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Bladder dysfunction is a common clinical problem in stroke patients and a strong prognostic factor of disability
and exerts an enormous impact on health and economy. The aim of this narrative review was to examine the
pathophysiological mechanisms of lower urinary tract symptoms after stroke, as well as the relevant clinical anatomy.
Normal micturition is achieved through complex coordination between brain regions, spinal cord, and peripheral nerves,
and anatomic brain connectivity is crucial to lower urinary tract physiology. The most important neurotransmitters
involved in bladder control include y-aminobutyric acid, opioids, glutamate, dopamine, norepinephrine, acetylcholine,
and nitric oxide. The precise correspondence between brain damage and relevant urinary symptoms is not well
understood. Urodynamic changes after stroke include detrusor overactivity, dyssynergia, and uninhibited sphincter
relaxation. Several brain regions could be implicated in post-stroke urinary dysfunction. Brainstem lesions can cause
various urinary symptoms. A lesion superiorly to the pontine micturition center (PMC) results in an uninhibited
bladder, whereas a lesion between the sacral spinal cord and PMC leads to either a spastic bladder or sphincter-
detrusor dyssynergia. Supra-pontine lesions usually cause bladder storage dysfunction. Frontoparietal lesions have
been associated with urinary incontinence and insular lesions with urinary retention. Understanding the mechanisms
underlying the dysfunction of the lower urinary tract following stroke can aid in the development of new therapeutic
strategies for these patients.
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1.INTRODUCTION

Cerebral stroke represents the second most common

Dysfunction of the lower urinary tract may be part of a
neurological syndrome, neurogenic bladder [14,19], or a
result of associated deficits, that is, immobility and cognitive

cause of death and is among the most important causes of
disability [1-3]. Bladder dysfunction is a well-known common
problem in these patients [4-6] and can severely impair their
quality of life [2,7,8]. The prevalence of urinary symptoms
has been reported to be as high as 94% [9], while the two
most reported manifestations are urinary incontinence (UI)
and voiding difficulty [2]. UI is the most common urinary
symptom [4] affecting approximately 1/3 of patients with
acute stroke [4,9-11] and persisting in as much as 15-25%
1 year after stroke [11-14]. Its prevalence stands somewhere
between 28% and 79% [12,13,15-17], and its causes are
multifactorial [16].

Spasticity, namely, muscle tightness due to prolonged
contraction, is a common stroke complication which
can have a detrimental effect on bladder control [18].
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dysfunction, a situation known as “functional.” Neurogenic
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as well as functional bladder dysfunction may co-exist [14].
In many cases, pre-existing urological issues can exacerbate
urinary symptoms [20]. Despite its prognostic importance,
social impact, and remarkable economic burden [21], bladder
dysfunction is often overlooked and receives insufficient
attention. In light of the impact of urinary problems on the
victims of cerebrovascular incidents, the primary purpose
of this review article was to explore the currently available
knowledge regarding the mechanisms of bladder dysfunction
following stroke and their relevant anatomy.

2. LITERATURE SEARCH

Methodologically, a literature search was conducted in
the PubMed database using the terms “bladder dysfunction”
and “stroke,” and the search retrieved 272 articles. The
authors screened all articles published until March 2021 for
potential suitability. English language publications, including
foreign language publications with English abstracts, were
included in this non-systematic review. Articles concerning
bladder dysfunction after stroke with information on
molecular mechanisms and relevant clinical anatomy were
further analyzed. Our exclusion criteria were as follows:
(1) non-relevant to our topic/theme, (2) lesions not affecting
the brain, and (3) non-stroke brain lesions. The remaining
articles (n = 57) were finally used for this narrative review.
Data were collected by five independent investigators and
then synthesized in a narrative format to thoroughly review
this subject.

