interneuronal circuitry throughout the central nervous system (Figs. 10C and 11). PRV 

labeled spinal neurons are located in the same general regions of the spinal cord that receive 

afferent input from the bladder including the dorsal commissure, laminae I and V and lamina 

VII just dorsal and medial to the PGN (Fig. 10C) (402, 460–463, 604, 664). Spinal 

interneurons in these locations receiving afferent input from the LUT have also been 

identified by firing in response to stimulation of bladder afferents (164, 425, 426) or by the 

expression of the immediate early gene, c-fos after chemical or mechanical stimulation of 

the bladder and urethra (Fig. 10B) (56, 60). Some of these interneurons make excitatory and 

inhibitory synaptic connections with PGN (27, 28, 150, 429) and participate in segmental 

spinal reflexes (150); whereas others send long projections to supraspinal centers, such as 

the PAG (Figs. 8 and 12), PMC (Barrington’s nucleus), the hypothalamus and thalamus that 

are involved in the supraspinal control of micturition (60, 68, 71, 184, 202, 270, 425).

Axonal projections from the brain to the spinal cord

Transneuronal PRV tracing methods have also identified many populations of neurons in the 

rat brain that are involved in the control of bladder (460, 462, 463, 604), urethra (664), and 

the EUS (402, 461, 462), including the PMC (Barrington’s nucleus), PAG, medullary raphe 

nuclei, which contain serotonergic neurons; the locus coeruleus (LC), which contains 

noradrenergic neurons, and the A5 noradrenergic cell group (Fig. 11). More rostral regions 

in the hypothalamus (periventricular medial preoptic and paraventricular nuclei), dorsal 

thalamus, the primary and secondary motor cortices and entorhinal and piriform cortices 
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also exhibit virus-infected cells. In the cat PRV tracing from the urinary bladder or the EUS 

identified efferent neurons and interneurons in the spinal cord as well as a cluster of neurons 

extending from the PMC ventrolaterally into the pontine reticular formation (150).

Neurons in Barrington’s nucleus in the rat are also labeled after injections of PRV into the 

colon (497, 655, 659). Dual PRV tracing in which different tracers were injected into the 

colon and bladder revealed that three populations of neurons are present in Barrington’s 

nucleus: (i) bladder labeled, (ii) colon labeled, and (iii) neurons synaptically linked to both 

organs (526). These experiments suggest that neurons in this nucleus are involved in the 

control of multiple excretory functions (527, 655, 659).

Other anatomical studies in which anterograde tracers were injected into areas of the cat 

brain revealed labeled axon terminals in regions of the brain and spinal cord consistent with 

the virus tracing data (Fig. 9). Tracer injected into the paraventricular nucleus of the 

hypothalamus labeled terminals in the sacral parasympathetic nucleus as well as the 

sphincter motor nucleus (44, 270). Injections of tracers into the anterior hypothalamus or 

PAG (65) labeled terminals in the PMC, whereas tracers in the PMC labeled axonal 

projections to the sacral parasympathetic nucleus, the lateral edge of the dorsal horn and the 

dorsal commissure (64,66), areas containing dendrites of preganglionic neurons, sphincter 

motoneurons, and afferent inputs from the bladder (Fig. 9). Conversely, projections from 

neurons in the ventrolateral pons in the cat, an area identified as the pontine urine storage 

center (PUSC) (363), terminate rather selectively in the sphincter motor nucleus (Fig. 9) 

(269). Thus, the sites of termination of descending projections from the pons are optimally 

located to regulate reflex mechanisms at the spinal level.

Subcortical urine storage mechanisms

Sympathetic storage reflex—Although the sympathetic input to the LUT is not 

essential for the performance of micturition, it does contribute to the storage function of the 

bladder. Surgical interruption or pharmacological blockade of the sympathetic innervation 

can reduce urethral outflow resistance, reduce bladder capacity, and increase the frequency 

and amplitude of bladder contractions recorded under constant volume conditions (152).

Sympathetic reflex activity is elicited by a sacrolumbar intersegmental spinal reflex pathway 

that is triggered by vesical afferent activity in the pelvic nerves (Figs. 6 and 12) (163). The 

reflex pathway is inhibited when bladder pressure is raised to the threshold for producing 

micturition. This inhibitory response is abolished by transection of the spinal cord at the 

lower thoracic level, indicating that it originates at a supraspinal site, possibly the PMC (Fig. 

12). Thus, the vesicosympathetic reflex represents a negative feedback mechanism that 

allows the bladder to accommodate larger volumes during bladder filling but is turned off 

during voiding to allow the bladder to empty completely.

Urethral sphincter storage reflexes—Motoneurons innervating the striated muscles of 

the EUS exhibit a tonic discharge that increases during bladder filling (633). This activity is 

mediated in part by a spinal reflex pathway (the guarding reflex) activated by low-level 

afferent input from the bladder (Fig. 7). Studies in cats have also suggested that neurons in 

the ventrolateral region of the pontine reticular formation provide a tonic excitatory input to 
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the EUS motoneurons (269, 270). Electrical stimulation in this region (termed the PUSC) 

(363, 364) excites the EUS motoneurons and induces contractions of the EUS (269,341, 

363).

Contraction of the EUS also induces firing in afferent axons in the pudendal nerve which in 

turn activate inhibitory interneurons in the spinal cord that suppress reflex bladder activity 

(158,421) by inhibiting PGN and interneurons on the micturition reflex pathway (144, 155). 

Thus the bladder-to-EUS-to-bladder reflex pathway represents a second negative feedback 

mechanism in the spinal cord that promotes urinary continence. Activation of afferents in 

the pudendal nerve, some of which very likely innervate the EUS, also elicit reflex 

contractions of the EUS and contribute to continence (633). During micturition the firing of 

sphincter motoneurons and the negative feedback is inhibited. This inhibition which is 

mimicked by electrical stimulation of the PMC and activation of bulbospinal pathways (Fig. 

12) (346, 348) is less prominent in chronic spinal animals (633); and is, therefore, dependent 

in part on supraspinal mechanisms.

Rodents exhibit a similar increase in tonic EUS activity during bladder filling and a marked 

increase just prior to micturition (Fig. 13) (104). This tonic activity is triggered by bladder 

afferent input and mediated by a spinal segmental reflex pathway (96–98)(Figs. 12 and 14). 

However, during voiding the EUS exhibits a bursting (phasic) pattern of activity (Fig. 13) 

that produces pulsatile release of urine. In rats, the bursting EUS activity is mediated by a 

spinobulbospinal pathway activated by bladder afferents (98). It has been proposed that the 

descending limb of this pathway passes through a central pattern generator (spinal bursting 

center) in the third and fourth lumbar segments of the spinal cord (Fig. 14). The EUS 

bursting is initially eliminated by transection of the thoracic spinal cord (98) but recovers in 

chronic spinal animals as a result of reorganization of spinal reflex circuitry (Fig. 14) (97, 

98, 104, 194). In the rat recordings of single EUS motor units as well as intracellular 

recordings from EUS motoneurons revealed tonic and burst firing in some units and 

primarily burst firing in others, raising the possibility of two separate excitatory inputs to 

EUS motoneurons that allow some to contribute to storage and voiding and others to 

contribute primarily to voiding (129).

Brain stem-spinal storage mechanisms—Electrical stimulation of the PUSC located 

ventrolateral to the PMC not only excites the EUS but also inhibits reflex bladder activity, 

increases bladder capacity and the inhibits the bladder excitatory effect of PMC stimulation 

(601). Neurons in the region of the PUSC project to the nucleus raphe magnus (NRM) in the 

medulla which contains neurons that in turn project to the lumbosacral spinal cord. 

Electrical (147, 427, 450, 602) or chemical stimulation (103) in the NRM induces 

serotonergic inhibition of reflex bladder activity. Thus neurons in the PUSC may activate 

descending inhibitory pathways to the sacral parasympathetic nucleus (601).

Electrical stimulation of the rostral pontine reticular formation (RPRF) ventral to the PMC 

in an area also known as the nucleus reticularis pontis oralis, inhibits reflex bladder 

contractions in cats and rats (329, 472, 598, 601). Neurons in this region project to the spinal 

cord and also to nucleus reticularis gigantocellularis located in the rostrodorsal medulla. The 
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RPRF projects to lumbosacral glycinergic inhibitory neurons that may mediate the inhibitory 

effects of RPRF stimulation (601).

Voiding Mechanisms

Cerebral control of voiding revealed by human brain imaging

Brain imaging to study the behavior of the LUT is part of the developing field of brain-body 

medicine (367). It straddles the boundary between the understanding of physiology for its 

own sake and the hope of improved therapy for disorders of bladder and urethral control. 

Consequently, considerable attention has been paid to human subjects and to 

pathophysiological situations, which offer the possibility on the one hand of better treatment 

of functional disorders, and on the other, by comparison with normal, better understanding 

of physiology.

Prior to the widespread use of functional brain imaging, animal experiments and clinical 

observations had revealed numerous brain areas with excitatory or inhibitory effects on 

voiding (Fig. 15A) (647). Functional brain imaging in humans, starting with single photon 

emission computed tomography (SPECT) by Fukuyama et al in 1996 (222), has enabled 

simplification of this picture to a few essential elements (Fig. 8). It has also provided clarity 

about both normal function and what can go wrong in pathological conditions, particularly 

conditions implying impaired bladder control such as urgency incontinence or overactive 

bladder (OAB, a portmanteau expression for urgency incontinence with or without urgency 

and frequency of micturition (4).

A potential problem in interpreting imaging data is that neuronal activations (which are 

derived from local bloodoxygen changes) may represent either excitatory or inhibitory 

activity: it is usually not known which. Another is that regional deactivation as well as 

activation may be encountered. Deactivation means that, in response to an event such as 

bladder filling, activity in the given location falls to below its initial resting value. It is 

commonly observed in a specific “default mode network” that is active during resting 

conditions (514). Deactivation is a sign that resting activity is suspended while the brain 

uses its resources to process an event requiring conscious attention.

In 1997, Holstege’s group published a study of brain activation during filling and voiding in 

men (70), using positron emission tomography (PET). It established a framework of 

thinking that has informed studies in this area ever since. Activation was demonstrated in the 

dorsal pons, the presumptive location of the PMC, in subjects who were able to void in the 

scanner, and also in the medial prefrontal cortex (Fig. 15B). In those who tried to void but 

could not do so there was activation in the putative pontine L-region, while medial 

prefrontal activity was less pronounced (70).

A review of human functional brain imaging experiments conducted using PET or 

functional magnetic resonance imaging (fMRI) in these and other early studies (241) 

summarized the midbrain and pontine locations of activation that had been found. 

Activations were clustered near the PMC (mostly during voiding), more rostrally near the 

PAG, and also near the putative L-region (Fig. 16A). In PET imaging experiments and also 
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more recent fMRI studies the PAG was activated on bladder filling (34, 240), consistent 

with the arrangement of bladder control shown in Figure 8. The rat study referred to above 

has confirmed the pontine location of the storage/voiding switch (614). Table 3 summarizes 

human brainimaging observations of the principal regions shown in Fig. 8.

Recently, fMRI has become the method of choice because it is relatively inexpensive and 

requires no radioactivity. Ideally, to obtain reliable data from the rather noisy fMRI signal, 

averaging of numerous repetitions of the behavior to be studied, recorded over several 

minutes, is desirable. Protocols (“paradigms”) have been developed to do this during storage 

and during simulated voiding (relaxation of the pelvic floor without actual voiding) (352, 

562). An fMRI paradigm to study real voiding has been achieved only recently (342). Most 

studies however have been made during storage, using a variety of paradigms to examine the 

brain’s reaction to bladder filling—during repeated, rapid infusion, and withdrawal of an 

aliquot of liquid via a syringe; or before and after natural or slow bladder filling; or 

combined with repeated contraction of the pelvic floor muscles. These different solutions to 

the problems of drift, noise, and physiological accuracy yield different but presumably 

complementary results. For example, according to PET (70) and SPECT (684) observations 

in male subjects, the inferior frontal gyrus is activated bilaterally after filling the bladder to 

capacity, but this region is less evident on fMRI. It has been incorporated under the name 

“lateral prefrontal cortex” (lPFC) in Figure 8.

Forebrain neural circuits involved in human voiding

Circuit 1: Prefrontal cortex and insula—To understand bladder control and loss of 

control it is helpful to arrange the relevant brain regions in neural circuits that play different 

roles (Fig. 8). Of course, these interpretations are speculative and one obvious limitation is 

that they are based to a large extent on observations made when there is strong desire or 

urgency to void. A prominent circuit in Figure 8 includes the thalamus, insula, lPFC, and 

mPFC, as well as the PAG.

The insula has come to be regarded as the homeostatic afferent cortex that registers visceral 

sensations (121, 352). It receives homeostatic information (“the sense of the physiological 

condition of the entire body,” including the viscera) (122) via afferent input from small-

diameter fibers in lamina 1 of the spinal cord, relayed in the thalamus. A critical element of 

this information is an appreciation of the degree of bladder filling. Consistent with this 

concept, insular activation has been observed in most studies of urine storage (see, for 

example, Fig. 16B), and in healthy controls activation increases with bladder filling and 

therefore with desire to void (240,352). It is relatively weaker in older subjects (245), who 

correspondingly have less pronounced bladder sensation (506) and is absent in women with 

impaired bladder sensation (Fowler’s syndrome) (42, 308). A recently published abstract 

(609) confirms that the insula is activated in normal elderly women and in those with UUI 

responsive to behavioral therapy. Lack of insular activation in those with UUI refractory to 

therapy, however, may indicate that proper use of homeostatic information is important for 

continence. The insular activations are bilateral (Fig. 16B), although a right-sided preference 

has been reported (70, 240). The role of the thalamus in processing and relaying bladder 
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signals to the right and left insula (and many other cortical regions) is supported by imaging 

studies that have shown thalamic excitation in response to bladder filling (309).

The importance of the prefrontal cortex in bladder control was established by clinical studies 

by Ueki (652). Subsequently Andrew and Nathan (21, 217) highlighted that the location of 

lesions which were clinically demonstrated to have long-term effects on bladder function 

was in white matter tracts in the medial prefrontal regions. Medial prefrontal gray-matter 

lesions led to relatively short-term incontinence (Fig. 17).

The prefrontal cortex lies anterior to the motor strip and supplementary motor areas. 

Ventromedial regions are involved in decision-making in an emotional and social context 

(133). They have extensive interconnections with the limbic system—the hypothalamus and 

amygdala—as well as the insula and ACC. The more lateral parts of the prefrontal cortex are 

involved in aspects of cognition, especially working memory (42), and several bladder 

studies have shown lateral PFC activation (Table 3). Connections with the ventromedial 

PFC give access to the limbic system and other parts of the brain.

PET studies show that, during voiding, the medial prefrontal area is activated (Fig. 15B). 

During withholding of urine or with full bladder, however, the observations suggest that, 

especially in urgency incontinence, the medial parts of the prefrontal cortex are deactivated 

rather than activated in response to bladder filling (Table 3, Fig. 16B) (34, 241,609). 

Suggestively, the medial prefrontal cortex is part of the default mode network mentioned 

above. Up to now, it has not been clear whether mPFC deactivation is dysfunctional, a cause 

of incontinence, or is a sign that the voiding reflex is being suppressed, a mechanism 

promoting continence. If the latter interpretation proves to be correct, this will suggest a 

continence mechanism that operates as follows: if involuntary voiding or leakage threatens, 

excitation of the insula and lateral PFC leads in turn (via an inhibitory connection) to 

reduced input to the mPFC, reduced input to the PAG (via the return pathway in Fig. 8), and 

reduction in PAG activity that tends to stabilize the voiding reflex and maintain continence. 

In normal controls this circuit is not activated. It, therefore, appears to be a mechanism of 

continence used only by those who need to avoid inappropriate bladder contractions.

Circuit 2: Dorsal anterior cingulate cortex and supplementary motor area—A 

key feature of interoceptive sensations is their association with an affective, motivational 

aspect and hence their value in homeostasis. For example, an increasingly unpleasant desire 

to void as the bladder fills ensures that the bladder is regularly emptied, even though the 

exact time and place are under voluntary control. The anterior cingulate cortex (ACC) can 

be considered as the limbic motor cortex (182), responsible for motivation and modulation 

of bodily arousal states (123). In the cardiac system, dorsal ACC activation is associated 

with sympathetic control of heart rate (666). By analogy, ACC activation may help to 

suppress voiding via sympathetic activity that inhibits bladder contraction and contracts 

urethral smooth muscle, via β- and α-adrenergic receptors, respectively. Moreover, the 

dorsal ACC (dACC) is usually coactivated with the adjacent supplementary motor cortex 

(SMA), where activation is associated with contraction of the pelvic floor and striated 

sphincter muscles (353, 551, 562). Together therefore, if UUI threatens, the dACC and the 

SMA appear to be able to react by generating both the sensation of urgency and a 
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contraction of the urethral sphincter, thus hastening a toilet visit while reinforcing the ability 

to postpone voiding until the toilet is reached.

Circuit 2, as sketched in Figure 8, indicates no clear connecting pathways, but in reality the 

afferent signal from the PAG to the dACC/SMA may be relayed by the thalamus. The 

efferent signal may return to sympathetic nuclei in the brainstem, or even the L-region, 

rather than the PAG. As mentioned above, this circuit seems to be a back-up continence 

mechanism that is employed by patients with urgency incontinence or OAB when they 

experience urgency. In normal subjects, who have less imperative sensation, the 

dACC/SMA is activated by bladder filling less strongly or not at all.

Circuit 3: Subcortical mechanisms—In normal individuals for most of the time, the 

bladder fills slowly, without sensation but presumably with unconscious monitoring by the 

brain. In such subjects bladder filling, when the bladder volume is small and there is little 

sensation, leads to activation of a subcortical network that includes the PAG and parts of the 

inferior or middle temporal (parahippocampal) cortex (Fig. 18) (611). In this situation, the 

cortical regions described above do not appear to be involved, consistent with absence of 

bladder filling sensation.

Among women with Fowler’s syndrome (inability to sense or to empty the bladder) 

restoration of bladder sensation by sacral neuromodulation leads to changes in a rather 

similar brainstem/parahippocampal network (Fig. 18), (308) suggesting that it may be the 

route by which the PAG normally monitors bladder behavior and exchanges bladder-related 

signals with the rest of the brain. Since the parahippocampal cortex is close to the amygdala, 

the seat of emotion, one would expect this circuit to be particularly concerned with the 

emotional aspects (“safety”) of voiding, perhaps providing output to the brainstem nuclei via 

the postulated “safe” signal from the hypothalamus. The subcortical circuitry is included in a 

schematic way in the working model (Fig. 8).

The cause of incontinence?—The work reviewed so far provides no clear evidence for 

a cerebral cause of impaired bladder control (OAB or urgency incontinence). It appears 

likely—and is certainly possible—that the behavior of circuits 1 and 2 described above is a 

reaction to changes in incontinence rather than the actual cause. The subcortical circuit 3, 

however, has been little studied and so may be the seat of these common problems.

Another reason for our ignorance regarding causal mechanisms is that the studies performed 

to date have been based mainly on observations of activity in specific brain regions. They 

can give only incomplete information about how the cerebral network ultimately controls or 

fails to control bladder behavior, because the pathways that connect the regions are equally 

important. Only scattered studies of connectivity have been published: in normal subjects, 

bladder filling reveals a polysynaptic connection of the dACC and insula with the putamen, 

while the pattern of connectivity differs between UUI subjects and normal (610); in normal 

subjects, the connectivity of the right insula is weaker during attempted micturition than at 

baseline (351). Patterns of functional connectivity differ greatly between empty and full 

bladder (468).
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In fact, reduced integrity of the white-matter connecting pathways in the brain is common 

and associated with several geriatric syndromes, including urgency incontinence. Sakakibara 

(535), Kuchel (350) and Tadic (228, 607) have shown that the presence and severity of 

urgency incontinence in older women, and the corresponding changes in cerebral activity, 

are correlated with the degree of white-matter damage as assessed by the global volume of 

inflammatory lesions (white-matter hyperintensities) seen on structural MRI. Moreover 

there is weaker evidence that focal damage in specific white-matter tracts (e.g., those 

serving mPFC or dACC/SMA) may contribute causally to incontinence.

To summarize, the picture of LUT control that has been built up is as follows. The brain-

bladder control network maintains inhibition of the voiding reflex during urine storage and 

monitors unusual or unexpected bladder events. At small bladder volumes this occurs 

largely unconsciously and presumably relies on a subcortical network (circuit 3). Further 

bladder filling generates a sensation (desire to void) that gradually increases in intensity, 

reflected in insular activation. Despite the increasing sensation, in normal individuals 

excitation of the voiding reflex does not occur unless it would be not only mechanically 

appropriate but also emotionally safe and socially appropriate. In urgency-incontinent 

patients, however, imperative urgency develops, signaling a threat of leakage. Extra 

continence mechanisms can then be recruited in an attempt to maintain bladder control. 

