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Alison Brading, who died on 7 
January 2011, was a well-known 
and much loved figure in The 
Physiological Society who will 
be sorely missed. To those 
who worked with her she was 
a source of inspiration, a vast 
fund of enthusiasm and scientific 
knowledge, and a loyal and 
supportive friend. Her services to 
The Society were extensive. She 
was elected in1970, at a time when 
membership was strictly limited, 
peer-reviewed in competition 
with others, and largely male. She 
served on Council, was an editor 
of The Journal of Physiology, and 
Chairman of the editorial board 
of Physiological News between 
1990 and 1992. She was elected 
to Honorary Membership in 2008. 
Although stricken with polio in 
her late teens, she was fiercely 
independent and determined to lead 
a normal academic life. She showed 
indomitable spirit in dealing with 
her disability. Her early training 
was in Zoology at Bristol University. 
She came to the Department of 
Pharmacology, Oxford, to work 
with Professor Edith Bülbring of 
whom she became a life-long friend, 
establishing a trust to support young 
scientists when Edith died. She was a 
familiar and respected personality at 
Physiological Society Meetings, Lady 
Margaret Hall and the Pharmacology 
Department. Throughout her life, 
she made substantial contributions 
to our understanding of smooth 
muscle function. 

Alison was born in 1939. Her father 
was an army officer and so, as 
was common in such cases, she 
attended boarding school while 
her father was posted abroad. As 
well as being academically gifted 
at school, she was also a superb 
athlete, winning the Victor Ludorum 
at Maynard School, Exeter, for her 
athletic achievements. During 
the long vacations she would visit 
her parents in Nigeria. She made 
three such trips, usually with her 
brother Roy but tragically on the 
last she contracted polio, which 
caused severe disease. She was 
hospitalised in an iron lung, first in 
Africa and then, after an emergency 
flight home, in England. She was 
fortunate to recover, but suffered 
permanent and considerable loss of 
motor function. She was unable to 
walk unaided and had restricted use 
of her respiratory muscles, which 
caused her particular discomfort 
with bronchial infections and even 
the common cold. All this was a 
considerable blow to someone who, 
until then, had been outstandingly fit 
and able. There followed a prolonged 
period of convalescence, which 
involved operations to improve the 
motor function of her hands. 

Before Alison’s last trip to Africa 
she had applied for, and been 
accepted, to read medicine at 
Oxford. However, after two years of 

convalescence, she was informed 
that she would not be permitted to 
enter the medical course, because 
of her disability. Her subsequent life 
then involved an ongoing fight to 
remain independent and mobile. In 
her early years, with considerable 
will-power, she was able to walk 
distances using crutches (her 
‘sticks’, as she called them) which 
placed considerable demand on her 
forearms and elbows. As she got 
older, however, walking became 
increasingly difficult, and she was 
forced to resort more to a wheel-
chair. Nevertheless she was supreme 
captain of this transport, issuing firm 
and precise commands to whosoever 
was pushing at the time. Alison was 
also undeterred by the prospect of 
international travel. She frequently 
went abroad, whenever possible 
with friends or relatives. Thus, she 
was able to visit most international 
scientific meetings to which she 
was invited. In 1976, for example, 
she travelled to Leningrad, Moscow 
and Kiev with Edith Bülbring and 
Tom Bolton, visiting palaces and 
places of local interest, and finally 
contributing to the Smooth Muscle 
Symposium in Kiev organised by 
Mykhailo Shuba. Alison also travelled 
extensively in Europe, the United 
States and the Far East, including 
Taiwan and Japan, where she had 
good friends and contacts. Even in 
the final year before her death she 
travelled to a scientific meeting in 
Japan.

