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Neurophysiology of the Lower Urinary Tract Function

Yasuhiko Igawa,

Introduction

The lower urinary tract (LUT), the urinary bladder and urethra, serves two reciprocal
functions: (1) storage of urine without leakage and (2) periodic evacuation of urine.
These two functions are dependent on central as well as peripheral autonomic and
somatic neural pathways.l 2 In contrast to many other visceral functions, the two
functions of the LUT are dependent also on voluntary control which requires the
participation of higher centers in the brain. Because of the complex neural regulations,
the central and peripheral nervous control of the LUT is susceptible to a variety of
neurological disorders. In this lecture, the principals of nervous control of the LUT

function will be summarized.

Peripheral nervous system
The peripheral nervous mechanisms for bladder emptying and urine storage involve

efferent and afferent signaling in pelvic (parasympathetic), hypogastric (sympathetic)
and pudendal (somatic) nerves.! 2 These nerves either maintain the bladder in a relaxed
state, while the outlet region is closed, enabling urine storage at low intravesical
pressure, or they initiate micturition by opening outlet region and contracting the

bladder.

Efferent pathways of the LUT
During the storage phase, the bladder functions as a low-pressure reservoir, allowing

intravesical pressure to remain low over a wide range of bladder volumes and the
bladder outlet is closed to maintain continence. On the othei hand, during voluntary
voiding, the initial event is a relaxation of striated urethral sphincter, followed by a
bladder contraction. These two reciprocal events are mediated by three sets of
peripheral nerves: pelvic (parasympathetic), hypogastric (sympathetic) and pudendal

(somatic) nerves!. 2 (Rigure D).
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Figure 1. Sympathetic, parasympathetic, and somatic innervation of the lower urinary
tract. (Reproduced from Yoshimura & de Groat, Int J Urol, 1997, 4: 111-125)

1. Parasympathetic pathways

Pelvic parasympathetic nerves, which arise at the sacral level of the spinal cord (S2-SJ),
provide an excitatory input to the bladder and an inhibitory input to the bladder neck
and urethral smooth muscle to eliminate urine. Parasympathetic preganglionic neurons
(PGN) innervating the LUT are located in the lateral part of the intermediate gray
matter in a region termed the sacral parasympathetic nucleus!$ (SPN: Figure 2).
Parasympathetic PGN send axons through the ventral roots to peripheral ganglia.
Parasympathetic postganglionic neurons in humans are located in the bladder wall and
not independent ganglion.4¢ Parasympathetic postganglionic nerve terminals release
Acetylcholine (ACh), which can excite muscarinic Ms as well as Mz receptors in the
detrusor smooth muscle cells, leading to bladder contractions.5¢ However, an
atropine-resistant component has been demonstrated,” particularly in functional and
morphologically altered humsan bladder tissue.819 The postganglionic parasympathetic
input to the urethra elicits inhibitory effects mediated at least in part through the
release of nitric oxide (NO), which directly relaxes the urethral smooth muscle.? 11. 12
Therefore, the excitation of sacral parasympathetic efferent pathways induces a bladder

contraction and urethral relaxation to promote bladder emptying during micturition

(Figure 2).
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Figure 2. Neuroanatomical distribution of primary afferent and efferent components of
storage and micturition reflexes within the sacral spinal cord.
(Reproduced from de Groat et al, Scand J Urol Nephrol Suppl 2001, 35-43)

2. Sympathetic pathways

Hypogastric sympathetic nerves, which arise at the thoraco-lumbar level of the spinal
cord (Thu-Le), provide a noradrenergic inhibitory input to the bladder and excitatory
input to the urethra to facilitate urine storage?. The peripheral sympathetic pathways
follow a complex route which passes through the sympathetic chain ganglia to the
inferior mesenteric ganglia and then via the hypogastric nerves to the pelvic ganglia!3
(Figure 1). The sympathetic activation causes inhibition of the parasympathetic
pathways at spinal and ganglionic levels, and releases noradrenaline (NA) from its
postganglionic terminals, which elicit relaxatién the bladder body and contractions of
the bladder neck and urethral smooth muscle?.

3. Somatic pathways

Somatic efferent motoneurons which activate the external striated urethral sphincter
muscle and the pelvic floor muscle are located along the lateral border of the ventral
horn in the sacral spinal cord (S2Sd, commonly referred to as the Onuf’s nucleus 14
(Figures 1& 2). The somatic motoneurons send axons to the ventral roots and into the
pudendal nerves. Combined activation of sympathetic and somatic pathways increases

bladder outlet resistance and contributes urinary continence.