They are based on neural circuits involving respectively activation of the dACC/SMA, 

deactivation of the mPFC, or (possibly) changes in subcortical function. All three circuits 

provide input to the PAG or other brainstem nuclei, aimed at suppressing the firing of the 

voiding reflex.

The preceding discussion suggests that abnormalities in the cortical circuits (1 and 2) are not 

an underlying cause of incontinence, but rather a reaction to changes in incontinence or the 

threat of incontinence, caused elsewhere. The underlying cause has not been revealed, but it 

may involve damage to the cerebral connecting pathways, or dysfunction of the subcortical 

control circuit—perhaps of the PAG itself, or any dysfunction that compromises the stability 

of the spinobulbospinal voiding reflex, even including abnormal bladder afferents.

Brain stem circuitry: Spinobulbospinal micturition reflex

Role of PMC—Voiding, which can be initiated voluntarily or reflexly, is mediated by 

activation of the sacral parasympathetic efferent pathway to the bladder and urethra as well 

as reciprocal inhibition of the somatic pathway to the urethral sphincter (Fig. 12). In contrast 

to storage mechanisms that are dependent on spinal reflex pathways, voiding is dependent 

on neural circuitry in the brain and spinal cord (Figs. 8, 12 and 19) (40, 142, 168, 363, 372, 

529).

Studies in cats using brain-lesioning and electrophysiological techniques revealed that reflex 

micturition is mediated by a spinobulbospinal pathway consisting of an ascending sensory 

limb that passes from the sacral spinal cord to circuitry in the rostral brain stem leading to 

activation of neurons in the PMC that send excitatory signals back to the sacral spinal cord 

to complete the reflex circuit (Figs. 8 and 12). In animals, reflex micturition is preserved 

after removal of the forebrain by supracollicular decerebration but is abolished after bilateral 

destruction of the PMC or transection of the neuraxis at any level caudal to the PMC (363).
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Anterograde axonal tracing studies in cats revealed that neurons in the PMC project directly 

to bladder preganglionic neurons in the sacral spinal cord (66). Labeled fibers from the PMC 

that are filled with round vesicles and that form a symmetric synaptic cleft, terminate on the 

soma, and dendrites of the preganglionic neurons. These data suggest that the descending 

pathway makes monosynaptic connections and has an excitatory function. On the other 

hand, electrophysiological experiments in cats in which EPSPs were evoked in bladder 

preganglionic neurons by stimulation of the PMC indicate that the descending pathway from 

the PMC to bladder preganglionic neurons is polysynaptic and strongly facilitated during the 

micturition reflex (547). The latter finding is consistent with other electrophysiological 

studies in cats indicating that the descending PMC-spinal cord limb of the micturition reflex 

requires afferent feedback from the bladder to induce large amplitude bladder contractions 

and that it can be modulated at the spinal level possibly at an interneuronal site by segmental 

afferent inputs (346, 347).

Recordings of electrical activity in bladder efferent nerves (Fig. 19) support the concept that 

the micturition reflex is mediated by a pathway passing through a switching center in the 

rostral pons. Stimulation of bladder afferent nerves evokes long latency discharges (120–150 

ms) on bladder postganglionic nerves (Fig. 19) that persist after supracollicular 

decerebration but not after transection of the spinal cord at the thoracic level (142, 168). The 

evoked reflexes are unmasked by partial filling of the bladder to elicit a basal level of 

afferent firing. They also exhibit an unusual temporal facilitation in which the first stimulus 

during a train (0.5–1 Hz frequency) does not evoke a response and the next few stimuli 

evoke gradually increasing responses (wind-up), eventually producing a self-sustaining 

micturition reflex (Fig. 19). These observations indicate that even under optimal conditions 

with tonic afferent input from bladder mechanoceptors, electrical stimulation of bladder 

afferents only activates the micturition switching circuit after a delay of several seconds.

Bladder afferent nerve stimulation evokes neuronal firing in the PMC at latencies ranging 

from 30 to 40 ms; and electrical stimulation in the PMC evokes bladder contractions and 

postganglionic nerve firing at latencies of 60 to 75 ms (142, 480). The sum of the latencies 

of the putative ascending (afferent-ponto-mesencephalic) and descending limbs (pontine-

sacral efferent neuron) of the reflex approximates the latency of the entire reflex pathway 

(120 ms). The reflex firing elicited in cats and rats is not altered following supracollicular 

decerebration but is eliminated by acute transection of neuraxis at any level caudal to the 

PMC (142,164,168).

In the rat, 79% of neurons in the PMC (Barrington’s nucleus) are activated by bladder 

distension consistent with its role as a PMC (527). Although no neurons are selectively 

activated by distension of the colon, the majority of bladderresponsive neurons (73%) are 

also activated by colon distension. These data support the proposals based on PRV tracing 

experiments that neurons in the PMC coordinate the functions of the colon and the LUT 

(526, 655, 659). Retrograde axonal tracing experiments in rats in which different color 

fluorescent beads were injected into the sacral parasympathetic nucleus of the S1–S2 

segments (red) and into the thoraco-lumbar sympathetic nucleus at T13-L1 segments (green) 

revealed two populations spinal projecting neurons in the PMC: preparasympathetic output 

(PPO) and presympathetic output (PSO) neurons (250). Although it is uncertain which 
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organs are controlled by the PPO and PSO neurons, these findings raise the possibility that 

separate populations of neurons in the PMC control the parasympathetic and sympathetic 

outflow to the pelvic viscera.

Properties of neurons in the PMC—Single unit recording in the PMC of the cat (Fig. 

20) (77, 150, 337, 543–546, 601, 603, 623) and rat (203, 674) with the bladder distended 

under isovolumetric conditions revealed several populations of neurons exhibiting firing 

correlated with reflex bladder contractions including: (i) neurons that are silent in the 

absence of bladder activity but fire prior to and during reflex bladder contractions (direct 

neurons, 21%), (ii) neurons that are active during the period between bladder contractions 

and are inhibited during contractions (inverse neurons, 51%), and (iii) neurons that fire 

transiently at the beginning of bladder contractions (on-off neurons, 4%) (Fig. 20). Tonic 

firing that was not correlated with bladder activity was also identified in a large percentage 

(25%) of PMC neurons (termed independent neurons) (Fig. 20). All of these neurons are 

localized primarily in the region of the LC complex.

Subpopulations of direct and inverse neurons in the cat have also been identified based on 

slow changes in firing during and between bladder contractions (544). Approximately 50% 

of direct neurons (type 2) exhibit tonic firing between bladder contractions; whereas the 

remainder (type 1) are quiescent until 0.5 to 1.2 s prior to a bladder contraction. The 

majority of inverse neurons (84%) stop firing during a bladder contraction after a delay of 4 

to 11 s; whereas a small number exhibit only a reduction in firing. A large percentage of 

direct neurons project to the lumbosacral spinal cord (543, 546, 603); whereas only a small 

percentage of inverse neurons send projections to the cord. Thus it has been speculated that 

inverse neurons function as local inhibitory neurons in the PMC. Both direct and inverse 

neurons exhibit excitatory synaptic responses to electrical stimulation of afferent axons in 

the pelvic nerve (150). Direct neurons fire at a mean latency of 62 ms after a stimulus; 

whereas inverse neurons fire at a shorter latency of 25 to 30 ms followed by an inhibition at 

a latency of 80 ms and then a late excitation at 250 to 300 ms.

Patch clamp recordings in rat brain slices of the retrogradely labeled PPO and PSO neurons 

mentioned above revealed marked differences in the electrophysiological properties of the 

two populations of neurons (250). The membrane potential and action potential threshold are 

higher and the basal firing rate is lower in PPO than in PSO neurons. In addition A-type K+ 

currents are significantly larger and blocking these currents increases the excitability more 

in PPO than in PSO neurons. Synaptic inhibitory mechanisms generated by circuitry within 

or adjacent to the PMC and which will be discussed later in the neurotransmitter section of 

this review also contribute to the lower excitability of PPO neurons. Thus, PPO neurons 

studied under conditions in which afferent inputs from the bladder and other regions of the 

brain were interrupted exhibit properties consistent with those necessary for urine storage; 

whereas PSO neurons exhibit a higher level of basal activity that could activate tonic 

sympathetic input to the bladder and promote urine storage.

Role of the PAG—Early studies in cats (235, 295, 340, 371, 571) revealed that stimulation 

at sites in the PAG could either excite or inhibit bladder activity. The effects of stimulation 

were dependent on the state of the bladder. For example when stimulation was applied with 
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the bladder partially full and relatively inactive excitatory effects were commonly elicited; 

however, when the bladder was full and exhibiting large amplitude reflex contractions 

stimulation at the same site produced inhibition. Reflex bladder activity was also enhanced 

by elimination of parts of the PAG by focal lesions or serial transections through the 

mesencephalon (370, 529, 624). This finding raised the possibility that a mesencephalic 

bladder inhibitory center tonically controlled micturition. An inhibitory region seems to be 

located in the dorsolateral margin of the rostral PAG (482) because chemical or electrical 

stimulation at this site inhibits reflex bladder contractions and the contractions induced by 

electrical stiumulation of the PMC. Injection of bicuculline, a GABAA receptor antagonist, 

into the PMC blocks the PAG induced inhibition of PMC stimulation indicating that GABA 

is the transmitter in the inhibitory pathway (482).

Other sites in the PAG seem to have a facilitatory role in micturition. Electrical stimulation 

in the ventrolateral region of the PAG evokes bladder contractions (416, 479, 625) and firing 

on bladder postganglionic nerves (480); while injections of cobalt chloride, a synaptic 

inhibitory agent (415) or an opioid receptor agonist (413), into this region suppresses reflex 

micturition. These data raise the possibility that the ventrolateral PAG is an essential 

component of the micturition reflex.

Electrical recordings in the PAG indicate that it may serve as a relay and coordinating center 

on the ascending limb of the micturition reflex pathway. In the rat, electrical stimulation of 

bladder afferents in the pelvic nerve elicits negative field potentials in the dorsal PAG at a 

mean latency of 13 ms which is considerably shorter than the mean latency of field 

potentials in the region of the PMC (42 ms) (479). In the cat, a similar difference between 

latencies of pelvic afferent evoked field potentials in the PAG (11 ms) (202) and PMC in the 

(30–40 ms) (142) has been noted.

Subsequent studies in the cat and rat provided further support for the idea that bladder 

afferent information is relayed through the PAG. Axonal tracing studies in the cat, revealed 

that spinal tract neurons located in lamina I on the lateral edge of the sacral dorsal horn, a 

region receiving primary afferent input from the bladder (445), send a prominent direct 

axonal input through the lateral funiculus to the PAG (Fig. 8) (71, 270). Injections of 

retrograde tracers into the lateral funiculus at the lumbar level labels the same group of 

sacral spinal tract neurons (164). The PMC, on the other hand, receives a weaker input 

directly from the spinal cord and this input does not terminate on the PMC output neurons 

that send information back to the sacral parasympathetic nucleus. Axonal tracing methods 

also identified projections from the PAG to the PMC (65, 354), raising the possibility that 

ascending afferent information from the bladder is relayed through synapses in the PAG to 

the PMC. Thus it has been proposed that the PAG has an essential role in the 

spinobulbospinal micturition reflex pathway (270, 479).

However experiments in cats by Takasaki et al., (619) have raised questions about the 

importance of the PAG in reflex micturition. When the mesencephalon was serially 

transected at various levels to interrupt the connections between the PAG and the PMC 

reflex bladder contractions persisted after transections at rostral levels that eliminated 

connections with the dorsal half of the PAG. Reflex micturition also persisted after more 
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caudal transections that eliminated connections with both the dorsal and ventral half of the 

PAG or eliminated the most rostral part of the PMC. On the other hand, transections caudal 

to the PMC abolished reflex micturition. The authors concluded that the PAG does not have 

an essential role in reflex micturition but rather is involved in transmitting bladder filling 

information to higher brain centers. Subsequently, the techniques used in transection 

experiments were questioned by other investigators (593) who noted that the PAG lesions in 

the experiments of Tasaki et al (619) were often incomplete and a part of the caudal 

ventrolateral PAG was preserved in some experiments.

In the rat the role of the PAG is even less clear because prominent ascending projections 

from the lumbosacral spinal cord have been detected in the PMC as well as the PAG (68, 

184). Thus the organization of the ascending limb of the micturition reflex is uncertain and 

may vary in different species.

Brain imaging studies (612) in the rat revealed that neuronal activity in the PAG increases 

during slow bladder filing indicating that afferent activity from the bladder is received and 

processed in the PAG prior to micturition; however a similar signal was not detected in the 

PMC during filling (Fig. 21). On the other hand during micturition, signals were detected in 

the PAG and the PMC. Similar results have been reported during brain imaging in humans 

(see earlier section). These results suggest that the PAG in the rat serves as a relay station 

for transmitting afferent information from the bladder to the PMC but that the switch from 

urine storage to voiding occurs in the PMC.

Properties of neurons in the PAG

Single unit recordings in the PAG and adjacent mesencephalic reticular formation in 

decerebrate unanesthetized cats during rhythmic reflex bladder contractions under 

isovolumetric conditions revealed firing patterns similar to those recorded in the PMC 

including: (i) tonic storage neurons that are partially inhibited during bladder contractions 

(43%), (ii) phasic storage neurons that are completely inhibited during bladder contractions 

(15%), similar to inverse neurons in the PMC, and (iii) phasic micturition neurons that are 

only active during micturition (13%) (387), similar to direct neurons in the PMC. A fourth 

type of neuron (29%) classified as tonic micturition neurons that are active throughout 

storage and micturition but increase their firing during bladder contractions may be similar 

to the transient neurons identified in the PMC. Among the 84 neurons recorded in this study 

16 were located in the PAG and the remainder were located just ventral to the PAG. In the 

PAG storage neurons seemed to be located in the middle part of the PAG (H-C coordinates: 

P 0–1), whereas micturition neurons were distributed in a broader area. Simultaneous unit 

recordings in the PAG and PMC or in the PAG and the PUSC did not reveal significant 

time-correlations in 100 ms windows between unitary activity in the these locations.

The PMC-PAG switch—Pharmacological studies indicate that circuitry in the PMC and 

PAG allows the spinobulbospinal micturition reflex pathway to function as a switch that is 

either in a completely “off” mode (storage) or maximally “on” mode (voiding). Injections of 

excitatory amino acids into the PMC (398) or PAG (625) evokes bladder contractions in cat 

and rat. On the other hand microinjections of low doses of inhibitory agents such as GABAA 
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receptor agonists (muscimol), or opioid peptides at these sites increases the bladder volume 

threshold for inducing micturition without altering the magnitude of the micturition reflex 

measured as the amplitude of voiding contractions (398, 413, 480, 593). Conversely, 

injections of GABAA receptor (bicuculline) or opioid receptor antagonists (naloxone) reduce 

the bladder volume threshold indicating that tonic activation of inhibitory receptors in these 

centers can alter the set point of the micturition switch (398, 480, 593). Because 

pharmacologic modulation of the PAG circuitry clearly alters the bladder volume threshold 

it seems reasonable to conclude that PAG input to the PMC switching circuit also regulates 

the set-point for the micturition switch.

Brain stem modulatory circuits

Properties of neurons in the pontine urine storage center—A region of the pons 

located ventrolaterally to the PMC has been designated the PUSC because electrical 

stimulation in this region inhibits micturition and activates the EUS (269, 341, 363, 476). 

Lesions in this area induce incontinence. Injections of anterograde tracers into the PUSC 

label axonal projections to the sphincter motor nucleus in the sacral spinal cord (269). In 

decerebrate, unanesthetized cats when the bladder is distended to induce rhythmic reflex 

contractions under isovolumetric conditions four major types of neurons can be detected in 

the PUSC including: (i) tonic storage neurons that are continuously active during storage/

voiding cycles with increased firing during storage (38%), (ii) phasic storage neurons that 

are only active during the storage phase (40%), (iii) tonic micturition neurons that are 

continuously active throughout the storage/micturition cycle but exhibit increased activity 

during micturition (9%), and (iv) phasic micturition neurons that are only active during 

micturition (13%) (536). These neurons have been subclassified into augmenting, constant 

or decrementing according to the change in their discharge rate during either the storage or 

micturition phases. Some of the neurons increase their firing rate prior to the onset of the 

micturition or storage phases. The average interval between the onset of preceding neural 

activity and the change in bladder activity ranges from 2 to 10 s and is evident in the various 

types of neurons.

Properties of neurons in the substantia nigra pars compacta and ventral 

tegmental area—Single unit recordings in the substantia nigra/ventral tegmental area 

(SN/VTA) in ketamine anesthetized cats during rhythmic reflex bladder contractions under 

isovolumetric conditions revealed firing patterns similar to those recorded in the PUSC 

including: (i) tonic (55%) and phasic (22%) storage neurons and (ii) tonic (16%) and phasic 

(6%) micturition neurons. Augmenting, constant, decrementing, and binary neurons that 

fired at the beginning and at the end of the storage phase were identified (537). The large 

percentage of micturition storage neurons is consistent with other observations indicating 

that the dopaminergic neurons in the SN/VTA have a predominate inhibitory influence on 

micturition. For example, electrical stimulation in the SN terminates ongoing micturition 

(711) and destruction of dopaminergic neurons using the toxin MPTP or 6-

hydroxydopamine facilitates the micturition reflex (705, 707). Dopaminergic neurons in SN 

synapse with neostriatal GABAergic neurons that may be involved in micturition inhibitory 

mechanisms in the forebrain. In addition D1 dopaminergic receptors have been implicated in 

de Groat et al. Page 33

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the control of GABAergic neurons in the PAG (332); where GABAergic inhibition also 

plays an important role in the control of micturition (593).

Phasic micturition neurons in the SN/VTA might also have a role in the control of 

micturition because pathological conditions such as middle cerebral artery occlusion or 

decerebration have been shown to upregulate D2 receptor facilitatory control of micturition 

in the rat (691).

Cerebellum—Brain imaging studies in humans have shown activation in the cerebellum in 

response to bladder distension (240, 352, 562, 618). This activation is consistent with studies 

in cats showing that electrical stimulation of bladder afferent nerves elicits neural activity in 

the cerebellum (78, 79). In relation to bladder activity both inhibitory and excitatory 

functions of the cerebellum have been proposed (78, 79, 95, 119, 477). A possible inhibitory 

role of the cerebellum in the control of micturition is suggested by studies in cats showing 

that electrical stimulation of the cerebellar fastigial nucleus inhibits reflex bladder activity 

(78, 79, 403); while ablation of the anterior vermis of the cerebellum results in a hyperactive 

bladder reflex with increased reflex duration (78, 79). Cerebellectomy in dogs also induces 

bladder overactivity (477) and cerebellar pathology in humans is accompanied by bladder 

hyperreflexia (730). These data indicate that the cerebellum has a tonic inhibitory influence 

over the micturition reflex. A cerebellar-hypothalamic pathway has been mentioned as part 

of a network for regulating micturition as well as other autonomic functions (183). However 

this pathway must not be essential for cerebellar inhibitory control because 

cerebellarinduced bladder inhibition persists after decerebration which eliminates the 

hypothalamus. Cerebellar projections to the nucleus subcoeruleus, nucleus LC and PAG 

have also been mentioned as possible pathways for cerebellar modulation of micturition 

(183). Other evidence suggests that the cerebellum exerts a tonic inhibitory influence on 

micturition via a pathway passing through the mesencephalic reticular formation. Based on 

studies in decerebrate cats (477), it was concluded that the cerebellum plays an inhibitory 

role during the storage phase of the micturition cycle and a facilitatory role during voiding.

Hypothalamus—Transneuronal virus tracing methods have identified virus-infected cells 

in several regions of the hypothalamus after injection of PRV into the LUT in animals (463, 

604, 664). Histochemical studies using tracers also revealed that neurons in the PMC receive 

input from the caudal hypothalamus and that the paraventricular hypothalamic nucleus 

projects nonspecifically to all autonomic preganglionic motor neurons in the spinal cord, 

including the sacral parasympathetic and sphincter motor nuclei (270).

Although both excitatory and inhibitory effects on bladder activity are elicited by 

stimulation at different sites in the hypothalamus, the overall hypothalamic control seems to 

be facilitatory according to the studies of Tang and Ruch (529, 624) showing that after 

supracollicular decerebration, which eliminates the hypothalamic effects, the bladder 

volume threshold inducing micturition markedly increases (156). A clinical study in three 

patients with pituitary adenoma compressing the hypothalamus also showed that 

hypothalamic lesions can cause both DO during urine storage and underactive detrusor 

during voiding (681).
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The hypothalamic influence on bladder function may in turn be modulated by afferent inputs 

from the bladder because axonal tracing studies in rats have identified a spinohypothalmic 

pathway arising from neurons in the region of sacral parasympathetic nucleus (60, 88); and 

50% of these neurons projecting to the hypothalamus are activated by bladder afferents as 

evidenced by positive c-fos staining after bladder irritation with dilute acetic acid (60). Brain 

imaging studies in human subjects also revealed that the caudal hypothalamus responds to 

changes in bladder volume (34, 242).

