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ABSTRACT

This article reviewed brain mechanism of the lower urinary tract (LUT). Among autonomic nervous systems, LUT is unique
in terms of afferent pathophysiology; bladder sensation is perceived soon after the storage phase and throughout the
voiding phase. Within the brain, this is measured in experimental animals by the firing of single neurons and in humans
by evoked potentials/functional neuroimaging. The evidence indicates that sphincter information goes up to the precentral
motor cortex and other brain areas, and bladder information goes up to the insular cortex (IC)/anterior cingulate (ACG)
and further to the prefrontal cortex (PFC). Another LUT-specific phenomenon is efferent pathophysiology: detrusor
overactivity (exaggerated micturition reflex) occurs in brain diseases such as stroke (focal disease) and dementia with
Lewy bodies (diffuse diseases, may overlap with each other). With the turning off and on of the brain-switch of mictu-
rition (at the periaqueductal gray [PAG]), there is a bladder-inhibitory PFC-IC/ACG-hypothalamus-PAG pathway, with
interconnections via the PFC with a PFC-nigrostriatal D1 dopaminergic pathway and a PFC-cerebellar pathway. Brain
diseases that affect these areas may cause a loss of the brain's inhibition of the micturition reflex, leading to detrusor

overactivity. This has a significant clinical impact on patients and requires appropriate management.
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INTRODUCTION

The lower urinary tract (LUT) is under control of the brain [ 1-
5]. Among the internal organs that are regulated by the autonomic
nervous system, LUT is unique in terms of both afferent and
efferent pathophysiology. Concerning afferent pathophysiology,
sensation from the bladder is perceived soon after beginning of
the storage phase and throughout the voiding phase, and there is
a significant clinical impact if this is altered. Regarding the LUT
and efferent pathophysiology, both detrusor underactivity ('loss
of function,' mostly of peripheral origin, such as constipation and
orthostatic hypotension) and detrusor overactivity (‘exaggerated
function,' mostly of central origin) can occur, with significant
clinical impact. Both the afferent and efferent pathophysiology

of the LUT are relevant to the brain. This article reviews brain
mechanism of the LUT, and brain diseases affecting the LUT.

Brain control of the lower urinary tract

Peripheral innervation of the LUT

A brief review of the anatomy and peripheral innervation of
the LUT is necessary before considering contribution of the brain.
The urinary system consists of the upper urinary tract (kidney
and ureter) and the LUT (urinary bladder and urethra), the latter
providing temporary storage reservoirs for urine and its voluntary
excretion [1-3]. The urinary bladder is located retroperitoneally
in the pelvis just posterior to the symphysis pubis. The detrusor
muscles and the transitional epithelium (called ‘urothelium’) make
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the bladder uniquely suited for its function of urine storage. The
smooth triangular region of the bladder base outlined by these
three openings is called the trigone. The urethra is a thin-walled
tube that carries urine to the outside of the body. At the blad-
der-urethral junction, a thickening of the smooth muscle forms
the internal urethral sphincter. The external urethral sphincter
is composed of skeletal muscle that is voluntarily controlled.
The bladder has abundant muscarinic M2,3 receptors and ad-
renergic Beta 3 receptors and is innervated by cholinergic fibers
(parasympathetic pelvic nerve; contraction, from the S2-4 pre-
ganglionic intermediolateral [[IML] nuclei at the sacral cord) and
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and pudendal nerve.
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Figure 1 Neural circuitry relevant to micturition. The lower urinary tract consists of two major components, the bladder and the urethra. The bladder is
innervated mainly by the parasympathetic pelvic nerve. The urethra is innervated by the sympathetic hypogastric nerve and somatic pudendal nerve. Urinary
storage is dependent on the reflex arc of the sacral spinal cord. The storage reflex is thought to be tonically facilitated by the brain, particularly the pontine

storage center. The storage function is thought to be further facilitated by the hypothalamus, cerebellum, basal ganglia, and frontal cortex. Central cholinergic
fibers from the nucleus basalis Meynert (NBM, also called the Ch4 cell group) seem to facilitate urinary storage. Micturition is dependent on the reflex arc of
the brainstem and the spinal cord, which involves the midbrain periaqueductal gray (PAG) and the pontine micturition center (located in or adjacent to the
locus coeruleus [LC]). The voiding function is thought to be initiated by the hypothalamus and prefrontal cortex, which overlap the storage-facilitating area.