Not discouraged by her early 
rejection from Oxford, Alison 
applied to read for a BSc in Zoology 
at Bristol and was accepted. She 
obtained a first-class degree and 
then chose to study for a PhD with 
Peter Caldwell, an expert membrane 
biophysicist, investigating the 
somatic muscles of the nematode 
roundworm Ascaris lubricoides. 
She qualified in 1965, but still held 
Oxford in her sights. It succumbed 
when she joined Professor Edith 
Bülbring at the Oxford Department 
of Pharmacology, as a post-doctoral 
research assistant, a position which 
continued until 1971 when she 
was appointed as a Departmental 

Alison Brading (right) with Edith 
Bülbring (photo supplied by Anant 
Parekh, source unknown).

Alison Brading (photo supplied by Anant 
Parekh, source unknown).
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Spinal Reflex Activity from the Vesical Mucosa in
Paraplegic Patients
ERNEST H. BORS, M.D., and KENNETH A. BLINN, M.D., Long Beach, Calif.

Introduction
The reciprocal innervation of the smooth

vesical detrusor and striated muscles of the
pelvic floor has been well documented by
cystometry, electromyography, a combina-
tion of the two, and various anesthetic pro-
cedures. Thus a good working hypothesis
has been provided for physiological and
pathological micturition.1-5 According to
common neurological nomenclature, there-
fore, only proprioceptive reflex activity has
been studied. In contrast, the reflex activity
which correlates stimuli of the bladder
mucosa and responses of the detrusor and
pelvic floor musculature has not been ex-

plored.
Three factors motivated the present study.
1. A continuing interest in the bulbo-

cavernosus reflex,6 which is diagnostically
important in differentiating somatomotor
lesions above and below the conus; this
reflex becomes significant in the proper
classification and treatment of patients with
traumatic cord bladder because the conus
contains the spinal visceromotor reflex cen-
ters of the bladder. Experience with sacral
neurotomy on patients with spinal cord in-
jury has shown that the reflex arc synapses
not exclusively in S-3 (as postulated by
Bing and Haymaker), but includes all sacral,
and possibly the fifth lumbar, segments7;
these findings have been complemented by
investigations on normal subjects with the
aid of spinal anesthesia.8 Studies of the

Accepted for publication Oct. 16, 1956.
From the Paraplegia Service and the Neurology
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bulbocavernosus reflex are still in progress,
and only features pertinent to the present
subject will be recorded here.
2. A patient with complete physiological

transection of the cord at C-6 underwent a
sacral neurotomy from S-2 to S-4 in an

attempt to control autonomie hyperreflexia
from bladder distention. His hypertension
abated promptly, but the sudomotor dis¬
charges persisted. Tetracaine U. S. P.
(Pontocaine) anesthesia of the vesical
mucosa was done to determine whether a

possible mucosal pathway of reflex hyper-
hidrosis could be suppressed. This was not
the case, although it was known that tetra¬
caine anesthesia can temporarily abolish
paroxysmal hypertension.9 We believe that,
in this case, the intact pathways coursing
along the sympathetics sustained the hy-
perhidrotic reaction. Unexpected, however,
was the patient's report that he voided per
urethram for the first time in three years,
despite the presence of a suprapubic cystos-
tomy. This precipitated the thought that a

reflex between vesical mucosa and pelvic
floor musculature was probable, and was

possibly an important component in the
pathophysiology of bladder dysfunction.

3. While this experience suggested the
importance of anesthetized mucosal recep¬
tors, the importance of stimulated receptors
remained to be demonstrated. In the course

of a study of mechanical and thermic stimu¬
lation of the bladder mucosa in normal and
paraplegic subjects, it was discovered that
small amounts of instilled ice water initiated
the desire to void. This desire, in turn,
signifies a detrusor contraction (a pro-
prioceptive sensation), which reciprocally
relaxes the pelvic floor musculature.
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SACRAI SPINAL REFLEXES FROM THE BLADDER
TO DETRUSOR AND STRIATED MUSCLES OF THE PELVIC FLOOR
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Fig. 6.—This schematic diagram shows one-half of the gray matter of a sacral segment,with its afferent and efferent connections to the striated muscles of the pelvic floor, to the
smooth bladder muscle, and to its mucosal lining. The circles embrace fibers coursing in the
posterior root (left upper), anterior root, (right upper), pelvic nerve (left lower), and puden¬
dal nerve (right lower). The simplified nerve network shown in the diagram is based upon
a combination of concepts, one of which is the currently accepted reciprocal, proprioceptivereflex pattern; and the other, the mucosal reflex pattern postulated on the basis of the presentstudy. Afferent and efferent pathways contained in the sympathetics are not shown in the
diagram.
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clinically complete lesions, 1 of which was