Afferent pathways of the LUT
The pelvic, hypogastric, and pudendal nerves also contain afferent axons that transmit

information from the LUT to the spinal cord. 1.2 15.16 The primary afferent neurons of
the pelvic and pudendal nerves are contained in sacral dorsal root ganglia; whereas
afferent innervation in the hypogastric nerves arises in the rostral lumber dorsal root
ganglia (Figure 1). Sensory information, including the feeling of bladder fullness or
bladder pain, is conveyed to the spinal cord via afferent axons in the pelvic and
hypogastric nerves.!6. 17 The pelvic afferent nerves, which monitor the volume of the
bladder and intravesical pressure, consist of small myelinated A5 and unmyelinated C
fibers. Electrophysiological studies in cats and rats have demoristrated that the normal
micturition reflex is mediated by myelinated A8 fibers, which respond to bladder
distention and active contraction® 16. 18 (Figure 3). The activation threshold for AS
fibers is 5-15 cmH20, which is the intravesical pressure at which humans report the
first sensation of bladder filling!. C-fiber afferents have a high mechanical threshold
and are usually unresponsive to mechanical stimuli such as bladder distention!” and
therefore have been termed as “silent C fibers”. However, these fibers respond primarily
to chemical, noxious, or cold stimuli. During inflammation or neuropathic conditions,
there is recruitment of C-fiber bladder afferents, which form a new afferent pathway
that can cause bladder overactivity and bladder pain!8 (Figure 8).
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Figure 3. The central reflex pathways that regulate micturition in normal and



spinal-cord-injured cats (Modified from Yoshimura et al, 2004)

Afferent fibers innervating the urethra also contribute to the LUT function. The
urethral afferent fibers in the pelvic and pudendal nerves are sensitive to the passage of
the urine, but the pudendal nerves are activated at a much lower pressure than the
pelvic nerves.!® The activation of urethral afferents induced by. urine flow into the
urethra can facilitate parasympathetic outflow to the bladder via a supraspinal
pathway passing through the pontine micturition center (PMC) as well as a spinal
reflex pathway to facilitate bladder emptying during voiding. On the other hand,
afferents input from the external urethral sphincter (EUS) can inhibit parasympathetic
outflow to the bladder via a spinal reflex circuit, resulting in interruption of voiding.

Interaction between urothelfum and afferent nerves

There is accumulating evidence for the important role of urothelium for afferent
transduction in the bladder. The bladder urothelial cells express muscarinic, adrenergic,
tachykinin, and vanilloid receptors, and can respond to mechanical stretch induced by
bladder distention as well as chemical stimuli and in turn release a various mediators
such as ACh, ATP, NO, prostaglandins (PGs)3 4 18.2023 (Rigure 4). These mediators act
on afferent nerves located close to the urothelium, which results in conveying
information to the central nervous system. Among these mediators, the released ATP
from the bladder urothelial cells in response to bladder distention acts on P2X3
purinoceptors located in the suburothelial afferent nerves to facilitate the afferent
activity, and has an important role in physiological control of the volume-threshold for
micturition?4%. Recent studies revealed that the urothelial- ATP-release is modurated
by oup-adrenoceptors?’” and TRPV-1 (vanilloid) receptors®® located urothelial cells
themselves. Moreover, in some pathological conditions such as bladder outlet
obstruction?’, interstitial cystitis?0 and spinal cord injury®!, increased ATP-release from
urothelial cells in response to mechanical stretch has been demonstrated.



Figure 4. Interactions between chemical mediators released from bladder urothelial cells,
afferent nerve endings and smooth muscle in the bladder (Modified from K-E
Andersson, ICI, 2004).

Reflex pathways controlling urine storage and voiding

Coordinated activities of the peripheral nervous system innervating the LUT during
urine storage and voiding depend on multiple reflex pathways organized in the brain
and spinal cord. The central pathways regulating LUT function are organized as on-off
switching circuits that maintain a reciprocal relationship between bladder and its

outlet ... 2.4

The storage phase
The bladder functions as a low-pressure reservoir during urine storage. The

accommodation of the bladder to increasing volumes of urine is primarily a passive
phenomenon dependent on the intrinsic properties of the detrusor smooth muscle.l. 2 4.7
In addition to this passive accommodation mechanism, the afferent activity induced by
bladder distention can trigger reflex activation of the sympathetic outflow to the LUT
also contribute to urine storage mechanism that inhibits the parasympathetic efferent
outflow to the bladder and promotes closure of the bladder outlet (urethra) through
activation of aia-adrenoceptors and further facilitates relaxation of the detrusor via

activation of B;-adrenoceptors’ (Rigure 6A). This reflex is organized in the lubosacral



spinal cord. During bladder filling, the bladder afferent input also activates the
pudendal motoneurons innervating EUS (the guarding reflex) 4 32 and increases EUS
activity that contributes to the maintenance of urinary continence. The EUS
motoneurons are also activated by urethral/perineal afferents in the pudendal nerves33.
These excitatory sphincter reflexes are organized in the spinal cord. However, a
supraspinal urine storage center located in the dorsolateral pons send descending

excitatory inputs to the EUS motoneurons to increase urethral resistance34 35 (Figure
6A).