Notes: A, adrenergic/noradrenergic; DLTN, dorsolateral tegmental nucleus; GABA, gamma-aminobutyric acid; IML, intermediolateral cell column; L,

lumbar; MPOA, medial preoptic area; PBN, parabrachial nucleus; PVN, paraventricular nucleus; S, sacral; SNC, substantia nigra pars compacta; T,

thoracic; VTA, ventral tegmental area; ZI, zona incerta.

The LUT performs two opposite functions—storing urine

=

and emptying urine— both of which need an intact neuraxis
that involves almost all parts of the nervous system. This is in
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contrast to postural hypotension, which arises due to lesions
below the medullary circulation center [6]. It is speculated that
the descending tract to the sacral Onuf's nucleus lies in the
pyramidal tract, and the descending tract to the lumbosacral
IML nucleus lies in the lateral column just inside the pyramidal
tract. The ascending tracts from the LUT to the thalamus lie in
the dorsal tract (presumably related to the maximum desire to
void/urgency/pain) and spinothalamic tract (presumably related
to the first sensation).

Role of the brain for storage and voiding function of the LUT
Normal urinary storage is dependent on the autonomic reflex
arc of the lumbosacral spinal cord segments [1-3]. The storage
reflex is thought to be tonically facilitated by the brain, partic-
ularly the pontine storage center (PSC), or L-region [7,8]. The
PSC lies just ventrolateral to the pontine micturition center
(PMC), which is also called Barrington's nucleus or M-region.
In addition to the PSC, the storage function is facilitated mostly
by the hypothalamus, cerebellum, basal ganglia, and prefrontal
cortex. These areas and their functions have been studied by
extracellular/intracellular single-unit recording and electrical/
chemical microstimulation. The specific brain areas that have
been explored by these methods include the PSC [7,8], PMC
(9,10), periaqueductal gray (PAG) [11,12], rostral ventromedial
medulla (RVMM) [13] (Fig. 2A), raphe nucleus (serotonergic)
[14], hypothalamus (glutamatergic) [15,16], substantia nigra pas
compacta/ventral tegmental area (dopaminergic) [17], striatum
(gamma aminobutyric acid [GABA]-ergic) [ 18,19], subthalamic
nucleus (glutamatergic) [20-22], amygdaloid body (noradren-
ergic, dopaminergic, cholinergic, histaminergic) [23], the pre-
frontal cortex/cingulate/limbic cortex (including cholinergic and
glutamatergic fibers) [24], and the thalamus [25,26] (Fig. 2B).

Neuronal recording studies and neurotransmitters

Neuronal recording showed that there are a variety of firing
patterns (e.g., constant, augmenting, decrementing, on, off)
indicating that within each small brain area, there seems to
be a microcircuit that might focally regulate LUT function, in
addition to networking with one or more other brain areas. Elec-
trical/chemical microstimulation showed that the PMC shows
evocation whereas the PSC shows inhibition of the micturition
reflex. However, within some focal brain areas such as the PAG
and ventral tegmental area, there are facilitation and inhibition
points that seemed either somatotopically or mosaically orga-
nized. The possibility that electrical stimulation can stimulate
fibers throughout the area must be kept in mind when considering
these findings.

In contrast to normal urinary storage (which is dependent on
the lumbosacral spinal cord), normal micturition is dependent on
the autonomic reflex arc of the brainstem and the spinal cord. The
micturition reflex is thus called the spino-bulbo-spinal reflex, and
it involves the midbrain PAG and the PMC [27,28]. The PMC is
located in or adjacent to the locus coeruleus (partly noradrenergic,
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corticotropin-releasing factor [CRF]-ergic and glutamatergic)
[29]. The PMC is thought to facilitate the sacral bladder pre-
ganglionic nucleus (mainly by glutamate) while inhibiting the
sacral urethral motor nucleus (the Onuf's nucleus) by GABA-,
glycine-, and estrogen receptor 1 (ESR1)-containing neurons [30].
The voiding function seems to be initiated and facilitated by the
midbrain PAG (also called the 'on-off switch'), which is further
regulated by the higher brain structures, e.g., the hypothalamus
and the prefrontal cortex, which seem to lie in close vicinity to,
or overlap, the storage-facilitating area.