Computer model of micturition switching circuit

Computer modeling of the switching circuitry in the PMC and PAG that 

underlies the spinobulbospinal micturition reflex in a decerebrate animal—

Based on neuronal firing patterns recorded in the PMC and PAG during rhythmic bladder 

contractions as well as antidromic responses to stimulation of the spinal cord and synaptic 

responses to stimulation of bladder afferent nerves, a neural circuit has been designed in an 

attempt to model the switching properties of the spinobulbospinal micturition reflex in a 

decerebrate animal (Fig. 22) (173). The circuit includes the peripheral afferent and efferent 

pathways between the bladder and the spinal cord plus connections between the spinal cord, 

PAG, and PMC.

The ascending sensory limb of the circuit consists of a mechanosensitive bladder primary 

afferent neuron that synapses with a second-order spinal tract neuron. The latter projects to 

excitatory neurons in the PAG that in turn relay information to the PMC. The PMC contains 

several types of neurons. Direct neurons (indicated by D in Fig. 22) that send information 

back to the sacral parasympathetic nucleus represent the descending limb of the 

spinobulbospinal micturition reflex (Fig. 22). These neurons (type 1 direct neurons) are 

silent during bladder filling but activated prior to and during micturition. In the model the 

type 1 direct neurons receive tonic inhibitory input from independent neurons and bladder 

volume dependent inhibition from inverse neurons shown in Figure 20. Inverse neurons (I) 

that are activated by afferent input from the PAG and fire during bladder filling make 

inhibitory connections with direct neurons to provide feedforward inhibition of the 

micturition reflex during bladder filling. The inverse neurons are inhibited during 

micturition which in turn removes inhibitory input to the direct neurons and facilitates the 

micturition reflex. Transient neurons (T) which are activated by bladder afferent stimulation 

via a relay (B) through the PAG and fire at the beginning of a bladder contraction are 

postulated to inhibit the inverse neurons and play an important role in the initiation of the 

micturition reflex. Type 2 direct neurons (indicated by R in Fig. 22) which exhibit 

continuous firing during bladder relaxation but are strongly activated at the onset of 

micturition are postulated to receive excitatory axon collaterals (pathway C) from type 1 

direct neurons and mediate reciprocal inhibition of inverse neurons. This would further 

enhance the development of the micturition reflex by suppressing inhibitory input to the type 

1 direct neurons.

In the PAG, it is postulated that neurons tonically active during bladder filling or between 

micturition contractions represent relay neurons that transmit excitatory signals (pathway A) 

to inverse neurons in the PMC that in turn generate feedforward inhibition of the micturition 
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reflex. Conversely excitatory neurons in the PAG that relay bladder afferent information to 

PMC direct neurons are likely to be “phasic micturition neurons” identified by Sakakibara et 

al. (536). It is known that a GABAergic inhibitory mechanism in the PAG tonically controls 

the bladder volume set-point for initiating micturition (593). In the hypothetical circuit in 

Figure 22, this mechanism is represented by an independent inhibitory neuron synapsing 

with the PAG relay neuron. Similarly, GABAergic or enkephalinergic independent 

inhibitory neurons in the PMC are likely to control the set-point for micturition by tonically 

inhibiting the type 1 direct neurons.

In summary, GABAergic or enkephalinergic inhibitory control of the micturition switching 

circuit may occur at several sites on the spinobulbospinal pathway including: (i) the 

ascending limb in the spinal cord, (ii) relay centers in the PAG, and (iii) synapses on type 1 

direct neurons in the PMC. However, it is presumed that the switch from storage to voiding 

occurs at the level of the direct neurons because their firing is closely linked with PGN 

firing and reflex bladder contractions, indicating that transmission of descending signals 

through the sacral parasympathetic nucleus occurs with a high safety factor. Therefore, 

excitatory synapses on the descending limb of the micturition reflex pathway in the spinal 

cord function as relays rather than switches and transmit signals from the PMC switch to the 

bladder with high fidelity.

Computer modeling of the spinal urine storage and micturition circuitry—

Spinal storage circuitry which is not shown in Figure 22 is also part of the computer model 

[see (173) for details]. This circuitry includes the spinal vesico-sympathetic and 

vesicosphincter reflex mechanisms (see Fig. 12) described in a previous section. For 

simplicity these reflex mechanism have been modeled (Fig. 12) as monosynaptic reflexes 

although it is probable that they are multisynaptic pathways. As indicated in Figure 12 these 

two storage reflexes are inhibited by descending input from the type 1 direct neurons in the 

PMC, thereby promoting urethral outlet relaxation during micturition. The model includes a 

third storage mechanism in which sphincter afferents activate spinal inhibitory neurons that 

suppress bladder preganglionic neurons and interneurons on the ascending and descending 

micturition reflex pathway. The model also includes a recurrent inhibitory circuit in which 

preganglionic axon collaterals activate interneurons that in turn inhibit excitatory 

interneurons on the ascending and descending limbs of the micturition reflex pathway (142, 

167). A urethral-bladder excitatory mechanism which facilitates micturition in response to 

flow of urine through the urethra (40, 363) is also included in the model and not shown in 

Figure 22.

Computer simulation of the storage-voiding cycle using a model of the PMC 

and PAG switching circuitry—The model of the spinobulbospinal pathway consisting 

of the supraspinal components shown in Figure 22 and the spinal components which are not 

shown was used to simulate a reflex storage-voiding cycle and estimate various parameters 

including bladder pressure, bladder volume, bladder afferent firing, and bladder efferent 

firing during filling of the bladder at a rate of 30 mL/min (Fig. 23). The model of the urinary 

tract used in this simulation has two interconnected components: a mechanical component 

that models the bladder and outlet, and an artificial neural network that models the neural 
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reflex pathways controlling the LUT. This approach is similar to several other attempts to 

model the LUT (219, 657) but also includes putative supraspinal circuitry based on unit 

recordings in the PMC and PAG. The mechanical component was taken from the model 

produced by Bastiaanssen et al. (41). The neural component was based on the 

electrophysiological properties of individual neuronal groups in the PMC and PAG. The 

mathematical details for producing the neural component are included in a recent paper 

(173).

Based on the Bastiaanssen et al. model (41) during bladder filling bladder pressure remains 

low but bladder afferent firing slowly increases as bladder wall tension increases (Fig. 23). 

Bladder efferent firing which represents activity in the spinobulbospinal micturition reflex 

pathway remains low during the filling because the PAG-PMC switching circuit is in the off 

mode. At a critical bladder volume threshold, the PAG-PMC switch is turned on and 

efferent firing markedly increases inducing a prominent increase in bladder pressure 

followed by an increase in bladder afferent firing, a relaxation of the urethral outlet (not 

shown) and then voiding evident as a decrease in bladder volume. The model generates an 

all-or-none reflex response reflected as maximal efferent discharge throughout voiding even 

as bladder volume decreases. The model generates efficient voiding resulting in complete 

bladder emptying. Reducing the strength of the inhibitory input from the PMC tonically 

active independent neuron to the direct neuron reduces bladder capacity, while increasing 

the strength of the inhibition increases bladder capacity. The fact that the computer 

simulation replicates the storage-voiding cycle corroborates the validity of the neural 

circuitry theorized in this article.

Neurotransmitters in Central Pathways Controlling Micturition

Spinal ascending and descending pathways

Glutamate—Intrathecal or intravenous administration of glutamater-gic NMDA or α-

amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) antagonists in urethane-

anesthetized rats depresses reflex bladder contractions and electromyographic activity of the 

EUS in animals with an intact spinal cord as well as in animals with chronic spinal injury 

(718, 723). Studies in rats also indicate that activation of bladder PGN by input from the 

PMC can be blocked by inotropic glutamate receptor antagonists, suggesting that the 

descending pathways from the PMC utilize glutamate as a neurotransmitter (411, 412). 

These results indicate that spinal reflex pathways controlling bladder and sphincter function 

utilize NMDA and AMPA glutamatergic transmitter mechanisms. In spinal cord-injured 

rats, external sphincter muscle activity is more sensitive than bladder reflexes to 

glutamatergic antagonists, raising the possibility that the two reflex pathways might have 

different glutamatergic receptors (722). This was confirmed with in situ hybridization 

techniques, which revealed that sacral PGNs in the rat express high mRNA levels of GluR-A 

and GluR-B AMPA receptor subunits and NR1 but not NR2 NMDA receptor subunits 

(566). Conversely, motoneurons in the urethral sphincter nucleus express all four AMPA 

receptor subunits (GluR-A, -B, -C, and -D) in conjunction with moderate amounts of NR2A 

and NR2B as well as high levels of NR1 receptor subunits. It seems likely that this 
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difference in expression accounts for the different sensitivity of bladder and sphincter 

reflexes to glutamatergic antagonists.

Glutamate also plays a role as an excitatory transmitter in the afferent limb of the micturition 

reflex. C-fos expression induced in spinal interneurons by activation of bladder afferents is 

suppressed by the administration of both NMDA and non-NMDA glutamatergic receptor 

antagonists (55,298,300).

In contrast to excitatory effects of glutamate via ionotropic glutamatergic receptors (NMDA 

and AMPA/kinate), activation metabotropic glutamatergic receptors (mGluRs) in the spinal 

cord has inhibitory effects on the descending limb of the micturition reflex because a group 

I/II mGluR agonist applied to the spinal cord at the lumbosacral level suppresses reflex 

bladder contractions as well as those induced by PMC stimulation in rats (621). It has also 

been reported that mGluRs are involved in inhibition of the excitatory pathway to the EUS 

because a group I/II mGluR antagonist applied into the lumbosacral intrathecal space 

significantly facilitates the EMG activity of the EUS in rats (719).

During synaptic transmission, glutamate released from presynaptic nerve terminals is 

cleared from the synaptic cleft into presynaptic nerve terminals and adjacent astrocytes, via 

glutamate transporters. A recent study demonstrated that intrathecal application of a 

nonselective inhibitor of glutamate transporters, L-trans-pyrrolidine-2,4-dicarboxylic acid 

(L-trans-PDC) that increases endogenous glutamate concentration at nerve terminals, delays 

the onset of micturition by increasing intermicturition intervals and pressure thresholds in 

rats under urethane anesthesia (273).

Inhibitory amino acids (GABA, glycine, and glycine transporter)—Intrathecal 

injection of either GABAA or GABAB agonists increases bladder capacity and decreases 

voiding pressure and efficiency in normal rats (279, 501) and also suppresses DO in rats 

induced with intravesical application of oxyhemoglobin, an NO scavenger (501) or spinal 

cord injury (435). In addition, intravenous or intrathecal application of a GABA reuptake 

inhibitor (tiagabine) that increases endogenous GABA concentrations reportedly inhibits 

normal micturition in rats (500). In a small clinical study in three subjects, intrathecal 

administration of a GABAB receptor agonist (baclofen) increased the volume threshold for 

inducing the micturition reflex (89). Intrathecally administered baclofen also produced 

phaclofen-sensitive inhibition of distention-evoked micturition in conscious rats that appears 

to be resistant to capsaicin (substance P depletion) and parachlorophenylalanine (5-

hydroxytryptamine depletion) pretreatment (234). Because baclofen also inhibits field 

stimulation-evoked release of CGRP from primary afferent terminals in dorsal horn slices, 

one possible mechanism of action of GABAergic inhibition is suppression of transmitter 

release from primary afferent terminals in the spinal cord.

Previous studies also showed that glycine, another inhibitory amino acid, acting on 

strychnine-sensitive receptors exerts an inhibitory effect on the micturition reflex pathway 

(143,437) and is also involved in the inhibition of sphincter motoneurons during micturition 

(564). Glycine and GABA inhibitory mechanisms have also been identified in the neonatal 

rat spinal cord in local interneuronal inhibitory pathways projecting directly to the PGN 
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(26). Application of GABAA agonists to sacral parasympathetic PGN inhibits reflex firing, 

opens chloride channels, and hyperpolarizes the cells and baclofen, a GABAB agonist, 

suppresses Ca2+ channels in sacral PGN in the rat (26).

In addition, recent studies revealed that the level of glycine in the spinal cord is decreased by 

approximately 50% in rats with DO induced by chronic spinal cord injury, compared with 

spinal intact rats (437, 438) and that dietary supplement of glycine can restore bladder 

function along with an increase in the serum level of glycine in spinal cord injured rats 

(438). The level of glutamic acid decarboxylase (GAD), the GABA synthetic enzyme, is 

also reduced in the spinal cord and lumbosacral DRG in spinal cord-injured rats with DO 

(433) and sphincter-detrusor dyssynergia (DSD) (434), and both impaired functions are 

suppressed by intrathecal application of GABAA or GABAB receptor agonists (433, 434). 

These results suggest that downregulation of spinal glycinergic and GABAergic 

mechanisms may contribute to the emergence of neurogenic DO associated with spinal cord 

injury.

The extracellular concentration of glycine at synapses is regulated by two types of Na+/Cl− 

dependent glycine transporters (GlyTs): GlyT1 and GlyT2 (728). GlyT1 is widely 

distributed in the CNS and predominantly expressed in glial cells near both excitatory and 

inhibitory neurons, while GlyT2 is specifically distributed in the spinal cord, cerebellum, 

and brainstem, and localized in the presynaptic terminals of inhibitory glycinergic neurons 

(729). A recent study reported that intrathecal application of a selective GlyT2 inhibitor, 

ALX-1393, but not a GlyT1 inhibitor, sarcosine, produced significant increases in 

intermicturition intervals and pressure thresholds in rats with cyclophosphamide-induced 

cystitis (696), suggesting that inhibition of GlyT2 is a new approach to enhance the spinal 

glycinergic inhibitory mechanism controlling the micturition reflex.

Adrenergic—In the spinal cord, descending pathways from noradrenergic brainstem nuclei 

such as the LC can mediate excitatory and inhibitory influences on the LUT via 

adrenoceptors. In anesthetized cats, α1-adrenoceptors were implicated in a bulbospinal 

noradrenergic excitatory pathway from the LC to the sacral parasympathetic outflow to 

bladder (708–710), although subsequent studies could not confirm these findings in 

conscious cats (205).

Experiments in conscious or anesthetized rats (179, 286) revealed that intrathecal 

administration of an α1-adrenergic antagonist (doxazosin) decreases the amplitude of 

bladder contractions (285, 286). The bladder inhibitory effect of the intrathecal α1-

adrenergic antagonist is more prominent in animals with chronic outlet obstruction (286). It 

was also found that intrathecal administration of doxazosin suppresses DO (unstable bladder 

contractions) in spontaneously hypertensive rats (503). Although intrathecal injection of 

doxazosin suppresses the amplitude of reflex bladder contractions in anesthetized rats, it 

increases the frequency of isovolumetric contractions, indicating the presence of a tonic 

adrenergic inhibitory mechanism (179). This was supported by the finding that 

phenylephrine, an α1-adrenergic agonist, applied intrathecally, decreases the frequency of 

bladder contractions without changing contraction amplitude (179). Overall, it appears that 

the spinal noradrenergic system has a modulatory role in the control of the micturition reflex 

de Groat et al. Page 39

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and that efferent and afferent limbs of the micturition reflex receive excitatory and inhibitory 

input, respectively, from this system. Also, it has been reported that intrathecal injection of 

tamsulosin, an α1A-selective adrenergic antagonist, or naftopidil, a selective α1A/D-

adrenergic antagonist, transiently abolish isovolumetric rhythmic bladder contractions in 

normal rats and (600) and that intrathecal injection of naftopidil prolongs the interval 

between voiding contractions and decreases the maximum voiding contraction pressure and 

the number of nonvoiding contractions in spinalized rats (296). Intrathecal application of 

silodosin, a selective α1A adrenergic antagonist, or naftopidil also increases bladder capacity 

in a rat model of cerebral infarction induced by middle cerebral occlusion (686). These 

results suggest that α1A and/or α1D-adrenoceptor subtypes are involved in spinal excitatory 

mechanism controlling micturition in rats.

Evidence for a role of α2-adrenoceptors in micturition is conflicting because both 

facilitatory and inhibitory effects of α2-adrenoceptors have been documented (179, 286). 

Atipamezole, an α2-adrenergic antagonist given intrathecally, can increase micturition 

pressure in the conscious rat, implying that there is a tonic inhibitory adrenergic control 

(286). However, yohimbine, an α2-adrenergic antagonist, inhibits micturition in anesthetized 

rats (336). In paraplegic patients, intrathecal injection of clonidine suppresses DO (181). 

Conversely, in conscious spinal cats, clonidine, an α2-adrenergic agonist, increases bladder 

pressures and facilitates voiding (225).

It is also known that LC noradrenergic neurons are activated by visceral stimuli such as 

bladder and colon distension, and then modulate arousal and attention (493, 525). Previous 

studies showed that the excitatory response of LC neurons to bladder distention was strongly 

affected by the state of anesthesia and that the response was accompanied by lightening of 

the anesthesia, indicative of arousal, detected by EEG recordings in rats (281, 339). 

Valentino et al. also reported that neurons containing corticotropin-releasing factor in 

Barrinton’s neucleus (i.e., the PMC) relay input from pelvic visceral afferents to the LC and 

may serve as a coordinating center of central and peripheral responses to pelvic visceral 

stimuli (525, 654).

Pharmacologic experiments showed that the bladder-to-sympathetic reflex pathway is also 

modulated by spinal noradrenergic mechanisms (138, 174, 179). In the chloralose-

anesthetized cat, prazosin or doxazosin, α1-adrenergic antagonists, suppress spontaneous 

firing (516) or the reflex discharge recorded on the hypogastric nerve in response to pelvic 

nerve afferent stimulation (138). Administration of α2-adrenergic agonists also suppress 

reflex sympathetic activity (138). These observations suggest that a bulbospinal 

noradrenergic pathway provides a tonic α1-excitatory control of the bladder-sympathetic 

reflex in the spinal cord. α2-adrenergic inhibitory mechanisms are not active under control 

conditions in anesthetized animals but can be upregulated by elevating endogenous 

norepinephrine levels with an inhibitor (tomoxetine) of norepinephrine reuptake (138). 

These results suggest that the lumbar sympathetic outflow is controlled by α1-excitatory and 

α2-inhibitory mechanisms.

The activation of urethral sphincter motoneurons by stimulation of bladder (pelvic nerve) or 

urethral/perineal (pudendal nerve) afferents is part of a continence-maintaining mechanism. 
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These reflexes recorded as efferent discharges on the pudendal nerve in chloralose-

anesthetized cats are suppressed by the α1-adrenoceptor antagonist prazosin (138, 224), but 

not by the α2 blocker idazoxan (138). Whole-cell patch clamp techniques in rat neonatal 

spinal cord slices, revealed that norepinephrine depolarizes urethral sphincter motoneurons 

and evokes action potentials, and that these effects are blocked by prazosin, suggesting that 

there is a direct facilitatory mechanism increasing urethral sphincter motoneuron excitability 

by norepinephrine via α1-adrenoceptors (683).

Conversely, clonidine, a α2-adrenoceptor agonist, suppresses the reflex in anesthetized cats 

(196). The norepinephrine uptake blocker tomoxetine produces a slight inhibition alone and 

only a slightly greater inhibition after prazosin. However, it greatly facilitates the reflex 

when given after idazoxan (138). These data indicate the existence of α2-adrenoceptor-

mediated inhibition and α1-adrenoceptor-mediated tonic facilitation of sphincter function 

and that the α2-adrenoceptor-dependent inhibitory mechanism is the dominant adrenergic 

modulator of the pudendal nerve reflex (634). These α1 and α2-adrenoceptor-mediated 

facilitatory and inhibitory mechanisms, respectively, also contributeto the urethral 

continence reflex that prevents stress urinary incontinence because a norepinephrine 

reuptake inhibitor nisoxetine or a norepinephrine/serotonin reuptake inhibitor duloxetine 

induces α1-adrenoceptor activation in the lumbosacral spinal cord to enhance reflex 

contractions of the EUS during sneezing (297, 431) and that α2 adrenergic antagonists, 

yohimbine or idazoxan, enhance the duloxetine-induced urethral sphincter contraction 

during sneezing or abdominal compression in rats (223, 333).

Serotonergic—Neurons containing 5-HT in the raphe nucleus of the caudal brain stem 

send projections to the dorsal horn, as well as to the autonomic and sphincter motor nuclei in 

the lumbosacral spinal cord. In cats, activation of raphe neurons or 5-HT receptors in the 

spinal cord inhibits reflex bladder contractions and firing of the sacral efferent pathways to 

the bladder (103, 147, 165, 287, 427) and also inhibits firing of spinal dorsal horn neurons 

elicited by stimulation of pelvic nerve afferents (221). Extracellualar recordings of neuronal 

activity in the raphe nucleus during storage/voiding cycles under isovolumetric conditions 

revealed that the most common (~50%) neurons were tonic storage type that exhibited 

increased firing in the interval between reflex bladder contractions in cats (287).