The voiding phase
The storage phase can be switched to the voiding phase either involuntarily (via a

reflex) or voluntarily. When bladder volume reaches the micturition threshold, bladder
afferents in the pelvic nerves trigger the micturition by acting on neurons in the sacral
spinal cord, which then send their axons rostrally to the periaqueductal gray (PAG),
which in turn communicates with the pontine micturition center (PMC)36.37. Activation
of the PMC reverses the pattern of efferent outflow to the LUT, inhibiting sympathetic
and somatic pathways and activating parasympathetic pathways. The voiding phase
consists of an initial relaxation of the urethral sphincter followed in a few seconds by a
contraction of the bladder. Thus voiding reflexes depend on a spinobulbospinal pathway
which passes through an integrative center in the brain (Figure 5§B). Secondary reflexes
elicited by urine flow into the urethra also facilitate bladder emptying.!- 4 Inhibition of
EUS activity during voiding depends, at least in part, on supraspinal mechanisms
because in chronic spinal cord injury, this synergic EUS relaxation mechanism is
disrupted resulting in detrusor-sphincter dyssynergia (DSD). 1. ¢



A: storage reflexes

pontine

Figure 5. Neural circuits controlling continence and micturition. A: Storage reflexes, B:
Voiding reflexes (Reproduced from Yoshimura & de Groat, Int J Urol, 1997, 4: 111-125)

8pinal and supraspinal pathways involved in the LUT function

Spinal cord

In the spinal cord, afferent pathways terminate on second-order interneurons that relay
information to the brain or to other regions of the spinal cord. Interneuronal
mechanisms play an essential role in the regulation of LUT function.4 The afferent
projections from EUS and pelvic floor muscle project into different regions of the sacral
spinal cord: The EUS afferents terminate in the superficial layers of the dorsal horn,
while the afferents from the pelvic floor project into a region just lateral to the central
canal and extending into the medial ventral horn (Figure 2). The EUS afferents overlap
very closely with the central projections of visceral afferents in pelvic nerve innervating
bladder and urethra. Glutamic acid is the excitatory transmitter in these pathways,
whereas GABA and glycine are released from inhibitory interneurons.¢ The micturition
reflexes can be modulated at the level of the spinal cord by interneuronal mechanisms
activated by afferent inputs from cutaneous and striated muscles as well as other

visceral organs (anus, colon/rectum, vagina, uterine cervix, and penis).l 2 43840

Pontine micturition center



The dorsal pontine tegmentum has been established as an essential control center for
micturition in normal subjects and been called as the “pontine micturition center
(PMC)” or the “M region” due to its median location.37 41 42 Recent studies using brain
image have revealed increase in blood flow in this region of the pons during
micturition.43 Neurons in the PMC provide direct synaptic inputs to sacral PGN, as well
as to GABAergic neurons in the sacral dorsal commissure (DCM).4! The former neurons
carry the excitatory outflow to the bladder, whereas the latter neurons are thought to be
important in mediating an inhibitory outflow on EUS motoneurons during micturition44.
As a result of these reciprocal connections, the PMC can promote coordination between
the bladder and urethral sphincter. In the cat, another area, located in the ventrolateral
pontine tegmentum and is called the “L-region”, which controls the motoneurons of the
pelvic floor, including the external urethral sphincter.45 This region might be considered
as the pontine storage center (Figure 5A). In humans the L-region is especially active in

volunteers who tried but did not succeed to micturate.4s. ¢

Central pathways modurating the micturition reflex

Studies in humans indicate that voluntary control of urine storage and voiding is
dependent on connections between the frotal cortex and the septal/preoptic region of the
hypothalamus as well as connections the paracentral lobule and the brainstem.. ¢
Legions to these areas of cortex exhibit detrusor overactivity by removing cortical
inhibitory control. Brain imaging studies in right-handed both male and female
volunteers have demonstrated decreased blood flow in the right anterior cingulate gyrus
during urine withholding prior micturition and increased blood flow in the right
dorsomedial pontine tegmentum, the periaqueductal grey (PAG), the hypothalamus and
the right inferior frontal gyrus during voiding.43. 46. 47 [t has been implicated that the
midbrain PAG receives bladder filling information, and the hypothalamus has a role in
the beginning of micturition. Furthermore, the human cingulate and prefrontal
cortices are activated during both micturition and continence, indicating that these
areas are important for the onset of micturition, but not for the reflex itself. The
primary motor cortex of the pelvic floor is important for voluntary pelvic floor

contraction, but it 18 not involved in normal urinary continence.48
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