Neuronal stimulation studies

Not many microstimulation studies are available above the
level of the basal ganglia. Gjone reported bladder contraction
after electrical stimulation of the limbic cortex [31]; few studies
could reproduce this finding, however. It is known that the sacral
Onuf's nucleus innervating the external sphincter is projected
directly from the medial surface of the Brodmann's motor Area
4 [32]. This is in contrast to the finding that sacral IML nucleus
innervating the bladder receives fibers from Barrington's nu-
cleus, which is further regulated by the higher brain structures
including the prefrontal cortex [1]. The reason why few studies
could reproduce the finding reported by Gjone [31] seems to be
that the higher the stimulating sites are or might be, the greater
the number of circuits/relaying neurons might exist (increasing
the complexity of excitatory and inhibitory neurons/fibers). In
humans, electrical microstimulation at the medial prefrontal cortex
and anterior cingulate cortex before a neurosurgical resection of
intractable focal epilepsy elicited urinary urgency [33] and blad-
der contraction [34]. In contrast, repetitive transcranial magnetic
stimulation (rTMS) lessened detrusor overactivity in patients with
Parkinson's disease (possibly facilitating the bladder-inhibitory
prefrontal-D1 dopaminergic pathway) [35].

Neuroimaging studies relevant to LUT function

Noninvasive neuroimaging has been used extensively to in-
vestigate LUT function in humans. These imaging modalities
include single photon emission computed tomography (SPECT),
positron emission tomography (PET), functional magnetic reso-
nance imaging (fMRI), near infrared spectroscopy (NIRS), and
magnetoencephalography (MEG). Among these, the first study
was performed using SPECT, and it revealed activation at the
upper pons, left sensorimotor cortex, right frontal cortex, and
bilateral somatosensory cortex during bladder filling in healthy
volunteers [36]. These findings were consistently reproduced by
PET and fMRI using more advanced visuo-mathematical analysis
tools; in addition, the activation in the PAG, cerebellum, thalamus,
basal ganglia, insular cortex (IC), anterior cingulate (ACG), and
prefrontal cortex are consistently observed [37-43] (Fig. 3A).
Since these findings are evidence of neurovascular coupling, the
activated area might reflect neuronal (mostly synaptic) firings
that are akin to those observed in experimental studies.
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Figure 2 Studies of single unit recording and electrical microstimulation in experimental animals. A: The pontine mic-

turition center (PMC), periaqueductal gray (PAG), the pontine storage center (PSC), the rostral ventromedial medulla (RVMM),

and neuronal firing in response to bladder behaviors. B: The frontal cortex and neuronal firing in response to bladder behaviors.

Notes: Figure B was cited from Reference 24.

Bladder filling and voiding is a slow, sequential phenomenon of
67 cycles per day. Bladder sensation depends on both the detrusor
pressure and the bladder volume. Studies investigating multi-vari-
able bladder sensation (with a five-grade bladder sensation method
[44-46]) showed that, during slow filling, some patients reported
that their sensation goes up and down, paralleling the rise and