In rats, the administration of m-chlorophenylpiperazine (mCPP), which is an agonist for 5-

HT2 receptors, suppresses efferent activity on bladder nerves and reflex bladder contractions 

(588). These effects are blocked by mesulergine, a 5-HT2 receptor antagonist (247, 588). 

Intrathecal administration of methysergide, a 5-HT1/2 antagonist, or zatosetron, a 5-HT3 

antagonist, decreases the micturition volume threshold in cats (206), implying that 

descending serotonergic pathways tonically depress the afferent limb of the micturition 

reflex through 5HT2 and/or 5HT3 receptors.

The role of 5-HT1 receptors in bladder activity is different in cats and rats. Administration of 

8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT), a 5-HT1A receptor agonist 

increases bladder capacity in chloralose anesthetized cats, in which the bladder was irritated 

with acetic acid, but has only moderate effects on bladder activity in the absence of irritation 

(637). The drug also has a facilitatory effect on activity of the EUS. 8-OH-DPAT also 

de Groat et al. Page 41

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibits reflex bladder activity in awake or chloralose-anesthetized, chronic spinal cord-

injured cats, but does not alter the somato-bladder excitatory reflex induced in spinal cats by 

tactile stimulation of the perigenital region (246). The effects of 8-OH-DPAT are blocked by 

WAY 100635, a 5-HT1A receptor antagonist, which alone has no effect. These results 

indicate that 8-OH-DPAT acts in the spinal cord to inhibit the micturition reflex triggered by 

C-fiber bladder afferent axons and has much less effect on the spinobulbospinal reflex 

elicited by Aδ-afferents.

In contrast, 8-OH-DPAT administered intrathecally facilitates bladder activity in both 

normal and spinal cord-injured rats but not in rats in which bladder afferents were damaged 

by treatment with capsaicin at birth (377). Conversely, administration of the 5-HT1A 

receptor antagonist WAY 100635, which increases the firing rate of raphe neurons by 

blocking 5-HT1A inhibitory autoreceptors, inhibits reflex bladder contractions in rats (629). 

The inhibition is antagonized by pretreatment with mesulergine, a 5-HT2 receptor 

antagonist, indicating that 5-HT2 receptors are involved in descending raphe/spinal 

inhibitory mechanisms (629). Similar inhibitory effects of another 5-HT1A receptor 

antagonist, NAD-299, on the micturition reflex have been reported in rats (502).

When the effects of intrathecal administration of WAY 100635 on the ascending and 

descending limbs of the micturition reflex pathway were examined in anesthetized rats, 

WAY 100635 depressed bladder contractions evoked by electrical stimulation of the PMC, 

but did not alter the evoked field potentials in that region during electrical stimulation of 

afferent axons in the pelvic nerve, indicating that the drug suppresses the pathway from the 

brainstem to the spinal cord but does not alter the afferent pathway from the bladder to the 

PMC (147, 299). Thus, micturition in the rat is facilitated by stimulation of 5HT1 inhibitory 

autoreceptors, whereas in the cat 5HT1 receptor activation appears to act primarily through 

postsynaptic mechanisms to promote urine storage by enhancing sphincter activity and 

suppressing bladder activity (149).

The sympathetic autonomic nuclei as well as the sphincter motor nuclei also receive a 

serotonergic input from the raphe nucleus (153, 206, 634). Serotonergic activity mediated 

via 5-HT2 and 5-HT3 receptors enhances urine storage by facilitating sphincter reflexes in 

cats (139, 206). A recent study in rats also reported that activation of 5HT2C receptors 

enhances the urethral closure reflex induced by pudendal nerve-mediated urethral striated 

muscle contraction during sneezing at the spinal level whereas 5HT1A receptors inhibit it 

because intrathecally applied 8-OH-DPAT (a 5HT1A agonist) decreases urethral contractile 

responses during sneezing and mCPP (a 5HT2 agonist) increases them, and the effects of 8-

OH-DPAT and mCPP are antagonized by intrathecal applications of WAY-100635, a 

selective 5HT1A antagonist, and RS-102221, a selective 5HT2C antagonist, respectively 

(432).

Duloxetine, a combined norepinephrine/serotonin reuptake inhibitor has been shown, in a 

bladder-irritated cat model, to increase the neural control of the urethral sphincter and 

suppress the bladder (634, 636). Thus, duloxetine has been proposed as a treatment for both 

stress and urge incontinence (90, 634). Duloxetine increases the neural activity to the EUS 

via 5-HT2 receptors and α1-adrenoceptors and decreases bladder activity via 5-HT1 
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receptors in the spinal cord (634). Clinical trials have also shown the efficacy of duloxetine 

for the treatment of stress urinary incontinence, and the drug has been approved in Europe 

and is already available in several countries (92) although it was withdrawn from the FDA 

approval process in the US by the manufacturer.

Acetylcholine—Muscarinic acetylcholine (mACh) receptors have an inhibitory effect on 

the micturition reflex in the spinal cord. In the rat, intrathecal application of an ACh receptor 

agonist, oxotremorine-M, or a cholinesterase inhibitor, neostigmine, increases bladder 

capacity and pressure threshold for initiating micturition, and these effects are atropine-

sensitive, indicating a mACh receptor-mediated inhibitory action in the spinal cord (282, 

405, 407). Since intrathecal application of atropine by itself has no effects on the micturition 

reflex in normal rats, but decreases intermicturition intervals in rats with cyclophosphamide-

induced cystitis, the endogenous mACh mechanism for the inhibitory modulation of 

micturition, which is not tonically active in the normal condition, might be upregulated after 

bladder inflammation (407). Nicotinic receptors are also involved in the control of voiding 

function since intrathecal application of nicotine has a facilitatory effect on the micturition 

reflex in the rat (406).

Spinal mAChR also modulate the urethral continence reflex that prevents stress urinary 

incontinence since a cholinesterase inhibitor, neostigimine, administered intrathecally 

reduces the urethral closure reflex induced by pudendal nerve-mediated urethral striated 

muscle contraction during sneezing. The neostigmine-induced decrease in sneeze-induced 

urethral responses was reversed by pretreatment with atropine (nonselective mACh 

antagonist), methoctramine (M2 receptor antagonist) or 4-DAMP (M3 receptor antagonist), 

but not with pirenzepine (M1 receptor antagonist), tropicamide (M4 receptor antagonist), or 

mecamylamine (nicotinic receptor antagonist), suggesting the involvement of M2 and M3 

mACh in muscarinic receptor-mediated modulation of urethral function (695).

Opioid peptides—Opioid peptides have an inhibitory action on reflex pathways in the 

spinal cord. In the cat spinal cord, inhibition of reflex bladder activity is mediated by μ 

receptors whereas inhibition of sphincter activity is mediated by κ receptors (165, 174, 701). 

In the rat, both μ and δ receptors mediate bladder inhibition (174, 197–199, 496). The spinal 

opioid inhibitory system can also be activated by tachykinins via NK3 receptors (301) and 

by endothelins via endothelin A receptors (487) to inhibit the micturition reflex.

Opioid receptors also seem to be involved in pudendal or tibial nerve neuromodualtion, 

which has been shown to be effective for the treatment of OAB symptoms, because 

naloxone, an opioid receptor antagonist, reverses the increasing effect of pudendal or tibial 

nerve stimulation on bladder capacity during intravesical saline infusion or bladder 

overactivity induced by intravesical acetic acid infusion, respectively, in cats (101, 399, 

613). However, the site of action for opioid receptor activation during neuromodulation may 

not be limited to the spinal cord as naloxone was administered systemically in these studies.

Pontine micturition center and supraspinal pathways

Glutamate—Glutamic acid has a role in excitatory transmission at supraspinal sites in the 

micturition reflex pathway. Exogenous L-glutamate or its analogue injected at sites (PMC or 

de Groat et al. Page 43

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



parabrachial nucleus) in the brain stem of supracollicular decerebrate or chloralose 

anesthetized cats where electrical stimulation evoke bladder contractions (348), elicits 

voiding when the bladder is partially filled or elicits increased frequency and amplitude of 

rhythmic bladder contractions when the bladder is filled above the micturition threshold 

volume and maintained under isovolumetric conditions (103,398). On the other hand, 

injections of glutamic acid at some sites in the PMC elicits inhibition of isovolumetric 

contractions or initial excitation followed by inhibition (398).

Administration of glutamatergic agonists into the region of the PMC in rats also elicits 

voiding or increases frequency and amplitude of bladder contractions (416, 521), whereas 

injection of agonists in the brain of rats and cats at other sites known to have inhibitory 

functions in micturition elicits inhibitory effects(102, 103, 465, 471, 599). 

Intracerebroventricular injection of AMPA or NMDA receptor antagonists blocks reflex 

bladder contractions in anesthetized rats, indicating that glutamatergic transmission in the 

brain is essential for voiding function (718).

In rat brain slices patch clamp recordings from PPO and PSO neurons projecting, 

respectively, to the sacral parasympathetic and thoraco-lumbar sympathetic 

intermediolateral nuclei (250) revealed that spontaneous EPSCs recorded after blocking 

GABAergic and glycinergic inhibitory receptors with bicuculline and strychnine were 

blocked by the AMPA glutamatergic receptor antagonist CNQX. This indicates that the 

neurons receive excitatory inputs from glutamatergic neurons located in the slice. Blocking 

AMPA and NMDA ionotropic glutamate receptors also decreases the spontaneous firing of 

PSO neurons but paradoxically increases the firing of PPO neurons indicating that the latter 

neurons receive a tonic inhibitory input triggered by a glutamatergic mechanism. This is 

consistent with the observation mentioned above that injections of glutamate at some sites in 

the cat PMC unexpectedly inhibited reflex bladder activity (398).

A recent study also showed that a nonselective inhibitor of glutamate transporters, L-trans-

PDC, administered into the lateral ventricle increases intermicturition intervals and pressure 

thresholds in anesthetized rats, suggesting that global activation of the glutamatergic system 

at supraspinal sites has an inhibitory effect on micturition, possibly via activation of 

glutamate-mediated inhibitory pathways (273).

Acetylcholine—In the rat brain, muscarinic receptor-mediated cholinergic mechanisms 

may be involved in both inhibitory and facilitatory modulation of the micturition reflex 

(282, 284, 688), and the muscarinic inhibitory mechanism seems to involve an activation of 

M1 muscarinic receptors (688) and PKC (467). One site of action can be localized to the 

midbrainpons region because cholinergic agonists are effective after supracollicular 

decerebration in rats (569). In the brain stem, microinjection of ACh to the PMC in cats 

increased or decreased the threshold volume for inducing a reflex contraction of the bladder 

(598, 701). These effects were blocked by atropine, indicating a role of muscarinic 

receptors. Nicotinic receptors are also involved in the control of voiding function since 

nicotinic receptor agonists, epibatidine or nicotine, injected into the lateral ventricle have an 

inhibitory effect on the micturition reflex in the rat (380, 406). A decreased volume 

threshold and increased micturition pressure were detected after administration of 
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bethanechol, a muscarinic agonist, into the central circulation of the cross-perfused dog 

(484).

GABA and Glycine—GABA has been implicated as an inhibitory transmitter at 

supraspinal sites where it can act on both GABAA and GABAB receptors (152, 174, 179, 

304, 701). As mentioned in an earlier section of this paper, injection of GABAA receptor 

agonists, into the PMC of decerebrate cats or into the PAG of rats suppresses reflex bladder 

activity and increases the volume threshold for inducing micturition (398). These effects are 

reversed by bicuculline, a GABAA receptor antagonist; and bicuculline alone stimulates 

bladder activity and lowers the volume threshold for micturition, indicating that the 

micturition reflex pathway in the PMC and PAG is tonically inhibited by a GABAergic 

mechanism. Intracerebroventricular administration of melatonin increases bladder capacity 

in rats; and this effect is blocked by bicuculline indicating that melatonin activates a 

GABAergic inhibitory mechanism in the brain (414). Intracerebroventricular injection of 

baclofen, a GABAB agonist, suppresses distention-evoked micturition in urethane-

anesthetized rats but unexpectedly this effect is not blocked by phaclofen, a GABAB 

receptor antagonist (165, 174).

Patch clamp recordings in rat brain slices showed that blocking GABAA receptors with 

bicuculline increases the excitability of both PPO and PSO neurons, while blocking glycine 

receptors with strychnine increases the firing of only PPO neurons (250). Blocking 

ionotropic glutamatergic receptors which increases firing of PPO neurons in untreated slices 

does change firing in the presence of strychnine, indicating that glutamatergic excitatory 

transmission generates the tonic glycinergic inhibitory input to PPO neurons.

Dopamine—In the central nervous system, dopaminergic pathways exert inhibitory and 

facilitatory effects on the micturition reflex through D1-like (D1 or D5 subtypes) and D2-

like (D2, D3, or D4 subtypes) dopaminergic receptors, respectively, (Fig. 24) (11, 258, 335, 

558, 689, 704–706, 712). In anesthetized cats, activation of dopaminergic neurons in the 

substantia nigra inhibits reflex bladder contractions via D1-like receptors (712). In awake 

rats a D1 dopaminergic antagonist (SCH 23390) facilitates the micturition reflex whereas a 

D1 agonist (SKF 38393) does not alter reflex bladder contractions, suggesting that D1 

receptor-mediated suppression of bladder activity is tonically active in the normal awake 

state (558). Conversely, activation of central D2-like dopaminergic receptors with quinpirole 

or bromocriptine facilitates the micturition reflex pathway in rats, cats, and monkeys (335, 

689, 704–706). D2-like receptor-mediated facilitation of the micturition reflex may involve 

actions on spinal cord (Fig. 24) as well as actions on the brain stem because microinjection 

of quinpirole intrathecally in rats (705) or dopamine into the PMC in cats(165) reduces 

bladder capacity and facilitates the micturition reflex.

It is also known in cats that neurons in the substantia nigra pars compacta and the ventral 

tegmental area, which are the major dopamine-containing nuclei in the midbrain, respond to 

the storage/micturition cycles of isovolumetric cystometry (536) and that dopamine levels in 

the striatum, where nigrostiatal dopaminergic nerves terminate (Fig. 24), increase during the 

storage phase of the micturition cycle (681). Thus, central dopaminergic pathways appear to 
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be involved in the control of the bladder function through actions on multiple receptors at 

different sites in the brain.

Activation of D2-like receptors at a supraspinal site suppresses the activity of the striated 

sphincter muscle and reduces intraurethral pressure; whereas inhibition of dopamine D1- or 

D2-like receptors has a minimal effect on urethral function in anesthetized rats, suggesting 

the dopaminergic control of urethral function is minimally active in the normal condition 

(488).

Opioid peptides—Intracerebroventricularly administered morphine suppresses 

isovolumic bladder contractions in rats and cats, and this effect is blocked by naloxone 

(197–199, 264). Naloxone administered intracerebroventricularly also reverses the effects of 

systemically administered morphine. Naloxone administered alone intracerebroventricularly 

or injected directly into the PMC facilitates the micturition reflex, indicating that micturition 

is tonically inhibited by a supraspinal opioid mechanism (264, 478). Both μ and δ opioid 

receptors mediate inhibitory effects that are blocked by naloxone (264, 398). In addition, 

activation of μ and δ1, but not δ2 opioid receptors in the brain increases bladder capacity in 

both normal rats and rats with cerebral infarction that exhibit frequent voiding; however, κ 

receptor activation increases bladder capacity only in rats with cerebral infarction (464). In 

rat brain slices application of DAMGO a specific μ opioid receptor agonist suppresses the 

firing of PPO and PSO neurons in the PMC (250). DAMGO hyperpolarizes PPO but not 

PSO neurons.

Developmental Changes in Micturition Reflexes

Reflex changes

The mechanisms involved in storage and periodic elimination of urine undergo marked 

changes during prenatal and postnatal development (91, 150, 156, 157). In the young fetus 

prior to maturation of the nervous system, urine is eliminated from the bladder by nonneural 

mechanisms; however at later stages of development voiding is regulated by primitive reflex 

pathways organized in the spinal cord. As the central nervous system matures during the 

postnatal period, reflex voiding is eventually brought under voluntary control which 

originates in the higher centers of the brain.

In many species (eg., rats and cats) voiding in neonates is dependent on an exteroceptive 

somato-bladder reflex mechanism triggered when the mother licks the genital or perineal 

region of the young animal (157, 396, 632, 635, 638). The exteroceptive reflex is organized 

in the sacral spinal cord and has an afferent limb in the pudendal nerve and an efferent limb 

in the pelvic nerve. Similar reflexes have been identified in human infants (72). In newborn 

kittens and rats the exteroceptive perineal-to-bladder reflex is essential for survival because 

isolation of the newborn from its mother leads to urinary retention (91, 344, 345, 632). This 

indicates that an adult form of reflex voiding which is induced by bladder distension is not 

functional in neonatal animals. The latter type of voiding mediated by the spinobulbospinal 

reflex pathway and by the micturition center in the brain stem, only emerges several weeks 

after birth (157, 632). During this same period of time the perineal-to-bladder reflex 

becomes progressively weaker and eventually disappears. Thus postnatal maturation of 
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voiding function is associated with a prominent reorganization of synaptic connections in 

bladder reflex pathways leading to downregulation of primitive spinal mechanisms and 

upregulation of mature supraspinal mechanisms. It seems likely that this developmental 

switching mechanism is dependent upon competition between brain and spinal pathways 

because spinal cord injury in adult animals and humans which interrupts brain-spinal cord 

connections causes the reemergence of the neonatal perineal-to-bladder reflex. Recent 

studies (28,596,597,721) which used tract tracing techniques and electrophysiological 

methods have provided insights into the synaptic changes underlying developmental 

neuroplasticity in the parasympathetic pathways to the urinary bladder.

Anatomy

Although voiding in neonatal rats does not depend on neural mechanisms in the brain, a 

large number of neurons at various sites in the brain are labeled by PRV injected into the 

urinary bladder of 2 and 10 day old rat pups (604). Indeed, the distribution of PRV-infected 

neurons is somewhat broader than in adult rats. At the earliest survival times (72 h) the most 

prominent labeling is in the PMC. Other neuronal populations that are labeled at slightly 

longer times (78–84 h) include the NRM, A5 and A7 regions, parapyramidal reticular 

formation, the PAG, LC, the lateral hypothalamus, medial preoptic area and the frontal 

cortex. These areas are also labeled in adult animals (Fig. 9). Many of these correspond to 

sites where electrical stimulation facilitates or inhibits bladder activity in adult animals. 

Thus even in neonatal animals some supraspinal mechanisms may already be functioning, 

possibly in an inhibitory manner, to suppress the spinobulbospinal micturition reflex 

pathway allowing micturition to be controlled by primitive spinal reflex mechanisms.

Physiology

In vivo studies—Measurements of bladder activity as well as voiding function in 

anesthetized or unanesthetized neonatal rats and kittens have revealed strong reflex 

activation of the parasympathetic outflow to the bladder in response to tactile stimulation of 

the perineal region (164, 345, 396, 632, 635, 638). The reflex activity is mediated by 

pathways in the spinal cord because it is unaffected by transection of the cord rostral to the 

lumbosacral segments. In rats the voiding response to perineal stimulation is depressed by 

either NMDA or nonNMDA glutamatergic receptor antagonists indicating that glutamic 

acid, the principal excitatory transmitter in the central nervous system, plays an essential 

role in the spinal mechanisms involved in the perineal-to-bladder reflex (596, 721).

Although the spinobulbospinal micturition reflex is nonfunctional in young kittens and rat 

pups, the pathway seems to be “wired-up” and can be activated under certain conditions. For 

example in 50% of 2-day-old rats and 100% of 6- to 9-day-old rats, removal of the forebrain 

(decerebration) unmasks reflex bladder activity in response to bladder distension (344). This 

activity is abolished by transection of the spinal cord rostral to the lumbar level, indicating 

that it is mediated by a supraspinal pathway. In kittens similar reflexes can be evoked after 

the administration of certain anesthetics such as chloralose or ketamine. Under general 

anesthesia the immature spinobulbospinal reflex in kittens exhibits a very long central delay 

(225–325 ms) (164) in comparison to the delay in adult cats (60–75 ms). This long delay is 

presumably due to the slow conduction velocity of immature central axons in the newborn 
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animal. The latency of the reflex progressively shortens during the first eight postnatal 

weeks reaching the adult latency by 2 to 3 months of age. These findings are consistent with 

the results of PRV tracing and indicate that supraspinal bladder-to-bladder reflexes are 

organized relatively soon after birth but are tonically suppressed by inhibitory mechanisms 

in the brain. Suppression of these inhibitory mechanisms by decerebration or anesthetics in 

young animals or by the natural process of neural maturation in older animals leads to the 

emergence of the latent reflex pathway and the appearance of mature voiding mechanisms.