3. FUNCTIONAL ANATOMY

Normal micturition is essentially a spinal reflex
involving complex coordination between peripheral
ganglia, spinal cord, and brain [13,22,23]. Functional
neuroimaging studies have contributed a lot to the
understanding of brain control over bladder [13,24,25].
Brain regions involved in urinary dysfunction are as
follows: frontal [14,17,23,26-28], parietal [27-29],
temporal [28], and lobes and cerebellum [14,30,31]. More
specifically, the anteromedial frontal lobe and its descending
pathways [14], medial and dorsolateral prefrontal cortex,
cingulate gyrus [13,24,28], paracentral lobule, orbital
cortex [28], basal ganglia [14,22,27,28], precentral gyrus,
inferior frontal gyrus, supplementary motor area, insula,
periaqueductal gray matter (PAG), hypothalamus [13,24],
and pontine micturition center (PMC) (Barrington’s
nucleus) [13, 23, 24, 28, 32, 33] are particularly significant
in micturition control. In neuroimaging studies, the
function of bladder filling shows a right hemisphere
predominance [31,34].

Anatomic brain connectivity is crucial for lower urinary
tract physiology [7,30]. Normal urethral and bladder afferents
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gather in PAG and end up in the insula, enabling sensation
during urine storage. The anterior cingulate gyrus provides
control and monitoring, whereas the prefrontal cortex controls
voiding decisions [7]. Thus, PAG has a critical role in the
storage and voiding of urine, projecting signals through the
spinal cord to higher centers [13,25]. Close to PMC, the
pontine storage center activates the external urethral sphincter
during continence. During micturition, PMC stimulates
bladder motor neurons in the sacral cord and inhibits the
external sphincter of the urethra [33]. Following input from the
frontal lobe and limbic system, information is transmitted to
PMC and promotes urination [ 13]. Consequently, the location
of the stroke can affect the type of detrusor dysfunction [7].

4. NEUROTRANSMITTERS IN BLADDER
CONTROL

Autonomic and somatic peripheral nerves, coordinated
by the brain and spinal cord, innervate the lower urinary
tract. The striated muscle of the external urethral sphincter
receives somatic innervation from the pudendal nerve.
Parasympathetic fibers stimulate the detrusor, primarily
through the pelvic nerve by releasing acetylcholine (ACh),
whereas sympathetic fibers, through the hypogastric nerve,
stimulate contraction of the smooth urethral and bladder neck
muscles by releasing norepinephrine (NE) [17].

Neurotransmitters associated with bladder control
have been extensively studied, mainly in animal
models [35-38]. Specifically, y-aminobutyric acid (GABA),
glutamate, opioid, serotonin, NE, and dopamine are known to
influence micturition [39]. Opioid receptor subtypes W and 81,
which are present in the brain cortex, take part in the micturition
reflex [40]. Infusion of GABA agonists into animal models
inhibits bladder contraction [41]. Administration of a non-
selective inhibitor of the nitric oxide synthase [35] increased
the capacity of bladder in infarcted rats. Glutaminergic activity
exerted an excitatory effect on bladder contractility [36].
Dopaminergic—glutaminergic interactions caused bladder
dysfunction in rat models [17,42]. Bladder overactivity
induced by cerebral ischemia was partially mediated by
N-methyl-D-aspartate (NMDA) glutamatergic [34] and D2
dopaminergic excitatory mechanisms [34,38,43-45] in rats, and
accompanied by increased c-fos and zif268 mRNA expression
in the tegmental area of the pons [34]. In fact, the impaired
balance between excitatory NMDA glutamatergic neurons
and inhibitory glycinergic or GABAergic neurons in infarcted
rats may contribute to bladder overactivity [17]. Reactivation
of two major modulatory cholinergic systems, in the basal
forebrain and pons/midbrain, using acetylcholinesterase
inhibitors, could theoretically improve detrusor muscle
overactivity. However, regulatory systems in the human brain
are actually more complex [7].
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In human and animal studies, urinary nerve
growth factor levels were increased after cerebral
infarction [46,47]. Furthermore, bladder capacity was
reduced after stroke [35,37,41] and was correlated with the
infarcted area [48]. This decrease was mediated by excitatory
pathway upregulation and downregulation of a forebrain’s
tonic inhibitory pathway [44]. Table 1 summarizes the
most important neurotransmitters implicated in bladder
control.