fall of overactive detrusor pressure (detrusor pressure-dominant)
whereas others reported that their sensation goes up constantly
irrespective of whether overactive detrusor pressure rises or falls
(bladder volume-dominant) [44]. In pathological conditions,
the first sensation decreases (volume enlarges) in patients with
peripheral nerve diseases [45] or increases (volume lessens) in
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patients with detrusor overactivity and in those with increased
sensation without detrusor overactivity (e.g., with interstitial
cystitis, psychogenic sensory urgency) [46]. In related studies,
the real-time measurement of brain activation during storage
and micturition was achieved with near-infrared spectroscopy
(NIRS) [47-49]. A slow, sequential real-time measurement by
NIRS showed that (1) an increase of oxy-hemoglobin (oxy-Hb, a
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marker of neurovascular coupling) starts before the first bladder
sensation occurs, (2) there was a continuous increase of oxy-Hb
during bladder filling to the point just after voiding began, (3)
there was a continuous decrease of oxy-Hb after voiding, and
(4) the area activated was the bilateral lateral prefrontal area,
particularly Brodmann's Areas 8, 10, and 46 (Fig. 3B,C).
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Figure 3 Functional neuroimaging by PET and NIRS. A. Brain activation during bladder storage. The prefrontal cortex, insula, thalamus (in other studies
the striatum as well), anterior cingulate, supplementary motor area (SMA), periagueductal gray (PAG), pons (adjacent to the pontine micturition center [PMC]
and the pontine storage center [PSC]), and cerebellum are activated. B. A slow, sequential real-time measurement by NIRS showed that (1) an increase of
oxy-hemoglobin (oxy-Hb, a marker of neurovascular coupling) starts before bladder first sensation occurs, (2) there was a continuous increase of oxy-Hb
during bladder filling to the point just after voiding began, (3) there was a continuous decrease of oxy-Hb after voiding, and (4) the area activated was the
bilateral lateral prefrontal area, particularly Brodmann's areas 8, 10, and 46. C. NIRS indicates that after a 3-month administration of fesoterodine (a peripheral
anticholinergic) for overactive bladder, the deactivated prefrontal cortex seemed to become reactivated, together with an enlargement of bladder capacity.

Notes: Figure 3A and 3B were cited from Reference 38.
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Electrosensation studies

Another technique that has been used to investigate lower
urinary tract symptoms (LUTS) is electrosensation [50]. Elec-
trosensation (sensation evoked by electrical stimulation) of the
LUT and reflex (modified) micturition/storage by the LUT have
been extensively studied. Experimental studies have applied
electrostimulation of the peripheral nerves innervating the LUT
(i.e., the pudendal nerve, pelvic nerve, and hypogastric nerve). In
humans, among the three nerves, selective pudendal nerve stimu-
lation [51,52] and neuromodulation adjacent to the sacral nerves
(pudendal nerve and pelvic nerve) [53-55] have been performed.
Electrical stimulation with variable changes in frequency (current
perception threshold, CPT) is thought to selectively stimulate
fibers [56,57]; e.g., CPT measures obtained at 2000, 250, and 5
Hz, reflecting large myelinated (Af), small myelinated (AJ), and
small unmyelinated C fiber function respectively, although this
has been debated. This is because physiologically, the velocity of
small myelinated (Ad) and small unmyelinated C fibers is very
low (1-5 m/s), and the magnitude of stimulation must be large
enough to produce pain. In contrast, several studies in humans
have been performed using the CPT method [58-64], and their
results demonstrated a decrease/normalization of electrosensation
by resiniferatoxin [59] and antimuscarinics (tolderodine [61],
oxybutynin [62]) in patients with overactive bladder (OAB).

This 'electrosensation' can be measured in the cerebral cortex
by several methods, e.g., by measuring somatosensory evoked
potentials (SSEP) [65] and by obtaining a magnetoencephalo-
gram [66] by electrical stimulation of the LUT. Electrosensation
was first described in experimental animals [67] and then it was
applied in humans.[68] The area where evoked potentials are
recorded are just around the medial motor cortex (Brodmann's
Area 4) where the feet and viscera are located [66]. Recent SSEP
studies compared the LUT stimulation frequencies by 0.5, 1.1,
and 1.6 Hz, and showed that the lower the stimulation frequen-
cy was, the better the map strength might be, like CPT [65]. In
contrast to electrical stimulation of the nerves innervating limbs,
evoked responses from the thalamus are not clearly obtained by
electrical stimulation in the LUT.

Brain area relevant to the LUTS: cortical structures

The prefrontal cortex, medial superior/middle frontal gyri,
cingulate cortex, supplemental motor area, and insular cortex
have been regarded as the higher center for micturition. OAB
(urinary urgency and frequency) due to detrusor overactivity is a
common bladder abnormality in lesions of the above brain areas
[69]. Lesions in the basal ganglia and the cerebellum are also
known to produce detrusor overactivity [69]. The exact roles of
these brain area remain uncertain, because the brain has a galaxy
of neuronal circuits and each local circuit may have a connection
that is 'plus' (i.e., an excitatory postsynaptic potential [EPSP])
or 'minus' (inhibitory postsynaptic potential [IPSP]). One circuit
may receive numerous numbers of inputs from other circuits.
The question of which part of the brain is primary for micturition

=

decision-making must also be considered.