In vitro brain stem-spinal cord-bladder preparation—Perineal-to-bladder reflexes 

have also been studied in vitro using preparations consisting of: (i) the spinal cord or the 

brain stem-spinal cord, (ii) the bladder and perineal region, and (iii) the relevant peripheral 

neural pathways (596, 597). Reflexly active preparations have been obtained from rat pups 

ranging from 4 to 10 days of age. As noted in vivo, tactile stimulation of the perineal region 

in these preparations induces neurally evoked contractions of the bladder that are blocked by 

the administration of ganglionic blocking agents or by non-NMDA glutamatergic receptor 

antagonists as noted in vivo. Transection of the spinal cord above the lumbar segments does 

not block but commonly enhances the reflex indicating that input from the brain stem 

tonically inhibits the spinal reflex pathway. Excitatory projections from the brain to the 

parasympathetic outflow to the bladder are also elicited by microstimulation of a narrow 

fiber tract running rostrocaudally through the medulla (597). This finding is consistent with 

in vivo and anatomical experiments showing that the descending limb of the 

spinobulbospinal micturition reflex is functional in neonatal animals.

In vitro spinal cord slice preparation—The mechanisms underlying the developmental 

suppression of the perineal-to-bladder reflex and its re-emergence after spinal cord injury 

were studied using patch clamp recordings in identified PGN in spinal cord slice 

preparations from 6- to 28-day-old neonatal rats (28). Interneurons located within 100 um of 

the PGN were stimulated with extracellular micropipettes to elicit postsynaptic currents in 

the PGN.

Two types of interneurons were identified: (i) interneurons located dorsal and medial to the 

PGN that elicit excitatory postsynaptic currents (EPSCs) and (ii) interneurons located medial 

to the PGN that elicit inhibitory postsynaptic currents (IPSCs) (28). Dorsal interneurons 

receive excitatory synaptic inputs from axonal pathways on the lateral edge of the dorsal 

horn, an area known to contain primary afferent projections to the parasympathetic nucleus. 

The EPSCs in PGN evoked by dorsal interneurons consist of fast and slow components that 

are blocked respectively by nonNMDA (CNQX) and NMDA (APV) glutamatergic receptor 

antagonists. Repetitive stimulation of dorsal interneurons facilitates the amplitude of EPSCs 

and elicits action potentials in PGN. Because dorsal interneurons are exclusively excitatory 

to PGN and receive excitatory inputs from presumptive afferent axons it is likely that these 

interneurons are part of a disynaptic parasympathetic reflex pathway that underlies the 

perineal-to-bladder reflex. Thus the effect of postnatal maturation on the efficiency of dorsal 

interneuron-to-PGN synaptic transmission was evaluated to determine if changes in 

transmission could account for downregulation of the reflex pathway during postnatal 

development.
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In slice preparations from 1- and 2-week-old rats the dorsal interneuron-evoked EPSCs are 

large and of constant amplitude. However, in preparations from 3 week old rats, an age 

when the spinobulbospinal micturition has emerged, the EPSCs are reduced in amplitude by 

50%. Quantal analysis of unitary EPSCs indicated that this reduction in amplitude is 

attributable to a decrease in the presynaptic release of glutamic acid and is not due to a 

change in the density or sensitivity of postsynaptic glutamatergic receptors (28). Transection 

of the spinal cord between 1 and 2 weeks of age prevents the reduction in synaptic 

transmission that occurs at 3 weeks of age.

These observations are most reasonably explained by anatomical changes in the synapses in 

the sacral parasympathetic nucleus. It seems likely that maturation of the bulbospinal 

pathways to the PGN during the second to third postnatal week, at the same time when the 

mature bladder-to-bladder spinobulbospinal reflex is emerging, downregulates the 

interneuronal-PGN excitatory synapses, possibly by synapse elimination in response to 

competition for synaptic space between boutons of interneurons and descending axons. 

Transection of the spinal cord which causes degeneration of the descending axons blocks 

this synaptic reorganization and maintains the primitive neonatal reflex pathway. A similar 

degeneration of descending axons in adult animals could stimulate axonal sprouting in 

interneuronal pathways and cause the re-emergence of the neonatal perineal-to-bladder 

reflex in chronic spinal animals.

In summary, neuroanatomical and electrophysiological techniques have provided new 

insights into the organization of the spinal cord circuitry and the neurotransmitter 

mechanisms involved in primitive voiding reflexes in neonatal animals. In addition, studies 

of unitary synaptic transmission in spinal cord slice preparations indicate that developmental 

and spinal cord injury induced plasticity in sacral parasympathetic reflex pathways is due in 

part to alterations in glutamatergic excitatory transmission between interneurons and PGNs. 

Thus, synaptic remodeling in the sacral parasympathetic nucleus is likely to be an important 

factor in the postnatal maturation of voiding reflexes.

Disease-Induced Changes in Micturition

Spinal cord injury and neuropathic bladder

Role of bladder C-fiber afferents—SCI rostral to the lumbosacral level eliminates 

voluntary and supraspinal control of voiding, leading initially to an areflexic bladder and 

complete urinary retention followed by a slow development of automatic micturition and 

bladder overactivity mediated by spinal reflex pathways (28,142,161,164, 175,177,178,697). 

However, voiding is commonly inefficient due to simultaneous contractions of the bladder 

and urethral sphincter (DSD). Electrophysiologic studies in animals have shown that the 

micturition reflex pathways in spinal intact animals and in chronic spinal-injured animals are 

markedly different (105,141,168). In cats with an intact spinal cord, myelinated (Aδ) 

afferents activate the micturition reflex, whereas in cats with chronic thoracic spinal cord 

transection, micturition is induced by unmyelinated (C-fiber) axons (Fig. 25). In normal 

cats, capsaicin does not block reflex contractions of the bladder or the Aδ-fiber-evoked 

bladder reflex. However, in cats with chronic spinal injury, capsaicin, a neurotoxin known to 

disrupt the function of C-fiber afferents, completely blocks C-fiber-evoked bladder reflexes 
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(Fig. 25) (105,161). In chronic spinal cord injured rats capsaicin treatment reduces 

nonvoiding contractions during bladder filling and partially normalizes external urethra 

sphincter activity (104).

Chronic spinal injury in humans also causes the emergence of an unusual bladder reflex that 

is elicited in response to infusion of cold water into the bladder (229). Studies in animals 

indicate that cold temperature activates receptors in bladder C-fiber afferents and urothelial 

cells (209, 590). Contribution of afferent hyperexcitability to the emergence of bladder 

overactivity in SCI has also been identified by clinical studies using neurotoxins such as 

botulinum toxin and resiniferatoxin (RTX). For example, suppression of bladder afferent 

activity with botulinum toxin, which in essence produces chemical denervation, effectively 

treats DO; mitigates urgency in both neurogenic DO in SCI patients, and, with sustained 

therapy, reduces the expression of the capsaicin receptor (TRPV1) and the purinergic 

receptor (P2X3) in C-fiber afferents (23, 24). In patients with SCI-induced DO, the clinical 

response to intravesical therapy with the C-fiber afferent toxin RTX is accompanied by a 

marked decrease in the density of nerve fibers positively stained for PGP9.5, and TRPV1. 

Six of 17 patients showed a satisfactory clinical response to RTX treatment, with marked 

improvements on cystometry and other parameters whereas SCI patients who did not 

respond to RTX showed no decrease in nerve fiber staining (80, 81).

The emergence of C-fiber bladder reflexes seems to be mediated by several mechanisms 

including changes in central synaptic connections and alterations in the properties of the 

peripheral afferent receptors that lead to sensitization of the “silent” C fibers and the 

unmasking of responses to mechanical stimuli (146, 175, 177, 178). In rats, it has been 

shown that bladder afferent neurons undergo both morphologic (neuronal hypertrophy) 

(343) and physiologic changes including a shift from the high-threshold, tetrodotoxin 

(TTX)-resistant Na+ channel type to the low-threshold, TTX-sensitive Na+ channel type 

(697, 702) as well as downregulation of low-threshold A-type K+ channels that is associate 

with decreased expression of Kv1.4 α-subunit following SCI (617). Measurements of single 

unit afferent activity in the L6 dorsal root during constant bladder filling in SCI and spinal 

intact rats, identified a greater number of both Aδ and C type bladder afferent fibers 

categorized as the accelerated type in SCI rats. These afferents exhibit a sudden increase in 

firing of more than 10 Hz during small bladder contractions, indicating an increase in 

bladder afferent excitability after SCI (280).

Role of neurokinins—Destruction of lumbosacral spinal neurons expressing 

neurokinin-1 (NK-1) receptors using substance P conjugated with saporin does not affect 

reflex voiding in normal rats, but reduces the bladder irritant effects of intravesical capsaicin 

(557) and reduces nonvoiding contractions in SCI rats (560). Similarly, intrathecal 

administration of a selective NK-1 receptor antagonist (L-733060) does not affect the 

micturition reflex in spinal intact rats but blocks the micturition reflex in SCI rats (733). 

These data coupled with the increased expression of substance P in the region of the sacral 

parasympathetic nucleus in SCI rats (733) suggest that activation of NK-1 receptors in the 

spinal cord plays a role in SCI-induced DO. However, oral administration of selective NK1 

(GR 82334) and NK2 receptor antagonists (MEN 11420) which do not penetrate the blood-

brain barrier, also suppress DO in SCI rats, suggesting that peripheral NK1 and NK2 
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receptors, possibly expressed in the bladder, also contribute to the emergence of DO in SCI 

(1, 2).

Role of VIP and PACAP—The expression of VIP and PACAP in lumbosacral afferent 

pathways is increased after spinal cord injury (741). The pharmacological effect of VIP on 

bladder activity is also changed after SCI. Intrathecal administration of VIP, which 

suppresses reflex bladder activity in cats with an intact spinal cord, enhances or unmasks 

reflex bladder activity in chronic SCI cats (161, 638). PACAP-27 or PACAP-38 enhances 

reflex bladder activity when administered intrathecally (283,720) and PACAP-38 has 

excitatory effects on lumbosacral parasympathetic neurons in the rat (428). Intrathecal 

administration of PACAP6-38, an agent that blocks one type of PACAP receptor (PAC-1) 

suppresses bladder overactivity in chronic SCI rats indicating a role for PACAP in 

neurogenic DO (739).

Role of GABA—As mentioned earlier, reduced GABAergic inhibition could contribute to 

the development of neurogenic DO because mRNA levels of GAD67, an enzyme involved 

in GABA synthesis, are decreased in the spinal cord after SCI in rats (433). A possible 

therapy for neurogenic DO has emerged from experimental studies, in which an HSV vector 

encoding the GAD gene was injected into the bladder of SCI rats to increase GAD 

expression in bladder afferent nerves. This treatment reduces DO and DSD in SCI rats (436, 

439); an effect similar to that elicited in chronic SCI rats by desensitization of C-fiber 

bladder afferents with systemic capsaicin administration.

Role of TRP receptors—The number of suburothelial nerve fibers expressing TRPV1 

receptors, which are predominantly expressed in C-fiber afferent pathways, is increased in 

patients with neurogenic DO compared to controls (81). In rats with SCI, duodenal 

administration of a TRPV1 antagonist (GRC 6211) reduces bladder contraction frequency in 

SCI rats (540). In addition, intravenous administration of a TRPA1 antagonist (HC-030031) 

or intrathecal treatment with antisense oligodeoxynucleotide of TRPA1 receptors is effective 

in suppressing DO in SCI rats (20). These results along with the increased TRPA1 

expression in the bladder and L6-S1 DRG in SCI rats (20) suggest that TRP receptors such 

as TRPV1 and TRPA1 are involved in the emergence of C-fiber bladder afferent 

hyperexcitability that contributes to neurogenic DO in SCI.

Role of neurotrophic factors—It has been speculated that SCI-induced neuroplasticity 

is mediated by the actions of neurotrophic factors such as NGF released within the urinary 

bladder or the spinal cord. Figures 26 and 27, respectively, depict the peripheral and central 

mechanisms inducing afferent sensitization and bladder overactivity by neurotrophins such 

as NGF or BDNF. NGF, which can be produced by urothelium, mast cells and detrusor 

smooth muscle cells in response to stretch or inflammation, binds to TrkA receptors 

expressed in suburothelial C-fiber afferent nerve terminals, which express TRPV1, 

mechanosensitive channels, P2X3 purinergic receptors and different types of voltage gated 

channels. The neurotrophin-Trk complex is retrogradely transported to cell bodies in the 

lumbosacral DRG to sensitize bladder afferent pathways (Fig. 26) and increase synthesis of 

excitatory neuromediators, such as substance P, CGRP and BDNF in DRG neurons, which 
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then activate their corresponding receptors (NK1, CGRP receptor and TrkB, respectively) 

when released from nerve terminals to induce central sensitization of afferent pathways and 

bladder overactivity (Fig. 27).

In clinical studies, NGF production is elevated in the bladder and urine samples of SCI 

patients with DO. NGF levels can be reduced along with symptom improvement after 

intradetrusor botulinum toxin treatment (231, 385). Animal studies also demonstrated that 

the production of neurotrophic factors including NGF increases in the bladder after SCI 

(661) and chronic administration of NGF into the spinal cord or into the bladder wall in rats 

induces bladder overactivity and increases excitability of bladder afferent neurons 

(366,698,740). Increased transport of NGF to DRG cell bodies or central NGF production in 

the injured spinal cord could modulate the micturition pathway at the spinal level. 

Intrathecal delivery of an NGF monoclonal antibody diminishes neurogenic DO and DSD in 

rats with SCI (559, 560). Thus, a combination of peripheral and central NGF actions is 

likely to be involved in the emergence of neurogenic DO (Figs. 26, 27). Roles of other 

neurotrophic factors such as BDNF have not yet been defined.

Bladder outlet obstruction

BOO which can occur in patients with BPH often produces detrusor hypertrophy and DO 

(19, 237). Increased detrusor myogenic activity which is an important contributor to BOO 

induced DO can be induced by many mechanisms including: denervation supersensitivity of 

cholinergic (muscarinic) receptors (583), increases in purinergic receptor mediated 

contractile responses as well as expression of purinergic receptors such as P2X1 (75, 485), 

changes in the cell-to-cell communication in detrusor muscles due to upregulation of gap-

junction proteins such as connexin 43 (112, 253) and increased in the number of interstitial 

cells (328, 349).

In addition to functional changes in the detrusor, BOO also alters neural networks in the 

central nervous system. BOO in rats enhances a spinal micturition reflex (587) and clinically 

enhances the bladder ice water test, which is mediated by a C-fiber afferent-dependent 

spinal micturition reflex, consistent with considerable upregulation of C-fiber afferent 

mechanisms in BOO patients with BPH (94,262,263). Among BOO patients with a positive 

ice-water test, the incidence of DO was significantly greater in those who reported episodes 

of nocturia greater than or equal to three times the frequency reported by patients with fewer 

episodes (94,262,263). Within the spinal cord, obstruction stimulates an increased 

expression of GAP-43, an effect often associated with axonal sprouting after injury (586). 

These observations suggest an enhancement or de novo development of new spinal circuits 

after obstruction. Similar to spinal cord injury, obstruction causes hypertrophy of bladder 

afferent and efferent neurons (584,585). Conversely, relief of obstruction is associated with 

the reduction of urinary frequency and reversal of these neural changes (589). In animals 

that fail to revert to a normal voiding pattern after relief of obstruction, this neuroplasticity 

persists.

Role of neurotrophic factors—Men with OAB symptoms and BOO caused by BPH 

display increased levels of NGF in bladder tissues (589) and increased levels of urinary 
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NGF (386). Also, NGF elevation in the urine is reduced following successful BPH treatment 

with an α-adrenoceptor antagonist or a 5α-reductase inhibitor (386). NGF content is 

increased in obstructed bladders in BOO animals (589), and this increase in NGF content 

precedes the enlargement of bladder neurons and the developmental of urinary frequency 

(584,585). Moreover, blockade of NGF action using autoantibodies prevents the neural 

plasticity and urinary frequency after obstruction (589). In animals with persistent urinary 

frequency after relief of obstruction, NGF remains elevated in the bladder. These findings 

suggest a cause-and-effect relationship between NGF-mediated changes in bladder afferents 

and an enhanced spinal micturition reflex and urinary frequency associated with BOO.

Inflammation/bladder pain syndrome

Bladder pain syndrome/interstitial cystitis (BPS/IC) is a disease with LUT symptoms such 

as urinary frequency and bladder pain related to bladder filling. Although the etiology of 

BPS/IC is still not known, there is increasing evidence that the disorder is associated with 

urothelial dysfunction and afferent hyperexcitability due to neurogenic bladder inflammation 

(52,699,713). Chronic conditions that involve continuous tissue inflammation or irritation 

can induce changes in sensory pathways that lead to hyperalgesia (heightened response to 

painful stimuli) and allodynia (pain in response to normally nonpainful stimuli). Thus, 

continuous tissue inflammation in visceral organs such as the bladder can lead to 

sensitization of afferent nerves and increased afferent nerve responses to both noxious and 

nonnoxious stimuli (251, 561). In a rat model of chronic cystitis induced by 

cyclophosphamide or hydrochloric acid, it has been shown that capsaicin-sensitive bladder 

afferent neurons increase their excitability due to decreased density of A-type K+ (KA) 

currents, associated with the decreased expression of the Kv1.4 α-subunit (260,703). Similar 

somal hyperexcitability due to reduced KA current expression after chronic tissue 

inflammation has also been detected in afferent neurons innervating the rat stomach (135) or 

the guinea pig ileum (592). Thus, the reduction in KA current size could be a key mechanism 

inducing afferent hyperexcitability and pain in visceral organs including the bladder. 

Suppression of these K+ currents with drugs such as 4-aminopyridine can acutely increase 

afferent neuron excitability (553, 556, 703).

A previous study using cats with naturally occurring feline-type IC has also demonstrated 

that capsaicin-sensitive DRG neurons exhibit an increase in cell size and firing rates to 

depolarizing current pulses due to a reduction in low-threshold K+ currents elicited by 

membrane depolarization between–50 to−30 mV (554). If these changes in neuronal cell 

bodies similarly occur at C-fiber afferent terminals in the bladder wall, such 

hyperexcitability may represent an important mechanism for inducing pain in the inflamed 

bladder. Therefore, suppression of C-fiber activity represents a mechanism for treating 

bladder pain. This is supported by previous findings that C-fiber desensitization induced by 

intravesical application of high-dose capsaicin or RTX is effective for treating painful 

symptoms in patients with IC (374, 375) although another prospective, randomized clinical 

trial using intravesical RTX application failed to show a significant improvement of 

symptoms in patients with IC (499).
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Chemical inflammation of the rat urinary bladder also induces increased expression of 

various chemical markers in afferent neurons in lumbosacral DRG innervating the bladder 

(33), such as NOS (663), growth-associated protein (GAP-43) (662), PACAP (659), 

neuropeptides such as substance P (660), PARs (140), cyclooxygenase-2 (COX-2), and 

prostaglandins (276). Some of these changes may also contribute to the development of 

afferent sensitization.

Role of TRP receptors—In patients with BPS/IC, there is a significant increase in 

suburothelial nerve fibers expressing TRPV1 and the increase is correlated with pain scores 

(452). There is also evidence that chronic bladder inflammation in animal models can induce 

changes in functional properties of chemosensitive receptors such as TRPV1 in sensory 

neurons. Sculptoreanu et al. (554) reported that DRG neurons obtained from cats with feline 

IC exhibited capsaicin-induced responses that were larger in amplitude and desensitized 

more slowly compared with those obtained from normal cats, and that altered TRPV1 

receptor activity in IC cats was reversed by an application of an inhibitor of PKC, 

suggesting that BPS/IC could alter TRPV1 activity by enhancing endogenous PKC activity. 

In rat bladders, increased expression of anandamide that can activateTRPV1 receptors has 

been proposed as one mechanism that could contribute to the bladder overactivity elicited by 

CYP-induced cystitis (185). In addition, bladder overactivity elicited in rats by 

lipopolysaccharide-induced cystitis is inhibited by intraduodenal administration of a TRPV1 

antagonist (GRC-6211) (100), and is prevented in TRPV1-knockout mice (99). Therefore, it 

is assumed that enhanced activity of TRPV1 receptors in bladder afferent pathways 

contributes to bladder pain in BPS/IC.

Role of neurotrophic factors—In patients with BPS/IC, increased levels of 

neurotrophic factors, including NGF, neurotrophin-3 (NT-3), and glial-derived neurotrophic 

factor (GDNF), have been detected in the urine (490). Increased expression of NGF is also 

present in bladder biopsies from women with BPS/IC (390). In a rat model of chronic 

cystitis, increased expression of neurotrophic factors (NGF, BDNF, and CTNF) in the 

bladder as well as phosphorylation of tyrosine kinase receptors (TrkA and TrkB) in bladder-

innervating afferent neurons have been detected providing evidence for a contribution of 

neurotrophin-mediated signaling to chronic bladder inflammation (512, 659). It has also 

been demonstrated that exogenous NGF can induce bladder nociceptive responses and 

bladder overactivity in rats when applied acutely into the bladder lumen (114, 192) or 

chronically to the bladder wall or intrathecal space (366,698). Moreover, it has been shown 

that an application of NGF sequestering molecules (trkA-IgG or REN1180) can reduce a 

referred thermal hyperalgesia elicited by bladder inflammation using turpentine oil (288) or 

bladder overactivity elicited by CYP-induced cystitis (277). Peripheral mechanical 

hyperalgesia induced by CYP-cystitis in mice is abolished by NGF antiserum or K252a, a 

nonspecific TrkA antagonist, but these treatments do not affect edema in bladder wall, 

leukocyte infiltration, or hemorrhage (248, 249).