C-4, 1 at C-5, 4 at C-6, 1 at T-4, 2 at T-6,
1 at T-10, and 2 at L-l. One of the last
lesions was "mixed," in that it was an upper
motor neuron lesion somatically but a lower
motor neuron lesion autonomically, as

demonstrated cystometrically and by the in¬
ability of the detrusor to eject 1-2 oz. (30-
60 cc.) of instilled sterile ice water. Thus,
all patients had somatically upper motor
neuron lesions. Only one of the patients,
with a lesion at C-6, had a suprapubic
catheter; the rest had intraurethral Foley
bag catheters.

Fig. 5.—Patient B. Age, 36; level: T-10, complete.
The upper and lower tracings are sphincterometric and cystometric recordings obtained

before and after mucosal anesthesia. Note that sphincterometric values diminish from 90 to
40 mm. Hg, the capacity increases from 250 to more than 400 cc, the peaks caused by volitional
abdominal pressure mark 100 cc. increments (every four minutes) ; the tone (slope of the
curve) increases, in this particular patient. The recording was "terminated by ejection of
the catheter before, but not after, anesthesia.

All 15 patients responded electromyo-
graphically to saline or ice water instillation
before mucosal vesical anesthesia with tetra-
caine. After anesthesia, these responses were
altered in all but one case; this was the
patient with a "mixed" lesion at L-l.
In 13 cases the alteration consisted of

either a decrease or a complete abolition of
the basal activity at rest and of the electro¬
myographic response to the stimulus (Fig.
4).
That fluid instillation constitutes a mu¬

cosal stimulus in the quantities used is
demonstrated in Figure 3 (lines D and E).
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ATP is released from rabbit urinary bladder epithelial cells by
hydrostatic pressure changes a possible sensory mechanism?

D. R. Ferguson, Ian Kennedy t and T. J. Burton

Department of Pharmacology, University of Cambridge, and t Glaxo Institute of Applied
Pharmacology, Tennis Court Road, Cambridge CB2 1QJ, UK

1. The responses of rabbit urinary bladder to hydrostatic pressure changes and to electrical
stimulation have been investigated using both the Ussing chamber and a superfusion
apparatus. These experiments enabled us to monitor changes in both ionic transport across
the tissue and cellular ATP release from it.

2. The urinary bladder of the rabbit maintains an electrical potential difference across its wall
as a result largely of active sodium transport from the urinary (mucosal) to the serosal
surface.

3. Small hydrostatic pressure differences produced by removal of bathing fluid from one side of
the tissue caused reproducible changes in both potential difference and short-circuit current.
The magnitude of these changes increases as the volume of fluid removed increases.

3. Amiloride on the mucosal (urinary), but not the serosal, surface of the membrane reduces the
transepithelial potential difference and short-circuit current with an IC50 of 300 nM.

Amiloride reduces the size of, but does not abolish, transepithelial potential changes caused
by alterations in hydrostatic pressure.

4. Field electrical stimulation of strips of bladder tissue produces a reproducible release of ATP.
Such release was demonstrated to occur largely from urothelial cells and is apparently non-
vesicular as it increases in the absence of calcium and is not abolished by tetrodotoxin.

5. It is proposed that ATP is released from the urothelium as a sensory mediator for the degree
of distension of the rabbit urinary bladder and other sensory modalities.