At present, the insular cortex (IC)/anterior cingulate gyrus
(ACQ) seem to be the first-order center above the hypothala-
mus-PAG switching system, and the PFC seems to be the sec-
ond-order center above the IC/ACG; together, a PFC-IC/ACG-hy-
pothalamus-PAG pathway might tonically inhibit the micturition
reflex [70-72]. This is because (1) PFC is deactivated whereas
the IC/ACG was strongly activated during bladder storage in
patients with urge-incontinence (detrusor overactivity) compared
to healthy controls [73], and (2) a connectivity analysis revealed
that the PFC and IC/ACG pathway showed positive modulation
in healthy subjects (presumably inhibitory) and negative modu-
lation in patients with urge-incontinence (detrusor overactivity)
(presumably loss of inhibition) [74].

During a whole storage-micturition cycle, NIRS (as mentioned
above [47]) could not measure inner brain structures such as
the insula, cingulate and medio-frontal cortex. However, NIRS
showed that from the end of the storage phase to the beginning
of the micturition phase, the PFC was most strongly activated,
and the activation ceased gradually after micturition [47]. The
medial motor cortex (relevant to the sphincter muscle) behaves
similarly (presumably a secondary phenomenon to maintain
continence) [49]. A study of rats by fMRI revealed that during
a storage-micturition cycle, in the micturition phase the brain
activation shifted to the insula (right anterior)-cingulate cortex
(anterior) with surrounding brain area (primary and secondary
somatosensory cortex, etc.) [75]. More recently, a study of freely
moving mice with an indwelling optogenetic probe in the frontal
motor cortex (M1) demonstrated that activation of this area elicited
micturition through corticotropin-releasing factor (CRF)-contain-
ing PMC neurons. Silencing of this area abolished micturition
[76]. Therefore, although species differences exist, not only the
PFC but also the motor cortex—at least in part—may have a
role in initiating micturition. This is in line with the observation
that on voiding, sphincter relaxation precedes detrusor contraction
for a couple of seconds; however, striated muscles could relax/
contract more quickly than smooth muscles do.

Since the PFC has a wide range of neural functions including
autonomic-bladder but also cognitive-decision making, there is
crosstalk among areas of the brain that have roles in autonomic
and cognitive functions via the PFC. Clinical studies have shown
that in elderly subjects with urodynamic detrusor overactivity
and OAB symptoms, the OAB was not closely associated with
general cognitive task (as measured by the Mini-Mental State
Examination [MMSE]) but was closely associated with an inhib-
itory control task (a category of the Frontal Assessment Battery
[FAB], a function of decision-making), indicating that a loss of
general inhibition by the PFC lesion may lead to both OAB and
disturbed decision-making [77]. Similar findings were observed
in another investigation [78].

Brain area relevant to the LUTS: basal ganglia, cerebellum
and other deep structures
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In addition to the PFC-IC/ACG-hypothalamus-PAG path-
way, there is a dense fiber connection between the PFC and the
posterolateral striatum [79,80]. This pathway is relevant to not
only motor but also cognitive [81], mental [82], and autonomic
nervous system function [83]. There is growing evidence that a
PFC-nigrostriatal D1 dopaminergic pathway inhibits the mictu-
rition reflex[84,85], possibly via the GABAergic collateral from
the direct pathway of the basal ganglia motor circuit or via the
PFC as a bidirectional projection from the circuit [86,87]. Since
the nigrostriatal system is one of the centers controlling muscle
tone and movement, LUT dysfunction originating from this area
is closely related to motor disorder [88].

There is also a dense fiber connection between the PFC and
the cerebellum [89], and this connection has a role not only in
motor function but also in cognition/emotion [90]. Electrical stim-
ulation in the cerebellar cortex/vermis/fastigial nucleus inhibited
the micturition reflex, whereas lesioning at this site facilitated
micturition [91]. A PFC-cerebellar pathway may have a role—at
least in part—in the higher control of micturition [92,93].