Intravenous injection of a recombinant TrkB-Ig2 domain, which is designed to neutralize 

BDNF also reduces the frequency of reflex contractions in rats treated with CYP (509). As 

TrkB-Ig2 is unlikely to cross the blood–brain barrier, peripheral action of BDNF on the 
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afferent neurons is probably involved in the modulation of micturition pathway plasticity 

occurring after CYP-induced inflammation. Taken together, target organ-neural interactions 

mediated by an increase of neurotrophic factors in the bladder and increased transport of 

neurotrophic factors to the neuronal cell bodies in afferent pathways may contribute to the 

emergence of bladder pain and other symptoms such as urinary frequency in BPS/IC (Figs. 

26, 27).

In clinical studies, the monoclonal NGF neutralizing antibody, tanezumab, has been tested, 

and encouraging results of the Phase II efficacy study were obtained. Tanezumab improved 

self-reported pain score and urgency episode frequency six weeks following a single 

intravenous injection (200 μg/kg) in a cohort of 68 patients with BPS/IC although there was 

no significant effect on micturition frequency or mean voided volume per micturition (207). 

Among adverse effects, abnormal peripheral sensation symptoms, such as paresthesia and 

hyperesthesia were more common in the treatment arm when compared to placebo (207). 

Thus, proof-of-concept evidence has been provided for effectiveness of systemic targeting 

of the NGF system in the treatment of BPS/IC; however, clinical studies were put on hold 

following reports of bone necrosis requiring total joint replacements in clinical trials for 

ostheoarthritis (www.clinicaltrials.gov). Therefore, the site-specific reduction of NGF would 

be desirable to reduce the intrinsic toxicity from systemic blockade of NGF. In this regard, a 

recent study using rats showed that treatment with intravesical liposomal antisense 

suppresses NGF expression in the urothelium as well as bladder overactivity and chemokine 

upregulation in a model of acetic acid induced bladder overactivity (307). Thus, local 

suppression of NGF in the bladder using intravesical liposome-based delivery techniques 

could be an attractive approach for BPS/IC treatment, which can avoid systemic side effects 

that may be associated with non-specific blockade of NGF expression.

Role of cross organ sensitization—Recent studies have provided evidence for neural 

cross-talk and bidirectional cross sensitization between pelvic organs in which chemical 

irritation of the colon leads to enhancement of reflex bladder activity or irritation of the 

bladder leads to enhancement of colonic reflexes. Dichotomizing afferents that send axonal 

branches to different target organs and/or the convergence of sensory innervation from 

different pelvic organs onto the same second-order neurons in the spinal cord have been put 

forward as mechanisms inducing this viscerovisceral cross-organ sensitization (113, 400, 

504, 513). This mechanism could contribute to the symptoms in some BPS/IC patients.

Aging

LUT symptoms such as increased voiding frequency, urgency, urge incontinence, and poor 

bladder emptying are common and troublesome problems in older men and women (469, 

483, 519, 574). Previous studies have reported various changes in LUT function including a 

reduction in bladder capacity, increased bladder sensation, and DO (186,187,254, 

271,392,393,483). However, there are few studies that address the normal changes in the 

LUT that occur with aging. Pfisterer et al. (506) have examined age-related changes in 

bladder function among 85 community-dwelling female volunteers and demonstrated that 

detrusor contractility, bladder sensation, and intraurethral pressure decline with age and that 

a reduction in bladder capacity associated with age may be related to DO rather than to 
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aging itself because small bladder capacity associated with DO is similarly seen in younger 

and older women (505). Thus, aging appears to induce a reduction in bladder and urethral 

function in humans.

In animal studies, impaired bladder function as evidenced by increased voided volume per 

micturition associated with a high micturition pressure threshold has also been demonstrated 

in aged rats in comparison with young rats (93, 115). In addition, aged rats exhibit reduced 

sensitivity of pelvic nerve afferents in response to increased bladder volume, but not 

pressure, and a reduction in the maximal bladder pressure generated during pelvic nerve 

stimulation (275) although the frequency-response curve for electrically evoked contractions 

of bladder muscle strips is similar in young and old rat bladders (725). A significant linear 

reduction in the amount of AChE-positive nerves was observed with increasing age in the 

human bladder (233), suggesting a reduced parasympathetic innervation of the aged bladder. 

It is also shown that expression of neuropeptides such as CGRP and SP in lumbosacral DRG 

neurons decreases with age (442), and that there is a marked reduction in the density of 

PACAP innervation of the subepithelial plexus and of the muscle layer of the bladder base 

in old rats (441). A recent study using aged mice up to 26 months old also showed that aging 

is associated with an impaired ability to respond to the challenge of continuous bladder 

filling while voiding detrusor contraction strength does not degrade with aging (575). Taken 

together, these results suggest that impaired activity of the aged bladder is likely to be at 

least in part due to reduced activity of efferent and afferent nerves innervating the bladder.

Changes in the central nervous system in relation to LUT function have also been 

demonstrated in aged animals. For example, immunohistochemical analyses in aged rats 

revealed significant age-associated declines in the serotonergic (5-HT) and noradrenergic 

innervation of various spinal cord regions including the intermediolateral cell nucleus, sacral 

parasympathetic nucleus, dorsal gray commissure and the ventral horn that contains Onuf’s 

nucleus, with the exception that 5-HT innervation of the sacral parasympathetic nucleus and 

noradrenergic innervation in the Onuf’s nucleus were maintained (517). Sympathetic 

preganglionic neurons in the L1-L2 spinal cord that project to the major pelvic ganglion also 

exhibit a number of age related degenerative changes such as reductions in the cell number, 

the length of their dendrites and the synaptic contacts made by glutamate-immunoreactive 

boutons onto the dendrites, although these changes are not seen in PGNs in the L6–S1 spinal 

cord (539). Frequent voiding produced by apomorphine-induced dopamine receptor 

activation is more pronounced in aged rats compared with young rats, suggesting that aged 

rats are more susceptible to altered central processing to induce bladder overactivity despite 

the decline in baseline bladder function with aging (93).

In contrast to altered nerve activity, there appears to be no significant difference in detrusor 

contractile responses to cholinergic stimulation between young and old animals, 

(116,382,384,389,550) although old rats have a reduced density of muscarinic receptors in 

the bladder (550). In contrast, there are some reports of age-related changes of the detrusor 

response to adrenergic stimulation (373). Some studies show that detrusor contractile 

responses to norepinephrine are increased in old male and female rats (473, 531, 532). Aged 

female rats also exhibit increases in expression of α1D-adrenoceptors and α1D-receptor-

mediated contractions of the bladder (193). However, another study showed no age-
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dependent changes in α1-adrenoceptor properties such as phenylephrine-induced contractile 

responses, total receptor density and mRNA expression of α1-adrenoceptor subtypes (α1A, 

α1B, and α1D) in the rat bladder base and dome (692). The detrusor response to β-adrenergic 

stimulation is reduced in old male rats (473) along with a reduction in the density of β-

adrenergic receptors and a decreased cAMP production (473) in response to β-adrenergic 

stimulation. The combination of an increase in the α-adrenergic excitatory responses and 

decreased β-adrenergic inhibitory responses results in a net contracting effect of 

norepinephrine on the aged bladder in contrast to the relaxing effect of norepinephrine in the 

young bladder although the contribution of these changes in adrenoceptor properties to age-

related alterations in LUT function is still to be determined.

Parkinson’s disease—Parkinson’s disease (PD) is induced by dopamine depletion in the 

striatum, leading to motor dysfunctions such as bradykinesia or akinesia. PD patients often 

exhibit irritable bladder symptoms such as urinary urgency, frequency, and incontinence 

which are induced by DO (30–32, 49, 498). The incidence of LUT dysfunction is estimated 

to be as high as 50% to 70% in patients with PD (30, 49, 73, 498, 533). Studies also 

demonstrate that there is a correlation between bladder symptoms and degeneration of the 

nigrostriatal dopaminergic neurons (538) as well as dopaminergic nerve terminals in the 

caudate (533, 675, 676). A study using PET scanning shows some similarities and 

differences in brain activation sites during bladder filling in healthy volunteers and patients 

with PD who have DO. Activation of the PAG, thalamus, putamen, and insula occurred in 

both groups, whereas activation of the pons or the anterior cingulate gyrus seen in healthy 

volunteers is not observed in patients with PD (331).

The underlying mechanisms inducing bladder dysfunction in PD have been investigated in 

animal studies. Figure 24 shows the potential dopaminergic and adenosinergic mechanisms 

inducing bladder dysfunction in PD, including a loss of D1-like receptor-mediated inhibition 

and upregulation of adenosine A2A receptor-mediated facilitation of the micturition reflex 

that is controlled by the spinobulbospinal pathway. In monkeys, disruption of nigrostriatal 

dopaminergic pathways induced by the neurotoxin MPTP produces Parkinson-like motor 

symptoms accompanied by DO (11, 704, 706). Similarly, a rat model of PD induced by a 

unilateral 6-hydroxydopamine lesion of the nigrostriatal pathway also induces DO (715). In 

these PD animals, DO was suppressed by stimulation of D1-like receptors with SKF 38393 

or pergolide (704, 706, 715), indicating that bladder overactivity in PD is primarily induced 

by disruption of D1-like dopamine receptor-mediated inhibition of the micturition reflex 

(Fig. 24).

Although the dopamine replacement using levodopa (L-dopa) is the mainstay of 

pharmacologic treatments for PD, this drug becomes less effective due to increased 

incidence of nonmotor symptoms or adverse events in later stages of PD (430, 518), and 

often worsens bladder overactivity in mild-to-advanced patients due to activation of 

dopamine D2-receptors (84, 650). However, preclinical and clinical studies of adenosine 

A2A receptor antagonists have provided promising results for motor dysfunction in PD 

patients (508, 552) which prompted an examination of the effect of an adenosine A2A 

receptor antagonist on the micturition reflex in a rat model of PD (330). The study compared 

the effect of an adenosine A2A receptor antagonist (ZM241385 [ZM]), a dopamine D1 
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receptor agonist (SKF38393), and a dopamine D2 receptor agonist (quinpirole) on bladder 

activity in rats with PD induced by 6-hydroxydopamine. Intravenous, intrathecal, and 

intracerebroventricular administration of ZM reduced voiding frequency in both PD and 

sham groups. However in the PD rats, the inhibitory effects of intravenous and 

intracerebroventricular administration were greater than in the sham rats. Sequential 

administration of intravenous quinpirole and ZM showed that quinpirole consistently 

reduced ICI, and ZM consistently increased ICI whether administered before or after 

quinpirole. SKF38393 increased ICI and this effect was further increased with subsequent 

administration of ZM; however, when administered in the reverse order, a further increase in 

ICI was not seen. These results indicate that the adenosine A2A receptor-mediated excitatory 

mechanism is enhanced at a supraspinal site to induce bladder overactivity and that 

inhibition of A2A receptors is effective in suppressing bladder overactivity in the rat model 

of PD (Fig. 24). The adenosine A2A receptor-expressing neural pathways are very likely 

located downstream of D1 receptor-expressing pathways in the control of micturition and 

inhibition of bladder activity by D1 receptor activation can induce the partial suppression of 

adenosine A2A receptor-mediated excitatory mechanisms in the rat model of PD (Fig. 24). In 

addition, since the loss of D1 receptor activation after dopaminergic neuronal degeneration 

is one of the major causes of bladder overactivity in PD as discussed above, it is possible 

that the reduction in D1 receptor-mediated inhibition of adenosine A2A receptor activation 

following degeneration of nigrostriatal dopaminergic nerves contributes at least in part to the 

enhancement of adenosine A2A receptor-mediated excitatory mechanisms in the brain, 

resulting in bladder overactivity in the rat model of PD (Fig. 24). Overall, adenosine A2A 

receptor antagonists could be useful as new pharmacologic treatments for bladder 

overactivity in PD.

Cerebral infarction

Focal brain lesions cause urinary dysfunction in about 20%–50% of all patients with brain 

tumor and cerebrovascular accident (CVA). The most common urinary symptoms in 

cerebrovascular disease are nocturnal urinary frequency and urgency incontinence 

associated with DO (534). Clinical studies using PET and fMRI imaging techniques have 

suggested possible mechanisms for urgency incontinence in patients with CVA including 

impaired striated sphincter control and lack of appreciation of bladder filling and impending 

bladder contraction (239, 243).

The mechanism underlying DO after CVA remains unclear. However, NMDA glutamatergic 

mechanisms seem to play a role in the bladder hyperactivity induced by cerebral infarction 

in rats. Permanent occlusion of the middle cerebral artery produces a dramatic and persistent 

reduction in bladder capacity in conscious rats (689). This bladder overactivity can be 

prevented by pretreatment with MK-801, an NMDA receptor antagonist, prior to occlusion 

of the middle cerebral artery or can be transiently reduced by MK-801 administered after 

occlusion of the middle cerebral artery (689). The results indicate that bladder overactivity 

induced by cerebral infarction occurs in two phases, both of which depend on activation of 

NMDA glutamatergic receptors. An initiation phase that occurs at the time of infarction 

seems to function like long-term potentiation to induce a persistent facilitation of micturition 

(the second phase). The initial phase is not affected by pretreatment with an AMPA 
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glutamatergic antagonist (NBQX) but can be blocked by administration of an NMDA 

antagonist (MK-801) (687), suggesting that plasticity at glutamatergic synapses can trigger 

this form of neurogenic bladder dysfunction (724). Rats with middle cerebral artery 

occlusion also exhibit an upregulation of D2-like dopamine receptor-mediated excitatory 

mechanism that contributes to DO (690) and a disruption of GABAergic inhibitory 

mechanism in the brain that enhances the micturition reflex (304).

Diabetes mellitus and detrusor underactivity

A large percentage (50%–70%) of patients with diabetes mellitus (DM) exhibit LUT 

symptoms (LUTS) (324, 381). The most common urodynamic findings, classically referred 

to as diabetic cystopathy, include impaired sensation of bladder fullness, increased bladder 

capacity, reduced bladder contractility, and increased residual urine (381, 651, 700). 

However, DO is also common in patients with DM, especially when they present with 

LUTS (305, 324).

The pathophysiology of DM-associated LUT complications is multifactorial and can be a 

result of an alteration in the physiology of the detrusor smooth muscle, the peripheral 

innervation, reflex mechanisms, or urothelial function (700). A two-step model of diabetic 

cystopathy progression has been proposed on the basis of experimental animal studies, 

which suggest that patients initially develop bladder hypertrophy and overactivity, which is 

presumably a process of adaptation to polyuria-mediated frequent voiding, followed by the 

decompensated phase inducing classical diabetic cystopathy associated with detrusor 

underactivity (134). This two-step model of DM progression is also supported by a 

comparison of biomechanical properties of the bladder from diuretic and streptozotocin 

(STZ)-induced DM rats, which showed the late-phase (>8 weeks), DM-specific increase in 

bladder compliance associated with increased bladder capacity while the early changes (<4 

weeks) of mechanical properties of the bladder were similar in diuretic and DM rats (667).

Traditionally, diabetic cystopathy was thought to result from polyneuropathy that 

predominantly affects sensory and autonomic nerve fibers. The neuropathies of DM caused 

by the metabolic derangement of the Schwann cell result in segmental demyelination and 

impairment of nerve conduction (404, 459, 658). Some of the proposals for pathogenesis of 

DM neuropathy include altered metabolism of glucose, ischemia, superoxide-induced free-

radical formation and impaired axonal transport (22). DM neuropathy also reportedly affects 

urethral function in STZ-induced DM rats. DM rats exhibit a reduction in NO-mediated 

relaxation and an enhancement of α1-adrenoceptor-mediated contraction of the urethral 

smooth muscle during reflex bladder contractions, both possibly contributing to increased 

bladder outlet resistance resulting in impaired bladder emptying in DM (645, 646).

Role of neurotropic factors—A two-step model of diabetic cystopathy progression (i.e., 

initial overactivity followed by underactivity) is also supported by the changes in NGF 

levels in the bladder and axonal transport of NGF. Increased NGF levels have been reported 

in the bladders of rats with early experimental DM (591), whereas in more advanced 

diabetic bladder disease (for example, the decompensated phase of experimental diabetic 

cystopathy), bladder and DRG levels of NGF drop and animals display increased bladder 
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capacity and decreased peak pressures (542). Loss of NGF production has been implicated 

in the development of sensory and sympathetic neuronal degeneration associated with 

diabetic neuropathy (14, 644). Although data regarding bladder function are lacking for DM 

patients, experimental evidence suggests that NGF improves diabetic bladder dysfunction in 

the decompensated phase. NGF gene therapy by herpes-virus-mediated NGF gene delivery 

into the bladder results in long-term elevation of NGF bladder levels, preventing excessive 

increases in bladder capacity and reducing postvoid residual volume in diabetic rats (541). 

These data provide interventional evidence for a causal role of NGF in the development of 

diabetic cystopathy. Thus, NGF levels in the bladder fluctuate during the compensatory and 

decompensated phases of diabetic bladder dysfunction, possibly actively contributing to 

functional abnormalities (486).

Conclusion

Storage and periodic release of urine is dependent on a complex neural network located at 

various levels of the peripheral and central nervous system that coordinates the activity of 

smooth and striated muscles of the bladder and urethra. The central components of this 

network have a hierarchical organization in which involuntary spinal storage circuitry is 

regulated by involuntary brain stem voiding circuitry which is in turn regulated by cortical 

circuitry responsible for voluntary voiding. Afferent pathways that trigger storage and 

voiding reflexes as well as the sensations of bladder filling transmit activity from 

mechanoreceptors in the bladder through second-order neurons in the spinal cord to central 

processing areas in the mesencephalon (periaqueductal gray, PAG) and forebrain (insula, 

anterior cingulate) before reaching the frontal cortex. An interaction between the PAG and 

the PMC generates efferent signals that descend from the PMC to the spinal cord to initiate 

the appropriate motor responses necessary for voiding (i.e., a bladder contraction and 

reciprocal urethral sphincter relaxation).

Reflex voiding is activated in an all-or-none, switch-like manner by a spinobulbospinal 

pathway that is relayed through PAG-PMC circuitry. Electrophysiological, pharmacological 

and computer modeling experiments indicate that the switching function is mediated by 

excitatory and inhibitory synapses in the PAG-PMC circuitry. Brain imaging studies 

revealed that cortical modulation of this circuitry may underlie the voluntary control of 

voiding. In addition neurons in other subcortical areas (e.g., the nucleus subceruleus, 

reticularis pontis oralis, cerebellum, hypothalamus, medulllary raphe nucleus) exert direct or 

indirect modulatory influences on the voiding reflex.

Efferent activity passing from the spinal cord to the bladder is subject to modulation in the 

periphery at parasympathetic ganglionic synapses and at the neuroeffector junction. In some 

species (rabbit and cat), the ganglia function as high pass filters blocking transmission of 

excitatory signals to the bladder smooth muscle at low frequencies of firing but amplifying 

the transmission of these signals at higher frequencies. Thus ganglionic synapses 

complement the switching functions of the central pathways. Adrenergic as well as 

noncholinergic-nonadrenergic inhibitory and facilitatory mechanisms in these ganglia can 

also influence the transfer of excitatory signals to the bladder. It is not known if these 

peripheral neuromodulatory mechanisms exist in bladder ganglia in humans.
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A number of neurotransmitters have been identified in the peripheral and central neural 

circuitry. In parasympathetic postganglionic pathways, ACh and ATP are coexcitatory 

transmitters in the bladder; and NO is the inhibitory transmitter released in the urethra. In 

sympathetic nerves, norepinephrine has an excitatory role in the bladder base and urethra 

and an inhibitory role in the bladder dome mediated by α- and β-adrenergic receptors, 

respectively.

Bladder afferent nerves release transmitters at both peripheral and central terminals. 

Neuropeptides such as tachykinins, VIP, CGRP, and PACAP are released at both sites and 

may play a role in peripheral afferent signaling in pathological conditions, but their 

physiological role in the spinal cord in initiating bladder sensations and/or reflexes is 

uncertain. On the other hand, there is stronger evidence that glutamic acid is an excitatory 

transmitter released in spinal cord by bladder afferent nerves.

In the central nervous system, glutamic acid has also been identified as an excitatory 

transmitter in bladder and sphincter reflex pathways at spinal and supraspinal levels; while 

GABA, glycine, and enkephalin have been identified as inhibitory transmitters. Monoamines 

(serotonin, norepinephrine and dopamine) have facilitatory and/or inhibitory modulatory 

functions that can vary depending on the central pathway and the species.