The ability of the bladder to perform its function of urine
storage and voiding depends on the central nervous system
receiving accurate information on the state of bladder
fullness. Denny-Brown & Robertson (1933) described
sensations induced by bladder filling in human subjects from
faint pressure and feelings of distension at small volumes
right through to urge to micturate and a painful compulsion
to empty the bladder containing about 600 ml of urine.
The vesical sensory nerve supply itself has been extensively
investigated using both neurophysiological and anatomical
methods. For example de Groat, Booth & Yoshimura (1993)
and Janig & Morrison (1986) described both myelinated and
unmyelinated afferent nerve fibres which responded in a
graded manner to passive distension of the bladder. These
findings have been extended by Hiibler, Jainig & Kolzenburg
(1993), who showed that there are afferent fibres in the cat
which respond in a graded manner to increases in vesical
pressure within the physiological range of pressure reached
during normal filling and emptying cycles (i.e. below about
25 mmHg, 3-2 kPa).
The anatomy of the vesical sensory system has been
described by Gosling, Dixon & Humpherson (1983) and

Dixon & Gilpin (1987). These authors describe a
suburothelial plexus of sensory nerves with dendrites
without neurilemmal covering immediately beneath the
basal lamina, or on occasion penetrating the basal lamina to
end in close association with urothelial cells. It is
noteworthy that no specific sensory organelles have been
described in these careful electron microscopical studies,
though the neurones themselves contain vesicles
morphologically different from excitatory nerves to the
bladder.
The mechanisms by which transduction of hydrostatic
pressure changes are linked to changes in sensory nerve
activity have been considered largely in terms of release of
neuropeptides from the sensory nerves themselves (Nimmo,
Morrison & Whitaker, 1988; Maggi 1993). Neuropeptides
are considered to act in an antidromic manner to stimulate
the same nerves from which they are released. It is clear
that such local release of sensory neuropeptides does
produce biological responses including changes in blood flow,
smooth muscular contraction and changes in motor neuro-
transmitter release (Maggi, 1993). However, there is no clear
understanding of the ways in which such sensory nerves are
stimulated by the initial pressure changes.
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Furthermore, muscarinic receptors such as M2 and M3 
are also expressed in interstitial cells (IC) located in the 
suburothelial and detrusor layers (Fig. 8.4). Recent stud-
ies have revealed that bladder IC can modulate the bladder 
functions of filling and voiding in addition to sensory 
transduction by both excitatory and inhibitory mecha-
nisms [42]. It has been shown that large Ca2+-transients in 
detrusor IC induced by cholinergic receptor agonist (car-
bachol) are blocked by M3 antagonists with some sensi-
tivity to M2 antagonists in mice and guinea pigs, raising 
the possibility that bladder IC can modulate the detrusor 
activity [43, 44].

Overall, the peripheral muscarinic receptor systems con-
trol lower urinary tract (LUT) function through multiple 
mechanisms that include not only direct smooth muscle acti-
vation, but also indirect ones via the urothelium and IC, 
which may help to explain in part the mechanism of action 
for muscarinic antagonists in reducing symptoms of bladder 
disorders such as overactive bladder (OAB).

8.1.2  Purinergic Mechanisms

8.1.2.1  Efferent Function and Detrusor Muscle
Purinergic contribution to parasympathetic stimulation has 
been shown to exist in a variety of species including rat, rab-
bit, and guinea pig [45–47]. However, there is less evidence 
for the contribution of purinergic neurotransmission in 
humans, at least in the normal micturition although it may 
play a role in pathologic conditions such as detrusor overac-
tivity or bladder outlet obstruction [48–50].