5. CLINICAL ANATOMY

The precise correspondence between brain damage and
relevant urinary symptoms is not well understood. Neural
locations, physiological pathways, neurotransmitters, and
receptors implicated in bladder control are schematically
illustrated in Figure 1. Ul seems to be caused by frontoparietal

Table 1. Neurotransmitters and receptors implicated in bladder
control

Neurotransmitter Receptor Bladder control References
GABA GABA receptors  Inhibition of bladder [41]
contraction
Opioids p and 81 receptors  Micturition reflex and [40]
of the cerebral bladder overactivity
cortex
Glutamate NMDA receptors ~ Bladder contractility [34]
dysfunction-bladder
overactivity
Dopamine D1 receptors Suppression of [34,38,43-45]
D2 receptors bladder activity
Voiding facilitation
Serotonin 5-HT,,, 5-HT,, Facilitation of [39]
5-HT, receptors ~ micturition
Facilitation of urine
storage
NE B3 adrenergic Facilitation of urine [49]
receptors in storage
detrusor smooth
muscle
al adrenergic
receptors in the
urethral smooth
muscle
ACh Nicotinic Contraction of the [50]
receptors detrusor muscle
Muscarinic Direct (M,) and
receptors indirect (M,)
contraction
Increase (M,) or
decrease (M,) the
release of ACh and NE
NO Soluble guanylyl  Decrease in [35]
cyclase intraurethral pressure,
increase in bladder
capacity
GABA: y-aminobutyric acid; NMDA: N-methyl-D-aspartate; 5-HT:

5-hydroxy-tryptamine, NE: Ach:

NO: Nitric Oxide.

norepinephrine, Acetylcholine;
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lesions, the insula plays a role in urinary retention, and various
urinary symptoms develop after brainstem lesions [51].

5.1.Brain lesions

As aforementioned, various brain regions could be
involved in urinary dysfunction after stroke. More specifically,
cerebellar stroke [14] and damage of the right frontal lobe
may predominantly result in bladder overactivity, often
expressed as urgency or UI [17]. In parietal strokes, urinary
symptoms might be due to disruption of the afferent pathways
of the micturition of the regulation of the micturition
reflex [27]. Patients with parietal lobe involvement tended
to have disturbed awareness of their need to void, and they
suffered from reduced or absent bladder sensation and often
denied leakage [29]. Urinary retention was associated with
strokes in the frontal lobe, PMC, insula, and dominant
hemisphere [26]. Lesions of the thalamus, basal ganglia,
internal capsule, and frontoparietal area, have been found
to be associated with detrusor areflexia (i.e., the inability
of the bladder to contract) [23]. Bilateral infarcts were also
associated with multiple micturition disorders [46].

5.2. Brainstem lesions

After brainstem stroke, urinary dysfunction occurred in
50-95% [32,46] of patients, usually manifested as voiding
difficulties [46], with weak stream, nocturia, straining,
intermittency, incomplete emptying, urgency, and UI.
Detrusor overactivity has been observed after midbrain or
medullary strokes, whereas detrusor underactivity developed
after pontine stroke [32]. In the latter case, detrusor-sphincter
dyssynergia (i.e., disturbance of muscular coordination) was
attributed to PMC damage [33]. Pontine lesions might disrupt
inhibitory descending fibers from the midbrain’s tegmentum
and medulla lesions could disrupt stimulatory descending
fibers from the pons’ tegmentum [28].

5.3. Connectivity between micturition centers

The PMC excitability is controlled by the medial frontal
lobe’s inhibitory input. Thus, a lesion above the PMC resulted
in an uninhibited bladder, whereas a lesion between the
sacral spinal cord and PMC caused a spastic bladder [28] or
sphincter-detrusor dyssynergia [23]. In general, supra-pontine
lesions caused bladder storage dysfunction [52]. Prefrontal
deactivation seemed to cause detrusor overactivity, similar
to lesions in other areas. Thus, lesion localization is not
always correlated with the type of urinary dysfunction [7].
Furthermore, stroke patients might show higher activity in the
cerebellum and PAG during the bladder’s filling and voiding,
reflecting a stronger reliance on primitive centers, probably
due to the loss of their connections with the latter [30].