Regarding the afferent fibers within the brain, the thalamus
is activated during bladder filling equally in healthy volunteers
and in subjects with OAB. In an experiment using animals and
fMRI related to the brain-switch structure of micturition (PAG),
the thalamus was activated during storage, and the activation
increased significantly on micturition [25,26]. In fMRI studies of
individuals with Parkinson's disease (PD), above the thalamus,
the PFC was deactivated [85] as has been observed in patients
with white matter disease [94]. In PD patients, when the deep
brain stimulation (at the subthalamic nucleus) switch turned on,
OAB was ameliorated and the PFC was reactivated (tended to
be normalized) [85].

The brainstem raphe has an abundance of serotonin (5-hy-
droxytryptamine, 5-HT) and a unique fiber connection pattern; i.e.,
rostral raphe sends fibers upward to the thalamus, basal ganglia
and the PFC; while caudal raphe sends fibers downward to the
sacral cord directly. The functional role of the raphe includes not
only autonomic, but also mood (in disease state, depression),
cognitive/learning, vigilance/sleep, motor control, and sensory/
pain modulation [95]. Studies have shown that 5-HT2A and
5-HT7 receptors are involved in LUT function, either facilita-
tory or inhibitory, depending on the receptor subtypes [96,97].
Clinically, approximately one-third of depressive patients have
LUTS (mostly OAB [in some, voiding difficulty]) [98], whereas
antidepressant medication is known to cause urinary retention.
In addition, many neurologic diseases affect the raphe (multiple
sclerosis [99], Parkinson’s disease/ dementia with Lewy bodies,
multiple system atrophy, etc,). The lower urinary tract dysfunction
(LUTD) in those diseases, at least to some degree, might also
originate from lesion in the raphe [14].

Brain diseases affecting the lower urinary tract
function

Bladder | 2023 | Vol. 10 | €21200001

The most important brain-derived LUT dysfunction is bladder
(detrusor) overactivity (DO), which is the major cause of urinary
urgency/frequency and incontinence. The incidence of DO in-
creases along with age, presumably reflecting 'brain aging.' This
is because in lesions above the brainstem, the micturition reflex
arc is intact, and DO is considered an exaggerated micturition
reflex. We here briefly review brain diseases affecting the PFC
and other areas causing LUT dysfunction [69], including stroke
(a focal, single brain disease); and Alzheimer's disease (AD),
white matter disease (WMD), and dementia with Lewy bodies
(DLB, Parkinson's disease and more) (all of which are mostly
diffuse brain diseases in older individuals, often overlapped
with each other).

Focal, single brain diseases (stroke)

Stroke is common in the general population and is characterized
as focal, single brain disease that commonly causes LUTD [69].
LUTD in stroke may be a consequence of a direct involvement
of neural structures that are part of the brain neural control of
LUT as mentioned above. The consequence is urodynamic DO
and resultant OAB; i.e., urgency and frequency of micturition,
and urge urinary incontinence [UI]) [100]. There is often a func-
tional component (immobility and loss of initiative/cognition)
[101]. It is reported that DO appearing after experimental stroke
requires mRNA synthesis in the PMC [102]. The exaggeration
of the micturition reflex might be brought about by decreased
inhibition of the brain by acetylcholine and a D1 dopaminergic
mechanism, and it might be further facilitated by glutamatergic
and D2 dopaminergic mechanisms [1,2,103].

Clinically, the sites of lesions that are responsible for brain-de-
rived DO/LUTD have been investigated in patients with tumors
and those with strokes (Fig. 4A), and the results suggest that the
sites are located in the PFC (also called 'the frontal micturition
center'), the internal capsule (with a descending pathway from the
PFC), and the basal ganglia (104-106). Since a stroke can cause not
only hemiplegia but also hemianopia and aphasia, stroke patients
may first visit ophthalmology and other faculties. In a study of
all-occasions strokes, the estimated incidence of LUTD among all
strokes was 42%. LUTD in stroke patients commonly occurs due to
a large lesion or a lesion that involves the frontal lobe; frequently
when hemiplegia was present (indicating anterior lesion), less
frequently when hemianopia and sensory aphasia were present
(indicating less common posterior lesion); and with no right-left
laterality; patients with infarct-hemorrhage showed almost no
difference in LUTD [107] (Fig. 4B). Urodynamics showed that
some of the stroke patient's DO resolved to a normal state. Five
percent of stroke patients showed detrusor underactivity (DU)
and urinary retention (also called 'brain shock'), which resolved
to a normal state in most of the patients [69,107].