ATP acts on two families of purinergic receptors: an ion 
channel family (P2X) and a G protein–coupled receptor fam-
ily (P2Y) [51–53]. Seven P2X subtypes and eight P2Y sub-
types have been identified. Immunohistochemical 
experiments with specific antibodies for different P2X recep-
tors showed that P2X1 receptors are the dominant subtype in 
membranes of rat detrusor muscle and vascular smooth mus-
cle in the bladder [54] (Fig. 8.2). Clusters of P2X1 receptors 
were detected on rat bladder smooth muscle cells, some of 
which were closely related to nerve varicosities. Northern 
blotting and in situ hybridization revealed the presence of 
P2X1 and P2X4 mRNA in the bladder [55]. The predominant 
expression of P2X1 receptors has also been confirmed in the 
human bladder [50, 56]. Investigators also found that the 
amount of P2X1 receptors was increased in the obstructed 
bladder compared with the control bladder, suggesting 
upregulated purinergic mechanisms in the overactive bladder 
due to bladder outlet obstruction [50]. In addition, ATP also 
seems to act through P2Y receptors in the smooth muscle to 
suppress cholinergic and purinergic contractions [54, 57].

Purinergic nerves are also involved in the modulation of 
synaptic transmission in parasympathetic ganglia [58–61] 
because excitatory purinergic receptors in pelvic ganglia 
have been demonstrated in the cat [58], rabbit [59], and rat 
[60, 61].

8.1.3  Bladder Urothelium and Afferent 
Nerves

ATP is also released from urothelial cells during stretch and 
by chemical stimuli, and can activate a population of suburo-
thelial bladder afferents expressing P2X2 and P2X3 recep-
tors, signaling changes in bladder fullness and pain [62] 
(Fig. 8.5). Accordingly, P2X2 or P2X3 null mice exhibit blad-
der hyporeflexia, suggesting that this receptor as well as 
neural-epithelial interactions are essential for normal bladder 
function [63, 64] . However, recent studies reported that the 
P2X3 receptor-mediated urothelial-afferent interaction is 
more important in bladder pathological conditions such as 
cystitis because, in mice, a lack of P2X2 or P2X3 receptors 

Urothelium

Suburothelial
interstitial cells

Electrical communication

Sensory nerves

Spinal Cord

Gap junction

TRPV1P2Y

ATP ACh
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Fig. 8.4 Schematic representation of suburothelial interstitial cells 
(IC), which are also called myofibroblasts. Substances released from 
the basolateral surface during stretch, such as adenosine triphosphate 
(ATP) and acetylcholine (ACh), activate afferents in the suburothelial 
layer through the intermediation of suburothelially located interstitial 
cells, which express purinergic P2Y receptors, muscarinic M2 and M3 
receptors or capsacin TRPV1 receptors, and are connected each other 
by gap junction proteins

N. Yoshimura et al.

ATP release from urothelium

reduces the level, so that the basal concentration on the
mucosal side varies between 0-71 and 6-3 nm, and on the
serosal side between 0'22 and 2'2 nm (n = 8). When the
tissue is subjected to pressure changes by removal of 10 ml
of fluid as before, there were no detectable changes in ATP
concentration if the tissue was short circuited (n = 4).
However when the tissue was maintained with its normal
transepithelial potential difference, i.e. in its open-circuited
state, removal of fluid from the serosal surface consistently
resulted in increased release of ATP from the same side of
the tissue (n = 4). ATP release was not seen following fluid
removal from the mucosal side. This change in ATP
concentration was seen only in the serosal bathing fluid, not
on the mucosal side. The serosal ATP concentration rose to
224 + 64% of its original value (t = 3.33, P < 0f01, n = 4)
after 3 min (Fig. 4). Addition of amiloride (10 /M) to the
mucosal side of the bladder without alteration of pressure
was followed after a delay of about 10 min by a release of
ATP from the serosal surface (201 + 21%, t = 6-71,
P< 0.005, n= 3; Fig. 4).
Experiments using isolated urinary bladder strips
Initial experiments showed that it was possible to release
ATP from rabbit urinary bladder strips mounted in
Brading-Sibley chambers by electrical field stimulation of
the tissue for 30 s at 10 Hz, 0'1 ms and 40 1sA. The mean
rate of ATP release was 1-37 x 10-1 mol (g wet weight of