Agapiou, et al.

Poststroke bladder dysfunction mechanisms

=
z
S Pelvic nerve (parasympathetic)
-
E P >
%’ ‘. ach 'l Detrusor
muscle
PMC |
K / NETT" i
4
A
4 ™\
T\ || B
TEEE
9 == NE p g
E 12 — Internal >3
w .
< Hypogastric nerve (sympathetic) sohincter
i __
& S2-
sS4 / N
Ach*l*
External
B urethral
Pudendal nerve (somatic) sphincter

N

Figure 1. Locations of the nervous system, physiological pathways, neurotransmitters, and receptors implicated in bladder control
Ach: Acetylcholine; PAG: Periaqueductal Gray Matter; PMC: Pontine micturition center; NE: norepinephrine; T10: 10" thoracic myelotome, S2-4:
2144t gacral myelotome, M3: M3 muscarinic acetylcholine receptor, B: Beta adrenoreceptor, o: Alpha adrenoreceptor

5.4. Detrusor overactivity and underactivity

Urodynamic patterns after stroke include detrusor
overactivity, dyssynergia, and uninhibited sphincter
relaxation [46]. Detrusor overactivity/overactive bladder
syndrome [39,53], manifested as urgency and frequency
of micturition along with urge UI [14], is the result of loss
of supraspinal control, which produces a hyper-excitability
state of the sacral cord’s neuronal activity [54] and is the
predominant finding after stroke [9,13,16,23,36,39,53,55-57].
This can lead to leakage [9,13] accompanied or preceded
by urgency [9,13,53]. Extended cerebral lesions (>40 mm
in diameter) have been found in most patients with bladder
overactivity [22].

During the acute stroke period (cerebral shock), detrusor
underactivity was usually observed [9,14,23,32,57]. After
that, detrusor underactivity was far less common [16,23,57]
and caused urinary retention and overflow incontinence [13].
Pontine infarction has been described to play a role in the
process, but specific causes remain unclear and pre-existing
comorbidities might be involved as well [13]. Comorbidities
are an important consideration in clinical practice, not only
due to the potential effect of other diseases on bladder function
(e.g., diabetic neuropathy) but also because the patient’s
medication could directly or indirectly affect bladder function

(e.g., drugs acting on the autonomous nervous system).
Intriguingly, symptoms of overactive bladder have been
reported among patients with detrusor underactivity after
stroke [56]. Finally, post-stroke conditions could interfere with
bladder control as well, such as secondary urinary infections,
a frequent entity in these patients.

6. CONCLUSION

Following a stroke, bladder function is frequently affected,
which exerts an enormous impact on the patient’s quality
of life and care. Normal micturition is achieved through
involved coordination among brain regions, spinal cord,
and peripheral nerves, and anatomic brain connectivity
is crucial for lower urinary tract physiology. The most
important neurotransmitters involved in bladder control
include GABA, opioids, glutamate, dopamine, NE, ACh,
and nitric oxide. Urodynamic changes after stroke include
detrusor overactivity, dyssynergia, and uninhibited sphincter
relaxation. Several brain regions could be involved in urinary
dysfunction after stroke. Brainstem lesions can cause various
urinary symptoms. A lesion superiorly to the PMC results in an
uninhibited bladder, whereas a lesion between the sacral spinal
cord and PMC leads to either a spastic bladder or sphincter—
detrusor dyssynergia. Supra-pontine lesions usually cause
bladder storage dysfunction. Frontoparietal lesions have been
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associated with UI and insular lesions are linked to urinary
retention. Understanding the pathophysiological mechanisms
of lower urinary tract dysfunction following stroke can aid
in the development of new therapeutic approaches for stroke
patients.
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