A recent case report described a man with herpes simplex
encephalitis affecting the temporal and frontal cortices who pre-
sented with a combination of loss of bladder sensation and DO
(without cognitive decline) [108], which was typically presented
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in Andrew and Nathan's original cases [105-106].

In contrast to hemispheric stroke, patients who had experi-
enced a brainstem stroke showed not only DO but also DU more
commonly, which resolved to the normal state in some of the
patients. The site of lesion responsible for the LUTD seemed to
be the pontine tegmentum (adjacent to the PMC), which similar

A

to the experimental observations [109]. A recent fMRI study of
seven patients with stroke (mostly lacuna in the basal ganglia)
and OAB showed higher activation in the PAG (output area)
and cerebellum, whereas activation in the PFC (inhibitory area)
was minimum [110].

locus coeruleus
B superior cerebellar peduncle
. medial parabrachial nucleus
- pontine reticular nucleus and
reticuiar formation

medial leminiscus

abducens nucleus

d trigeminal sensory nucleus
= =" retiouler tormation
facial nucleus

medial leminiscus
spinothalamic tract

Figure 4 Stroke (focal brain disease) and lower urinary tract dysfunction (LUTD). A: Lesions on brain CT or MRI in patients with LUTD; hemi-

spheric lesion. Most of the patients had the lesions of the anterior and medial surface of the frontal lobe, the anterior edge of the paraventricular

white matter, genu of the internal capsule, a large lesion of the putamen and, a large lesion of the thalamus adjacent to or including the genu of the

internal capsule. B: Lesions on brain CT or MRI in patients with LUTD; brainstem lesion (adjacent to the PMC), similar to the experimental studies.

Notes: Figure 4A was cited from Reference 107; Figure 4B was cited from Reference 109.

Diffuse brain diseases in older individuals (AD, WMD, and
DLB [Parkinson's disease plus])

The major geriatric brain diseases are AD, WMD and DLB
(Parkinson's disease plus), most of which are diffuse diseases and
can overlap with each other. The estimated frequency of these

=

diseases among octogenarians are WMD in up to 80%, AD inup
to 33%, and DLB in up to 8%. A recent clinical-neuroimaging
study using brain MRI, dopamine transporter (DAT) scans, and
metaiodo-benzylguanidine (MIBG) myocardial scintigraphy
suggested that among octogenarians who visited a university
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movement disorder/memory clinic, the percentage of those with
dual diseases (a combination of AD [for cognitive] and WMD
[for gait and OAB] is common) was 41%, and the percentage
of those with triple diseases (AD, WMD, and DLB) was 20%
[111] (Fig. 5A).

From the clinical perspective, individuals with AD may present
with dementia alone (particularly in young cases). Gait disorder
is rare in AD while OAB is noted in up to 40% of AD patients;
one suspected mechanism of this is decreased cholinergic fibers
in the brain. Muscarinic M3 receptor stimulation strongly con-
tracted the bladder systemically (outside the blood-brain barrier

m=i01  Sexagenarians ne33¢  Septuagenarians

i

=260  Octogenarians
Azheimer's dsease
n=165

nonagenarians
Alzhemer's aisease

[BBB]), and muscarinic M1,3 receptor stimulation relaxed the
bladder centrally (within the BBB) [112].