Figure 4. Release of ATP from the serosal or
mucosal surfaces of the bladder following
hydrostatic pressure changes
Urinary bladders were subjected to hydrostatic pressure
changes by removal of 10 ml of Krebs solution from the
mucosal surface followed by 10 ml removal from the
serosal surface, indicated by the arrows. The solution was
sampled from both sides of the membrane and assayed for
ATP content. A, ATP concentrations on the serosal side of
the membrane; B, ATP concentrations on the mucosal
side. On the serosal side an increased release of ATP
followed the removal of 10 ml from the same side and the
consequent reduction in transmembrane potential; no
changes were detected on the mucosal side. Values are
expressed as means of percentage change from the
baseline level + S.E.M.

tissue)-' min-' above a resting level of 6-97 x 10-12
mol g-' min-' (P = 0'05). Addition of tetrodotoxin (1 /M) to
the bathing medium did not block the electrically induced
release of ATP (Fig. 5), though it completely blocked smooth
muscular contractions evoked by stimulation of autonomic
motor nerves.

When experiments were undertaken to determine the
influence of calcium on release of ATP by electrical
stimulation, the following unexpected result was obtained
(Fig. 6). The stimulated release of ATP in the presence of
calcium was found to be 1P2 x 10-12 mol g-' (3 min)-',
whereas in its absence it increased to 6&7 x 10-11
mol g' (3 min)' (P < 0-001). Interpretation of this result
was complicated by the fact that ectonucleotidase activity
has been reported to be increased in the presence of calcium
(Seguchi, Okada & Ogawa, 1982). Therefore the proportion
of the released ATP degraded in the two experiments may
have been different. In addition no calcium chelator was
present in the bathing solution making it likely that a small
but unquantified amount of calcium was in fact present.
Nonetheless it was concluded that the ATP release was not
taking place through a calcium-dependent vesicular release
mechanism. The observation that the absence of calcium
increased the short-circuit current changes evoked by
alterations in hydrostatic pressure may provide another
explanation for these results (data not shown).
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neurotomy on patients with spinal cord in-
jury has shown that the reflex arc synapses
not exclusively in S-3 (as postulated by
Bing and Haymaker), but includes all sacral,
and possibly the fifth lumbar, segments7;
these findings have been complemented by
investigations on normal subjects with the
aid of spinal anesthesia.8 Studies of the
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bulbocavernosus reflex are still in progress,
and only features pertinent to the present
subject will be recorded here.
2. A patient with complete physiological

transection of the cord at C-6 underwent a
sacral neurotomy from S-2 to S-4 in an

attempt to control autonomie hyperreflexia
from bladder distention. His hypertension
abated promptly, but the sudomotor dis¬
charges persisted. Tetracaine U. S. P.
(Pontocaine) anesthesia of the vesical
mucosa was done to determine whether a

possible mucosal pathway of reflex hyper-
hidrosis could be suppressed. This was not
the case, although it was known that tetra¬
caine anesthesia can temporarily abolish
paroxysmal hypertension.9 We believe that,
in this case, the intact pathways coursing
along the sympathetics sustained the hy-
perhidrotic reaction. Unexpected, however,
was the patient's report that he voided per
urethram for the first time in three years,
despite the presence of a suprapubic cystos-
tomy. This precipitated the thought that a

reflex between vesical mucosa and pelvic
floor musculature was probable, and was

possibly an important component in the
pathophysiology of bladder dysfunction.