Owing to the complexity of the neural mechanisms that regulate urine storage and voiding, 

these processes are sensitive to various neural injuries and diseases. Spinal cord injury has 

been the focus of considerable attention because it eliminates voluntary and supraspinal 

control leading to detrusorsphincter-dyssynergia and inefficient voiding, as well as plasticity 

in central and peripheral neural pathways leading to DO, inefficient urine storage and 

incontinence. Several types of peripheral and central neuroplasticity have been identified 

including: (i) emergence of primitive neonatal micturition reflexes and (ii) remodeling of 

spinal circuitry and sensitization of bladder silent C-fiber afferents leading to the emergence 

of a spinal micturition reflex. NGF has been implicated in this plasticity because NGF levels 

increase in the bladder and spinal cord after spinal cord injury; and intrathecal 

administration of NGF antibodies suppresses neurogenic LUT dysfunctions and afferent 

sensitization in animal models. Increased levels of neurotrophic factors have also been 

detected in other types of bladder disorders and, therefore, the role of these agents in bladder 

pathophysiological mechanisms is a very active research field in neurourology.
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Figure 1. 
Efferent pathways of the lower urinary tract. (A) Innervation of the female lower urinary 

tract. Sympathetic fibers (shown in blue) originate in the T11-L2 segments in the spinal cord 

and run through the inferior mesenteric plexus (IMP) and the hypogastric nerve (HGN) or 

through the paravertebral chain to enter the pelvic nerves at the base of the bladder and the 

urethra. Parasympathetic preganglionic fibers (shown in green) arise from the S2–S4 spinal 

segments and travel in sacral roots and pelvic nerves (PEL) to ganglia in the pelvic plexus 

(PP) and in the bladder wall. This is where the postganglionic nerves that supply 

parasympathetic innervation to the bladder arise. Somatic motor nerves (shown in yellow) 

that supply the striated muscles of the external urethral sphincter arise from S2–S4 motor 

neurons and pass through the pudendal nerves. (B) Efferent pathways and neurotransmitter 

mechanisms that regulate the lower urinary tract. Parasympathetic postganglionic axons in 

the pelvic nerve release acetylcholine (ACh), which produces a bladder contraction by 

stimulating M3 muscarinic receptors in the bladder smooth muscle. Sympathetic 

postganglionic neurons release noradrenaline (NA), which activates β3 adrenergic receptors 

to relax bladder smooth muscle and activates α1 adrenergic receptors to contract urethral 

smooth muscle. Somatic axons in the pudendal nerve also release ACh, which produces a 

contraction of the external sphincter striated muscle by activating nicotinic cholinergic 

receptors. Parasympathetic postganglionic nerves also release ATP, which excites bladder 

smooth muscle, and nitric oxide, which relaxes urethral smooth muscle (not shown). L1, first 

lumbar root; S1, first sacral root; SHP, superior hypogastric plexus; SN, sciatic nerve; T9, 

ninth thoracic root (216).
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Figure 2. 
Classes and distribution of afferent nerves in the LUT. (A) The distribution of the different 

classes of fibers in the bladder wall and urethra. (B) In the pelvic nerve, four types of 

mechanosensitive fibers were identified by stretch, stroke, and probe. (C) Proportions of 

afferent fiber types recorded in the pelvic nerve. (D) Distribution of low- and high-threshold 

receptive fields of pelvic nerve muscle afferent fibers based on responses to stretch. (E) 

Distribution of receptive fields of the four classes of pelvic nerve fibers (303).
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Figure 3. 
(A) Experimental methods for performing patch-clamp recordings on bladder afferent 

neurons obtained from rats with chronic cystitis. Chronic cystitis was induced by 

intraperitoneal injection of cyclophosphamide. Fluorescent dye (fast blue) injected into the 

bladder wall was transported via Aδ- and C-fiber bladder afferent axons to neurons in the 

dorsal root ganglia (DRG). L6 and S1 DRG were dissected and dissociated into single 

neurons by enzymatic methods. Whole cell patch-clamp recordings were then performed on 

fast blue-labeled bladder afferent neurons that were identified with a fluorescence 

microscope. (B) Characteristics of a bladder afferent neuron (24-μm diameter, C-fiber 

afferent neuron, top record) exhibiting tetrodotoxin (TTX)-resistant action potentials and a 
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bladder afferent neuron (33-μm diameter, Aδ-fiber afferent neuron, bottom record) 

exhibiting TTX-sensitive action potentials. The left panels are voltage responses and action 

potentials evoked by 30-ms depolarizing current pulses injected through the patch pipette in 

current-clamp conditions. Asterisks with dashed lines indicate the thresholds for spike 

activation. The second panels on the left side show the effects of TTX application (1 

μmol/L) on action potentials. The third panels from the left show firing patterns during 

membrane depolarization (700-ms duration). The panels on the right show the responses to 

extracellular application of capsaicin (1 μmol/L) in voltage-clamp conditions. Note that the 

C-fiber afferent neuron exhibited TTX-resistant phasic firing (i.e., one to two spikes during 

prolonged membrane depolarization) and an inward current in response to capsaicin, while 

A-fiber afferent neuron exhibited TTX-sensitive tonic firing (i.e., repetitive firing during 

membrane depolarization) and no response to capsaicin (176).
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Figure 4. 
Hypothetical model depicting possible interactions between bladder afferent nerves, 

urothelial cells, smooth muscle cells, interstitial cells, and blood vessels. Urothelial cells can 

also be targets for transmitters released from nerves or other cell types. Urothelial cells can 

be activated by either autocrine (i.e., autoregulation) or paracrine mechanisms (release from 

nearby nerves or other cells). Bladder stretch releases ATP which acts on P2 receptors on 

the afferent terminal or the interstitial cell and on P2 receptors on the urothelial cell. Stretch 

also releases ACh which acts on muscarinic receptors (M3) on the afferent terminal, the 

interstial cell or the urothelial cell. The latter action can release NO. Epinephrine or 

norepinephrine also release NO from the urothelial cell by activating β3 adrenergic receptors 

(50).
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Figure 5. 
Extracellular recordings on a bladder postganglionic nerve demonstrating facilitation of 

pelvic ganglionic transmission during repetitive stimulation of preganglionic axons in the 

pelvic nerve. (A) Action potentials evoked with submaximal (5V, 1 Hz) stimulation 

recorded with a slow time base. (B) Sample responses from A (a, 1st; b, 5th; c, 10th and d, 

20th responses in the series) obtained, respectively, 5, 10, and 20 s later and recorded with a 

fast time base. (C) Average (20 sweeps) of a facilitated ganglionic response (I.I V, I Hz) 

showing the nonsynaptic, early response (ER) consisting of axonal volley and the facilitated 

late synaptic response (LR). (D) Depression by hexamethonium (100 μg, I.A.) of the late 

(synaptic) response but no effect on the early (nonsynaptic) response. The arrow below C 

denotes the stimulus artifact. Time calibration in D also applies to C; vertical calibration in 

A and B is 400 μV and in C and D is 200 μV, negativity upward (171).
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Figure 6. 
(A) Diagram showing the autonomic innervation of the urinary bladder of the cat and the 

synaptic mechanisms within bladder ganglia. Nicotinic (N), muscarinic (M), and adrenergic 

(A) receptors are depicted on a principal ganglion cell and a small intensely fluorescent cell 

(SIF cell). Receptors mediating hyperpolarization (H), depolarization (D) are also indicated. 

An α-adrenergic receptor (A, α-INH) mediating presynaptic inhibition is indicated on the 

preganglionic nerve terminal. Inhibitory and excitatory synaptic mechanisms are designated 

by − and +, respectively. Postsynaptic adrenergic and muscarinic receptors mediate both 

hyperpolarizing and depolarizing responses. Sympathetic preganglionic axons make 

synaptic contact with cells in the inferior mesenteric ganglion (IMG) and also send axons 

through the IMG to make synaptic contacts with SIF cells in bladder ganglia. SIF cells have 

both nicotinic and muscarinic excitatory receptors. Sympathetic efferent pathways can be 

activated by afferent projections from the urinary bladder. (B) Suppression of EPSP 

amplitude by exogenous norepinephrine (NE, 3 × 10−4). Membrane potential (0) and EPSP 

amplitude (●) recorded during preganglionic stimulation and following application of NE, 

(bar). (C) Series of 10 superimposed sweeps showing fast excitatory postsynaptic potentials 

(f-EPSPs) and action potentials (truncated) elicited before (#1), after start (#2 and #3) of 

perfusion with NE, (1 × 10−4) and 1 (#4), 8 (#5), and 16 min (#6) following return to the 

control solution. NE depressed f-EPSP amplitude and spike generation (151).
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Figure 7. 
Reflex voiding responses in an infant, a healthy adult, and a paraplegic patient. Combined 

cystometrograms and sphincter electromyograms (EMGs, recorded with surface electrodes), 

allowing a schematic comparison of reflex voiding responses in an infant (A) and in a 

paraplegic patient (C) with a voluntary voiding response in a healthy adult (B). The abscissa 

in all recordings represents bladder volume in millilitres; the ordinates represent electrical 

activity of the EMG recording and detrusor pressure (the component of bladder pressure that 

is generated by the bladder itself) in cmH2O. On the left side of each trace (at 0 mL), a slow 

infusion of fluid into the bladder is started (bladder filling). In part B, the start of sphincter 

relaxation, which precedes the bladder contraction by a few seconds, is indicated (“start”). 

Note that a voluntary cessation of voiding (“stop”) is associated with an initial increase in 

sphincter EMG and detrusor pressure (a myogenic response). A resumption of voiding is 

associated with sphincter relaxation and a decrease in detrusor pressure that continues as the 

bladder empties and relaxes. In the infant (A), sphincter relaxation is present but less 
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complete. On the other hand, in the paraplegic patient (C) the reciprocal relationship 

between bladder and sphincter is abolished. During bladder filling, involuntary bladder 

contractions (detrusor overactivity) occur in association with sphincter activity. Each wave 

of bladder contraction is accompanied by simultaneous contraction of the sphincter 

(detrusor-sphincter dyssynergia), hindering urine flow. Loss of the reciprocal relationship 

between the bladder and the sphincter in paraplegic patients thus interferes with bladder 

emptying (216).
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Figure 8. 
A simple working model of the lower urinary tract control system, showing the voiding 

reflex and brainstem (green) and circuits 1, 2, and 3 (red/blue, yellow, and blue, 

respectively). PAG = periaqueductal gray; PMC = pontine micturition center; th = thalamus; 

mPFC = medial prefrontal cortex; lPFC = lateral prefrontal cortex; SMA = supplementary 

motor area; dACC = dorsal anterior cingulate cortex.
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Figure 9. 
Neural connections between the brain and the sacral spinal cord that may regulate the lower 

urinary tract in the cat. Lower section of the sacral spinal cord shows the location and 

morphology of a preganglionic neuron in the sacral parasympathetic nucleus (PSN), a 

sphincter motor neuron in Onuf’s nucleus (ON), and the sites of central termination of 

afferent projections (shaded area) from the urinary bladder. Upper section of the sacral cord 

shows the sites of termination (shaded areas) of descending pathways arising from the 

medial pontine micturition center (PMC), the lateral pontine sphincter or urine storage 

center, and the paraventricular nuclei of the hypothalamus. Section through the pons shows 

the projection from the anterior hypothalamic nuclei to the pontine micturition center 

(PMC).
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Figure 10. 
Primary afferent and spinal interneuronal pathways involved in micturition. (A) Primary 

afferent pathways to the L6 spinal cord of the rat project to regions of the dorsal commissure 

(DCM), the superficial dorsal horn (DH), and the sacral parasympathetic nucleus (SPN) that 

contain parasympathetic preganglionic neurons. The afferent nerves consist of myelinated 

(Aδ) axons, which respond to bladder distension and contraction, and unmyelinated (C) 

axons, which respond to noxious stimuli. (B) Spinal interneurons that express c-fos 

following the activation of bladder afferents by a noxious stimulus (acetic acid) to the 

bladder are located in similar regions of the L6 spinal segment. (C) Spinal interneurons 

involved in bladder reflexes (labeled by transneuronal transport of pseudorabies virus 

injected into the urinary bladder) are localized to the regions of the spinal cord that contain 

primary afferents and c-fos. Some of these interneurons provide excitatory and inhibitory 

inputs to the parasympathetic preganglionic neurons located in the SPN. (D) The laminar 

organization of the cat sacral spinal cord, showing the location of parasympathetic 

preganglionic neurons in the intermediolateral region of laminae V and VII (shaded area). 

CC, central canal; IL, intermediolateral nucleus; LT, Lissauer’s tract; VM, ventromedial 

nucleus (Onuf’s nucleus) (216).
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Figure 11. 
Connections between the lumbosacral spinal cord and brain areas involved in bladder 

control. The central pathways involved in controlling the urinary bladder can be visualized 

in rats using transneuronal virus tracing. Injection of pseudorabies virus into the wall of the 

urinary bladder leads to retrograde transport of the virus (indicated by the dashed arrows) 

and the sequential infection of postganglionic neurons, preganglionic neurons, spinal 

interneurons, and then various supraspinal neural circuits that are synaptically linked to the 

spinal preganglionic neurons and interneurons. The supraspinal sites labeled by the virus 

transport include the pontine micturition centre (also known as Barrington’s nucleus), the 

cerebral cortex, the paraventricular nucleus (PVN), the medial preoptic area (MPOA) and 

periventricular nucleus (PeriVN) of the hypothalamus, the periaqueductal gray (PAG), the 

locus coeruleus (LC) and subcoeruleus, the red nucleus (Red N.), the raphe nuclei, and the 

A5 noradrenergic cell group. Synaptic connections are indicated by solid arrows. Synaptic 

inputs from supraspinal neurons can project to spinal preganglionic neurons or interneurons, 

as indicated by the bracket (216).
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Figure 12. 
Neural circuits that control continence and micturition. (A) Urine storage reflexes. During 

the storage of urine, distention of the bladder produces low-level vesical afferent firing. This 

in turn stimulates the sympathetic outflow in the hypogastric nerve to the bladder outlet (the 

bladder base and the urethra) and the pudendal outflow to the external urethral sphincter. 

These responses occur by spinal reflex pathways and represent guarding reflexes, which 

promote continence. Sympathetic firing also inhibits contraction of the detrusor muscle and 

modulates neurotransmission in bladder ganglia. A region in the rostral pons (the pontine 

storage centre) might increase striated urethral sphincter activity. (B) Voiding reflexes. 

During the elimination of urine, intense bladderafferent firing in the pelvic nerve activates 

spinobulbospinal reflex pathways (shown in blue) that pass through the pontine micturition 

centre. This stimulates the parasympathetic outflow to the bladder and to the urethral smooth 

muscle (shown in green) and inhibits the sympathetic and pudendal outflow to the urethral 

outlet (shown in red). Ascending afferent input from the spinal cord might pass through 

relay neurons in the periaqueductal gray (PAG) before reaching the pontine micturition 

centre. Note that these diagrams do not address the generation of conscious bladder 

sensations, nor the mechanisms that underlie the switch from storage to voluntary voiding, 

both of which presumably involve cerebral circuits above the PAG. R represents receptors 

on afferent nerve terminals (216).
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Figure 13. 
Bladder (top traces) and EUS EMG activity (bottom traces) recorded during a continuous 

transvesical infusion CMG in an anesthetized rat. (A) Intravesical pressure and EUS EMG 

activity were relatively stable during the filling phase. A reflex bladder contraction, 

indicated by an abrupt, large increase in bladder pressure, was accompanied by large-

amplitude EUS EMG activity. (B) Same recording indicated by asterisk in A shown at faster 

time scale. The bracket in B indicates the recording period in C, and the bracket in C 

indicates the recording period in D at a faster time scale. Note the decline in intravesical 

pressure during EUS EMG bursting in B and C, which indicates the period of voiding. (C) 

Tonic EUS EMG activity precedes the large rise in intravesical pressure and shifts to a 

bursting pattern at the peak of bladder contraction before the onset of voiding. Small 

oscillations in intravesical pressure coincide with each burst of EMG activity. (D) 

Recordings in C shown at very fast time scale showing individual EUS EMG bursts 

composed of active (AP) and silent periods (SP; brackets) and the small fluctuations in 

intravesical pressure accompanying each burst. Vertical calibration, intravesical pressure (in 

cmH2O); horizontal calibration, time (in minutes or seconds); Inf, start of saline infusion 

(104).
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Figure 14. 
Reflex pathways to EUS and bladder in rat in spinal intact (A) and after chronic thoracic 

spinal cord transection (SCT) (B); (C) pelvic afferent to EUS reflexes. (A) Diagram showing 

putative reflex pathways mediating reflex micturition and tonic and bursting EUS activity in 

spinal cord-intact (A) and chronic T8–9 SCT rats (B). (A) Spinobulbospinal micturition 

reflex pathway is shown by the solid line passing through the pontine micturition center 

(PMC) in the rostral brain stem. The hypothesized pathway mediating EUS bursting is 

shown by the dotted line also passing through the PMC. In spinal cord-intact rats, when the 

bladder is distended, afferent input from bladder mechanoreceptors passes via the pelvic 

nerve to the L6-S1 spinal cord to the spinal EUS-control center to generate tonic EUS 

activity and the ER. Input from the L6-S1 spinal cord passes to the PMC, which then 

projects to the lumbosacral micturition center to generate reflex bladder contractions and to 

L3-4 bursting center to generate EUS bursting. The spinal EUS bursting center provides an 

excitatory input to the spinal EUS-control center to initiate an excitatory outflow to the EUS. 

The spinal EUS-control center in the L6-S1 spinal cord consists of interneuronal and 

motoneuronal circuitry that regulates EUS activity. (B) After SCT, descending input from 

the PMC to spinal centers is interrupted. This initially eliminates the micturition reflex, the 

long latency EUS late reflex (LR), and EUS bursting. The short latency EUS early reflex 

(ER) and tonic EUS activity mediated by a spinal reflex pathway are preserved. However, in 

chronic SCT rats it is hypothesized that reorganization of synaptic connections in the spinal 

cord leads to the reemergence of the micturition reflex as well as the LR and EUS bursting. 

This reorganization depends on the formation of new pathways between pelvic primary 

afferent nerves and the L3-4 spinal EUS bursting center (dotted line) and spinal micturition 

center (solid line) or upregulation of pathways that exist in the spinal intact animals. (C) 

Pelvic afferent to EUS reflexes in spinal intact (top), acute SCI (middle), and chronic SCI 

rats (bottom tracing). Early reflex (ER) persists after acute SCI but late reflex (LR) is 

abolished. However, LR recovers in SCT rats if connections between L3-L4 and L6-S1 

spinal segments are intact (98).

de Groat et al. Page 115

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 15. 
(A) A representation (prior to the advent of functional brain imaging) of cerebral areas 

involved in micturition. + = facilitation, − = inhibition; ac = anterior cingulate gyrus, am = 

amygdala, pl = paracentral lobule, po = preoptic nucleus, rf = pontine reticular formation, sc 

= subcallosal cingulate gyrus, se = septal area, sfg = superior frontal gyrus. (B) Sagittal 

section (8 mm off midline) showing medial frontal region (yellow) and presumptive PMC 

(small yellow region in brainstem) activated during voiding (70, 647).
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Figure 16. 
(A) Brainstem and midbrain areas activated during withholding of urine or with full bladder, 

or during voiding, projected on a lateral view of the brain. Based on PET, fMRI, and SPECT 

studies in healthy controls, adapted from Ref. 16 (with permission). (B) In urgency-

incontinent women, regions activated (a, yellow) and deactivated (b, blue) during the 

sensation of urgency. SMA = supplementary motor area; SFG = superior frontal gyrus; 

dACG = dorsal anterior cingulate gyrus; RI = right insula; dlPFC = dorsolateral prefrontal 

cortex; PFC = prefrontal cortex (ventromedial or medial) [A (217,241), B (609)).
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Figure 17. 
Coronal (A), sagittal (B), and axial (C) location of lesions causing incontinence (or 

occasionally retention) in the group of patients studied by Andrew and Nathan (21). The red 

ellipse shows where white-matter lesions caused lasting urinary tract dysfunction. The cyan 

ellipse shows the location of gray-matter lesions that caused transient dysfunction [Nathan, 

personal communication with Dr. Clare Fowler (217)].
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Figure 18. 
Top and left panels (red/yellow): subcortical and temporal regions active in normal controls 

at low bladder volume when there is little bladder sensation, possibly representing circuit 3 

in Figure 8; bottom right panel (blue): similar regions where activity changes after 

improvement of sensation by sacral neuromodulation, in women with Fowler’s syndrome. 