DLB is a form of Lewy body disease, and its clinical spectrum
is wider than that in Parkinson's disease; for example, patients
with DLB may have severe dysfunction in not only gait but also
cognitive function and LUTD (mostly OAB and urinary incon-
tinence, in up to 80% of patients) [113]. The presence of LUTD
in patients with DLB is thought to reflect depletions of brain
dopaminergic [84,85,112], cholinergic [113], and serotonergic
neurons [96,97,114].
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Figure 5 Geriatric brain diseases: Alzheimer's disease, white matter disease, and dementia with Lewy bodies (Parkinson's disease plus) (diffuse,

overlap diseases) and LUTD. A: Aclinical-neuroimaging study suggests that, among octogenarians who visited a university movement disorder/memory
clinic, the frequency of dual diseases (a combination of Alzheimer's disease [AD, for cognitive] and white matter disease [WMD, for gait and OAB] is common)
was 41% and triple diseases (AD, WMD, and dementia with Lewy bodies, DLB) was 20%. Cited from ref. 106. B: Cognitive disorder and WMD on MRI. MMSE:
Mini-Mental State Examination. C: Gait disorder and WMD on MRI. D: Urinary dysfunction and WMD on MRI. E: Schematic presentation of the grading of
white-matter lesions on MRI. Grade 0: none, Grade 1: punctate foci with high signal intensity in the white matterimmediately at the top of the frontal horns of the
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lateral ventricles, Grade 2: white-matter lesions seen elsewhere but confined to the immediate subependymal region of the ventricles, Grade 3: periventricular

as well as separate, discrete, deep white-matter foci of signal abnormality, and Grade 4: discrete white-matter foci that had become large and coalescent.

Notes: Figure B-D were cited from Reference 115.

As mentioned above, WMD causes gait disorder and OAB
in up to 80% of WMD patients, and to a lesser extent, mild cog-
nitive impairment in older individuals (most patients present an
MMSE score of ~15/30, normal: >24) (Fig. 5B-D) [115]. Among
the three geriatric symptoms (gait, cognitive dysfunction, and
OAB), OAB is the most common and an earlier symptom than
the other two; in other words, WMD patients may visit a urolo-
gist first before the correct diagnosis is made by a neurologist.
The lesion area in WMD is diffuse, and brain perfusion SPECT
showed a significant decrease in blood flow in the PFC of WMD
patients [116]. Cholinergic neurons particularly in the frontal
lobe were depleted in WMD [117]. It was demonstrated that in
older WMD individuals with OAB, (1) fMRI deactivation in the
anterior cingulate gyrus adjacent to the PFC is more prominent
in severe WMD [118], and (2) OAB and frontal deactivation
were prominent in the WMD patients with lesions in the ante-
rior thalamic radiation and the superior longitudinal fasciculus
[118-119] (Fig. S5E).

In a geriatric clinic, normal-pressure hydrocephalus (NPH)
may be thought of as a 'mimic' of WMD, since both WMD and
NPH show a clinical triad of gait disturbance, memory deficit,
and urinary incontinence (usually preceded by OAB). Since
the OAB of individuals with NPH is potentially treatable by
shunt surgery, these two disorders should be differentially diag-
nosed. The incidence of WMD versus NPH is approx. 10:1. Like
WMD, NPH is a diffuse brain disease. In contrast, OAB and its
recovery after shunt surgery in patients with NPH was shown
by a statistical imaging analysis to be clearly related to frontal
hypoperfusion [120,121].

CONCLUSION

This article reviewed the relationship between the brain
and the bladder, i.e., cerebral control of the urinary storage/
voiding cycle. Among autonomic nervous systems, LUT is the
unique in terms of both afferent and efferent pathophysiology.
Regarding afferent pathophysiology, sensation is measured
by the single neuronal firing in experimental animals and by
evoked potentials/functional neuroimaging in humans. Sphinc-
ter information goes up to precentral motor cortex and other
brain areas, and bladder information goes up to the IC/ ACG
and further to the PFC. Regarding efferent pathophysiology,
detrusor overactivity (‘exaggerated micturition reflex') occurs
in various brain diseases (OAB). The turning 'off and on' of
the brain-switch of micturition (PAG) appears to involve a
bladder-inhibitory PFC-IC/ACG-hypothalamus-PAG pathway,
with interconnection via the PFC with a PFC-nigrostriatal D1
dopaminergic pathway and a PFC-cerebellar pathway. These
events have significant clinical impacts on patients and thus

10

=

require the appropriate management.
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