3. While this experience suggested the
importance of anesthetized mucosal recep¬
tors, the importance of stimulated receptors
remained to be demonstrated. In the course

of a study of mechanical and thermic stimu¬
lation of the bladder mucosa in normal and
paraplegic subjects, it was discovered that
small amounts of instilled ice water initiated
the desire to void. This desire, in turn,
signifies a detrusor contraction (a pro-
prioceptive sensation), which reciprocally
relaxes the pelvic floor musculature.
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Fig. 6.—This schematic diagram shows one-half of the gray matter of a sacral segment,with its afferent and efferent connections to the striated muscles of the pelvic floor, to the
smooth bladder muscle, and to its mucosal lining. The circles embrace fibers coursing in the
posterior root (left upper), anterior root, (right upper), pelvic nerve (left lower), and puden¬
dal nerve (right lower). The simplified nerve network shown in the diagram is based upon
a combination of concepts, one of which is the currently accepted reciprocal, proprioceptivereflex pattern; and the other, the mucosal reflex pattern postulated on the basis of the presentstudy. Afferent and efferent pathways contained in the sympathetics are not shown in the
diagram.
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signals can propagate between cells generating a functional 
syncytium, Fig.  7.5b. The different Cx isoforms form gap 
junctions of different electrical properties, with Cx45 have a 
lower electrical conductance compared to those formed of 
Cx43 for example. The consequence is that propagation of 
electrical signals will be slower via gap junctions of lower 
electrical conductance. In the heart an abundance of Cx43 
gap junctions (and of even larger conductance Cx40 gap 
junctions in atria) at the intercalated disk ensures that large 
volumes of myocardium can act as a functional syncytium. 
Detrusor smooth muscle is composed of muscle bundles 
separated by extracellular matrix so that extensive electrical 
activity will be of less importance. It is likely that detrusor 
gap junction will ensure that individual cells in a muscle 
bundle can be synchronised, whilst coordination of activity 
in the detrusor mass relies on the extensive distribution of 
parasympathetic nerve fibres. The role of interstitial cells 
that lie between detrusor muscle bundles is contentious; 
electrical and intracellular Ca2+ transients are not synchro-
nised with similar events in detrusor cells, but they may pro-
vide a link between activity in adjacent muscle bundles [24].

7.6  Interstitial Cells in the Bladder Wall

These cells are found throughout the detrusor layer and espe-
cially the suburothelium, Fig.  7.6. A potential role in the 
detrusor layer has been discussed, but there has been a focus 
if interest of their role in the suburothelium [25]. It is note-
worthy that the density of suburothelial interstitial cells 
increases in pathologies associated with detrusor overactiv-

ity and so a causal link has been suggested if not decisively 
shown [26– 28]. Several sub-populations exist that may vary 
according to normal or pathological conditions and have dif-
ferent signalling pathways, for example in the suburothe-
lium, in intradetrusor spaces and surrounding blood vessels. 
Moreover, it is suggested that those with a myofibroblast 
phenotype are more abundant in the suburothelium adjacent 
to the urothelium itself [29], and that their number is raised 
in conditions that have increased collagen deposition. A 
problem with identifying different subpopulations is that 
characteristic markers are not universally agreed and range 
from more generalised mesenchymal labels such as vimen-
tin, to α-smooth muscle actin through to more specific labels 
such as c-kit and PDGF-α. Some of the literature add “…of 
Cajal” to ‘interstitial cell’. It is the authors’ opinion that this 
should be avoided as it implies that interstitial cells in the 
bladder wall have a pacemaking function, as in the G-I tract, 
and there is no evidence for an equivalent function in the 
bladder.

However, there are some features of bladder interstitial 
cells that may point to some specific functions. For example: 
(a) they are electrically excitable with depolarisation medi-
ated by Ca2+-activated Cl− channels or Ca2+ channels and 
generate associated intracellular Ca2+ transients in response 
to a wide range of activators such as ATP and its metabolites 
as well as low pH [30]. This coupled to extensive Cx43 gap 
junctions between cells suggests that those in the suburothe-
lium may form a functional syncytium (see below under 
Spontaneous Contractions); (b) in the suburothelium they 
make intimate contact, although with no gap junctions, with 
afferent nerves [31]. It is possible that these cells transduce 
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Fig. 7.6 Interstitial cells from the suburothelium. (a) Top left: urothe-
lium and suburothelium labelled for vimentin (red) and Cx43 (blue). 
Collagen autofluorescence (green). The yellow line demarcates urothe-
lium from suburothelium. Bottom left: electron micrograph of the subu-