(Blue image, 308; orange image, our own unpublished work.)
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Figure 19. 
Multiunit recordings of reflex activity on a bladder postganglionic nerve in a chloralose 

anesthetized cat during electrical stimulation (0.8 Hz, 3 v, 0.05 ms duration) of bladder 

afferent axons in the pelvic nerve. The bladder was distended with saline to a volume below 

the threshold for inducing micturition. First tracing in the upper right is a recording prior to 

the onset of stimulation showing that the efferent pathway is inactive. The next tracing 

shows lack of a response to the first stimulus in a train of stimuli. Further stimulation (lower 

tracings) induces a gradual increase in the magnitude of a long latency reflex and the 

eventual emergence of asynchronous firing (last tracing) which indicates the onset of reflex 

micturition. The diagram on the left shows the spinobulbospinal micturition reflex pathway 

and the sites of nerve stimulation and recording (173).
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Figure 20. 
Relationship between single unit activity in the PMC of a decerebrate, unanesthetized cat, 

and reflex contractions of the urinary bladder. Top tracings are blood pressure, middle 

tracings are ratemeter recordings of unit activity in spikes per second and the bottom 

tracings are bladder pressure in cm H2O. Three types of neuronal activity are illustrated: (A) 

a direct neuron that only fired during a bladder contraction, (B) an inverse neuron that fired 

between bladder contractions and was inhibited during contractions, and (C) an independent 

neuron that exhibited continuous firing unrelated to bladder contractions. Small increases in 

blood pressure occurred during bladder contractions. The bladder was distended with saline 

and maintained under isovolumetric conditions. Horizontal calibration represents 1 min. The 

three neurons were studied at different times in the same animal (173).
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Figure 21. 
Blood oxygen level-dependent (BOLD) images showing brain stem activation associated 

with switching from the bladder storage phase to the bladder contraction phase. The 

locations of coronal brain sections (F–G) are indicated in the sagittal brain image at the 

bottom, which correspond to the Bregma coordinates in the anterior-posterior direction at 

2.28, 0.24, 1.80, 3.84, 5.88, 7.80, and 9.84 mm. Region of interest (ROI) analysis was 

performed on the brain stem at coronal sections F and G to detect the activation. The 

periaqueductal gray (PAG) and pontine micturition center (PMC) are indicated by the blue 

arrows. The color scale bars indicate the t value (612).
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Figure 22. 
Computer model of PMC-PAG switching circuits. Diagram illustrating the putative 

pathways in the periaqueductal gray (PAG) and pontine micturition center (PMC) that 

contribute to urine storage and voiding. This circuitry shows the neuronal elements and 

connections used in the computer model. The right side illustrates the ascending afferent 

limb of the spinobulbospinal micturition reflex that projects to the PAG, and the left side 

shows the descending limb that connects the PMC direct neuron to the bladder efferent 

neuron in the sacral spinal cord. During urine storage as the bladder slowly fills low level of 

afferent activity activates an excitatory neuron (E) in the PAG which relays information 

(pathway A) to an inverse neuron (I) in the PMC that in turn provides inhibitory input to the 

type 1 direct neuron (D) to maintain continence. Bladder afferent input is also received by a 

second neuron in the PAG (E) that is on the excitatory pathway (pathway B) to the PMC 

type 1 direct neuron (D) and to a transiently active PMC neuron (T) that fires at the 

beginning of micturition. However, the PAG excitatory relay neuron (E) is not activated 

during the early stages of bladder filling because it is inhibited by a tonically active 

independent neuron (I). The PMC type 1 direct neuron is also inhibited by a tonically active 

independent neuron (I) located in the PMC. Bladder afferent firing gradually increases 

during bladder filling which increases feedforward inhibition of the direct neuron via the 
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PAG-PMC inverse neuron pathway. However, at a critical level of afferent firing, excitatory 

input to the PAG excitatory relay neuron surpasses the tonic inhibition of the independent 

neuron and sends signals to the PMC transient neuron which briefly inhibits the inverse 

neuron reducing inhibitory input to the direct neuron allowing it to overcome tonic 

inhibition and fire action potentials which activate by an axon collateral (pathway C) a 

reciprocal inhibitory neuron (R) that suppresses the inverse neuron (I) and further reduces 

inhibition of the direct neuron (D). The direct neuron then switches into maximal firing 

mode and sends excitatory input to the spinal efferent pathway to the bladder inducing a 

large bladder contraction and more afferent firing which further enhances synaptic 

transmission in the PAG-PMC micturition reflex pathways. The reflex circuitry returns to 

storage mode as the bladder empties and afferent firing declines. Excitatory neurons are 

green and inhibitory neurons are red (173).
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Figure 23. 
Computer simulation of the storage-voiding cycle. Simulated bladder volume (top tracing) 

and pressure (second tracing), bladder afferent firing (third tracing) and bladder efferent 

firing (bottom tracing) during bladder filling (30 mL/min) and during reflex voiding using 

the computer model of spinal, PAG and PMC neural pathways and the myocybernetic model 

of Bastiaanssen et al. 1996 to predict the properties of the bladder, urethra, and the afferent 

firing arising in these structures. Note that as bladder volume increases, bladder pressure 

remains low, bladder efferent firing is absent, but bladder afferent firing gradually increases 

eventually reaching a threshold for inducing a micturition reflex as evidenced by an abrupt 

increase in efferent firing, which induces an increase in bladder pressure, increased afferent 

firing and bladder emptying. Bladder efferent firing peaks early during micturition and is 

maintained until the bladder is empty. The voiding phase is shown on an expanded time 

scale in the tracings on the right side (173).
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Figure 24. 
Hypothetical diagram showing dopaminergic and adenosinergic mechanisms inducing 

bladder dysfunction in Parkinson’s disease (PD). The micturition reflex is controlled by the 

spinobulbospinal pathway passing through the PAG in the midbrain and the PMC in the 

pons. This neural circuit is under the control of higher centers including the striatum and the 

cortex region. A. Under normal conditions (Intact), tonic firing (+) of dopaminergic neurons 

in the SN activates dopamine D1 receptors expressed on GABAergic inhibitory neurons in 

the striatum to induce tonic GABAergic (−) inhibition of the micturition reflex at the level of 

the PAG. At the same time, D1 receptor stimulation suppresses the activity of adenosinergic 

neurons, which exert an excitatory effect on micturition via adenosine A2A receptors 

[Adenosine A2A (+)]. B. In PD, dopaminergic neurons in the SN are lost (lesion), leading to 

the loss of dopamine D1 receptor activation [D1 (loss of activation)], which results in 

reduced activation of inhibitory GABAergic neurons in the striatum [GABA (loss of 

inhibition)]. At the same time, reduced D1 receptor stimulation enhances the adenosinergic 

mechanism to stimulate adenosine A2A receptors [Adenosine A2A (++)], leading to 

facilitation of the spinobulbospinal pathway controlling the micturition reflex (activity). 

Administration of dopamine D1 receptor agonists (D1 agonist) can restore the GABAergic 

nerve activity and suppress A2A receptor-mediated activation to reduce bladder overactivity 

in PD. Also, administration of adenosine A2A receptor antagonists (A2A antagonist) can 

suppress A2A receptor-mediated activation of the micturition reflex to reduce bladder 

overactivity in PD. Dopamine D2 receptors [D2 (+)] expressed in the spinal cord enhance the 

micturition reflex. Abbreviations: dopamine D1 receptor (D1); dopamine D2 receptor (D2); 

gamma-aminobutyric acid (GABA); periaqueductal gray (PAG); pontine micturition center 

(PMC); substantia nigra pars compacta (SN).

de Groat et al. Page 126

Compr Physiol. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 25. 
Organization of the parasympathetic excitatory reflex pathway to the detrusor muscle. This 

scheme is based on results from electrophysiological studies in cats. Micturition is initiated 

by a supraspinal reflex pathway that passes through a center in the brainstem. The pathway 

is triggered by myelinated afferents (Aδ-fibers), which are connected to the tension receptors 

in the bladder wall. Injury to the spinal cord above the sacral segments interrupts the 

connections between the brain and spinal autonomic centers and initially blocks micturition. 

However, following cord injury a spinal reflex mechanism (shown in green) emerges that is 

triggered by unmyelinated vesical afferents (C-fibers); the A-fiber afferent inputs are 

ineffective. The C-fiber reflex pathway is usually weak or undetectable in animals with an 

intact nervous system. Stimulation of the C-fiber bladder afferents by instillation of ice 

water into the bladder (cold stimulation) activates voiding responses in patients with spinal 

cord injury. Capsaicin (20-30 mg, subcutaneously) blocks the C-fiber reflex in cats with 

spinal lesions but does not block micturition reflexes in spinal intact cats. Intravesical 

capsaicin also suppresses detrusor hyperreflexia and cold-evoked reflexes in patients with 

neurogenic bladder dysfunction (216).
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Figure 26. 
Peripheral mechanisms involved in the neurotrophin-mediated development of bladder 

overactivity. In urinary bladder, NGF (shown in blue) is produced by several cell types—

including urothelium, mast cells, and detrusor smooth muscle cells—upon stretch or 

inflammation. The urothelium also potentially produces BDNF (shown in red). NGF binding 

to TrkA receptors on the urothelium might directly activate urothelial sensory ion channels, 

such as TRPV1 (shown in purple), or increase expression of TRPV1 and mechanosensitive 

channels (MSC, shown in pink). Increased TRPV1 and MSC activity stimulate the release of 

urothelial mediators, such as ATP, which sensitize the underlying afferents. In addition, 

NGF activates TrkA receptors expressed on suburothelial afferent C-fiber terminals, directly 

sensitizing neuronal TRPV1, MSCs and voltage-gated ion channels (VGCs, shown in 

orange). The TrkA-NGF complex is internalized (dashed lines) and retrogradely transported 

to cell bodies in lumbosacral DRG, where de novo transcription of TRPV1, VGCs, MSCs 

and additional sensory ion channels (including purinergic P2X3 receptor for ATP; shown in 

green) is initiated. These newly synthesized ion channels are anterogradely transported back 

to afferent terminals to contribute to peripheral hypersensitivity. Neurotrophin receptors 

TrkB (shown in red) and p75NTR (shown in black) are also expressed on both urothelium 

and afferent terminals, although their role has not yet been defined. Abbreviations: ATP, 

adenosine triphosphate; BDNF, brain-derived nerve factor; BOO, bladder outlet obstruction; 

BPS, bladder pain syndrome; DRG, dorsal root ganglia; MSC, mechanosensory channel; 
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NGF, nerve growth factor; OAB, overactive bladder syndrome; P2X3, P2X purinoceptor 3; 

TrkA, tropomyosin-related kinase A; TrkB, tropomyosin-related kinase B; TRPV1, transient 

receptor potential cation channel vanilloid subfamily member 1; VGC, voltage-gated ion 

channel (486).
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Figure 27. 
Central mechanisms involved in the neurotrophin-mediated development of bladder 

overactivity. Upon retrograde transport of TrkA-NGF complexes along the afferent fibers 

from the bladder, DRG neurons increase synthesis of excitatory neuromediators, such as 

substance P, CGRP, BDNF, and voltage-gated ion channels, which are transported 

anterogradely to primary afferent terminals in the lumbosacral spinal cord. Following the 

synaptic release, substance P (shown in green), CGRP (shown in brown), and BDNF (shown 

in red) activate their corresponding receptors (NK1, CGRP receptor, and TrkB, respectively) 

to induce central sensitization of nociceptive, and possibly also micturition, pathways. One 

of the mechanisms of central sensitization involves BDNF-induced activation of the NMDA 

receptor for excitatory mediator glutamate (shown in gray). Enhanced voltage-gated ion 

channel activity could contribute towards increased firing of bladder afferents. NGF and 

TrkA are also detected in the spinal cord, but their origin and function remain unknown. 

Following sensitization and activation of the central (spinobulbospinal) micturition reflex, 

excessive efferent stimulation could eventually contribute to DO. Abbreviations: BDNF, 

brain-derived nerve factor; CGRP, calcitonin gene-related peptide; CGRPR, calcitonin gene-

related peptide receptor; DO, detrusor overactivity; DRG, dorsal root ganglia; Glu, 

Glutamate; NGF, nerve growth factor; NK1, neurokinin-1 receptor; NMDA, N-methyl-D-

aspartate; MPG, major pelvic ganglia; SP, substance P; Trk, tropomyosin-related kinase; 

VGC, voltage-gated ion channel (486).
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Table 1

Abbreviations

Full name Abbreviation

Acetylcholine ACh

Adenosine triphosphate ATP

a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid AMPA

Anterior cingulate cortex ACC

Adenosine ADS

Adenosine monophosphate AMP

Benign prostatic hyperplasia BPH

Bladder outlet obstruction BOO

Brain-derived neurotrophic factor BDNF

Calcitonin gene-related peptide CGRP

Choline acetyltransferase ChAT

Cyclooxygenase-2 COX-2

Cholecystokinin CCK

Detrusor overactivity DO

Detrusor-sphincter-dyssynergia DSD

Diabetes mellitus DM

Dorsal anterior cingulate cortex dACC

Dorsal root ganglia DRG

Electromyogram EMG

Epinephrine E

Excitatory postsynaptic currents EPSCs

External urethral sphincter EUS

Excitatory postsynaptic potential EPSP

Enkephalin ENK

Prostaglandin E receptor EP

Fast excitatory postsynaptic potential f-EPSP

Functional magnetic resonance imaging fMRI

Gamma aminobutyric acid GABA

Glial cell line-derived neurotrophic factor GDNF

Glutamic acid decarboxylase GAD

Glycine transporters GlyTs

8-hydroxy-2-(di-n-propylamino)-tetralin 8-OH-DPAT

5-hydroxtryptamine, Serotonin 5HT

Herpes simplex virus HSV

Inhibitory postsynaptic currents IPSCs

Inhibitory postsynaptic potential IPSP

Isolectin B4 binding sites IB4

Interstitial cystitis IC

Lateral prefrontal cortex LPFC
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Full name Abbreviation

Levodopa L-dopa

Locus coeruleus LC

Lumbar splanchnic nerves LSN

Lower urinary tract LUT

Lower urinary tract symptoms LUTS

Mechanosensitive channels MSC

Metabotropic glutamatergic receptors mGluRs

Muscarinic acetylcholine receptors mACh

Myelinated afferents Aδ

Medial prefrontal cortex mPFC

Muscarinic receptor subtype 1 M1

Muscarinic receptor subtype 2 M2

Muscarinic receptor subtype 3 M3

Neurokinin NK

Nerve growth factor NGF

Neurokinin-1 receptor NK-1

Neurokinin-2 receptor NK-2

Neuropeptide Y NPY

Neurotrophin-3 NT-3

Nitric oxide NO

Nitric oxide synthase NOS

Norepinephrine NE

Nucleus raphe magnus NRM

N-methyl-D-aspartic acid NMDA

Overactive bladder OAB

Paraventricular nucleus PVN

Parkinson’s disease PD

Periaqueductal gray PAG

Protein kinase C PKC

Pituitary adenylate cyclase-activating polypeptide PACAP

Pontine micturition center PMC

Pontine urine storage center PUSC

Positron emission tomography PET

Preganglionic neuron PGN

Prostaglandin E2 PGE2

Prostacyclin PGI2

Protease-activated receptors PARs

Pseudorabies virus PRV

Purinergic subtype 1 receptor P1

Purinergic subtype 2X receptor P2X

Purinergic subtype 2Y receptor P2Y

Prefrontal cortex PFC
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Full name Abbreviation

Resiniferatoxin RTX

Rostral pontine reticular formation RPRF

Somatostatin SOM

Spinal cord injury SCI

Streptozotocin STZ

Substance P SP

Substantia nigra SN

Supplementary motor area SMA

Small intensely fluorescent cells SIF cells

Slow inhibitory postsynaptic potential s-IPSP

Slow excitatory postsynaptic potential s-EPSP

Tetrodotoxin TTX

Transient receptor potential ankyrin receptor 1 TRPA1

Transient receptor potential melastatin receptor 8 TRPM8

Transient receptor potential vanilloid receptor 1 TRPV1

Transient receptor potential vanilloid receptor 4 TRPV4

Tropomyosin-related kinase A TrkA

Tropomyosin-related kinase B TrkB

Tyrosine hydroxylase TH

Urge urinary incontinence UUI

Vasoactive intestinal polypeptide VIP

Vesicular acetylcholine transporter VAChT

Voltage-gated channels VGC

Ventral tegmental area VTA
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Table 2

Receptors Localized on Afferent Nerves (303)

Receptor Agonist/stimuli Localization Physiological role

TRPV1 Heat and protons, Capsaicin and 
resiniferatoxin

C-fibers (DRG and terminals) 
(334) Urothelium and detrusor

Nociception

TRPV4 Osmolarity and pressure, 
bisandrographolide A

C-fibers (DRG and terminals) 
(334), urothelium

Osmolarity and pressure sensor

TRPA1 Noxious cold, trans-cinnamaldehyde C-fibers (DRG and terminals) 
(334)

Mechano and noxious cold sensor

TRPM8 Cold, menthol Aδ and C-fibers (DRG and 
terminals) (334)

Cold sensor

P2X2 ATP C-fibers (DRG and terminals), 
urothelium

Enhances afferent firing, 
nociception (117)

P2X3 ATP C-fibers (DRG and terminals), 
urothelium

Enhances afferent firing (665)

M3 Acetylcholine C-fibers (DRG, and terminals), 
detrusor

Enhances afferent firing (356)

M2 Acetylcholine C-fibers (spinal cord) Inhibitory effect on micturition 
(405)

EP receptors Prostaglandins C-fibers (terminals) Increases bladder afferent firing 
and sensitization through action 
on NaV1.9 channel (520)

Neurokinin (NK)
NK-2, NK-3 receptors

Tachykinins C-fibers (DRG and terminals), 
detrusor

NK1—nociceptive responses 
(365)
NK2—enhances detrusor 
contractions (378)
NK3—inhibition of micturition 
reflex (302)

TrkA Nerve growth factor (NGF) Aδ and C-fibers (DRG and 
terminals)

Responsible for nerve survival, 
growth and differentiation. May 
be involved in development of 
chronic pain following bladder 
injury (248)

5-HT/serotonin receptors 5-HT/serotonin Aδ and C-fibers (DRG and 
terminals)

Inhibits relaxation of bladder 
neck/urethra through action on 
receptors in the spinal cord (637)

Guanylate cyclase Nitric oxide Afferents, urothelium, interstitial 
cells

Inhibits afferent firing (714)
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Table 3

Selected Observations of Principal Regions of the Working Model, Concerned with Bladder Control During 

the Storage Phase (with Bladder Filling or Withholding, or with Full Bladder and Urgency but Without 

Bladder Contraction)

Region Authors Coordinates/BA Subjects Notes

mPFC Griffiths 2009 (245) 6, 62, 24 Women Deact

Tadic 2010 (607) −8, 52, 22 BA 9 Women with OAB, urgency Deact

Tadic 2010 (608) −6, 38, −4 BA 32 Women with OAB Deact

Blok et al. 1997 (70) 8, 24, 24 BA 24, 32 Normal men Deact, PET

dACC/SMA Griffiths et al. 2007 (242) −6, 14, 34 Women with OAB

Griffiths 2009 (245) 0, 6, 30 Normal women

Tadic 2010 (607) −10, 4, 50 BA 24 Women with urgency

Athwal 2001 (34) −2, 18, 22 Normal men PET

Matsuura 2002 (417) 8, 43, 7 BA32 Normal men PET

Insula Blok et al. 1998 (69) 38, 10, 12 Normal women PET

Nour 2000 (481) −40, 14, 2 Normal men PET

Blok 1997 (70) 32, 24, 12 Normal men PET

Matsuura 2002 (417) −26, −3, 15 Normal men PET

Griffiths et al. 2007 (242) 50, −4, 2 Normal women

Griffiths et al. 2007 (242) 34, 8, 16 Women with OAB

Tadic et al. 2008 (610) 44, 6, 4 Normal women

Tadic et al. 2008 (610) 38, −4, 16 Women with OAB

Griffiths et al. 2009 (245) 34, 8, 16 Normal women

Tadic et al. 2010 (607) 34, 24, 4 BA 13 Women with urgency

Seseke et al. 2013 (563) 36, 8, 8 Men with prostate ca

Tadic et al. 2012 (609) 32, 20, 4 BA 13 Women with UUI and DO

lPFC Tadic et al. 2012 (609) 38, 30, 6 BA 47 Women with UUI and DO

Tadic et al. 2008 (610) 50, 8, 14 Women with urgency

Tadic et al. 2008 (610) 58, 6, 14 Normal women

Athwal 2001 (34) 56, 40, 16 Normal men PET

Yin 2008 (684) 66, 30, −2 BA 45,47 Normal men SPECT

Seseke 2013 (563) 52, 3, 21 Men with prostate ca

Blok 1998 (69) 44, 44, 12 BA 47 Normal women PET

mPFC = medial prefrontal cortex, dACC = dorsal anterior cingulate cortex, SMA = supplementary motor area, lPFC = lateral prefrontal cortex, BA 

= Brodmann area, OAB = overactive bladder, DO = detrusor overactivity, PET = positron emission tomography, SPECT = single photon emission 

computed tomography. Based on functional magnetic resonance imaging (fMRI) except where noted.
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