rothelium showing interstitial cells. Right: isolated interstitial cell and 
detrusor mycocyte to demonstrate size difference. (b) Total ionic cur-
rent (green) and intracellular Ca2+ (brown) from isolated interstitial 
cells. Shown are responses to purines and low pH
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ATP is released from rabbit urinary bladder epithelial cells by
hydrostatic pressure changes a possible sensory mechanism?

D. R. Ferguson, Ian Kennedy t and T. J. Burton

Department of Pharmacology, University of Cambridge, and t Glaxo Institute of Applied
Pharmacology, Tennis Court Road, Cambridge CB2 1QJ, UK

1. The responses of rabbit urinary bladder to hydrostatic pressure changes and to electrical
stimulation have been investigated using both the Ussing chamber and a superfusion
apparatus. These experiments enabled us to monitor changes in both ionic transport across
the tissue and cellular ATP release from it.

2. The urinary bladder of the rabbit maintains an electrical potential difference across its wall
as a result largely of active sodium transport from the urinary (mucosal) to the serosal
surface.

3. Small hydrostatic pressure differences produced by removal of bathing fluid from one side of
the tissue caused reproducible changes in both potential difference and short-circuit current.
The magnitude of these changes increases as the volume of fluid removed increases.

3. Amiloride on the mucosal (urinary), but not the serosal, surface of the membrane reduces the
transepithelial potential difference and short-circuit current with an IC50 of 300 nM.

Amiloride reduces the size of, but does not abolish, transepithelial potential changes caused
by alterations in hydrostatic pressure.

4. Field electrical stimulation of strips of bladder tissue produces a reproducible release of ATP.
Such release was demonstrated to occur largely from urothelial cells and is apparently non-
vesicular as it increases in the absence of calcium and is not abolished by tetrodotoxin.

5. It is proposed that ATP is released from the urothelium as a sensory mediator for the degree
of distension of the rabbit urinary bladder and other sensory modalities.

The ability of the bladder to perform its function of urine
storage and voiding depends on the central nervous system
receiving accurate information on the state of bladder
fullness. Denny-Brown & Robertson (1933) described
sensations induced by bladder filling in human subjects from
faint pressure and feelings of distension at small volumes
right through to urge to micturate and a painful compulsion
to empty the bladder containing about 600 ml of urine.
The vesical sensory nerve supply itself has been extensively
investigated using both neurophysiological and anatomical
methods. For example de Groat, Booth & Yoshimura (1993)
and Janig & Morrison (1986) described both myelinated and
unmyelinated afferent nerve fibres which responded in a
graded manner to passive distension of the bladder. These
findings have been extended by Hiibler, Jainig & Kolzenburg
(1993), who showed that there are afferent fibres in the cat
which respond in a graded manner to increases in vesical
pressure within the physiological range of pressure reached
during normal filling and emptying cycles (i.e. below about
25 mmHg, 3-2 kPa).
The anatomy of the vesical sensory system has been
described by Gosling, Dixon & Humpherson (1983) and

Dixon & Gilpin (1987). These authors describe a
suburothelial plexus of sensory nerves with dendrites
without neurilemmal covering immediately beneath the
basal lamina, or on occasion penetrating the basal lamina to
end in close association with urothelial cells. It is
noteworthy that no specific sensory organelles have been
described in these careful electron microscopical studies,
though the neurones themselves contain vesicles
morphologically different from excitatory nerves to the
bladder.
The mechanisms by which transduction of hydrostatic
pressure changes are linked to changes in sensory nerve
activity have been considered largely in terms of release of
neuropeptides from the sensory nerves themselves (Nimmo,
Morrison & Whitaker, 1988; Maggi 1993). Neuropeptides
are considered to act in an antidromic manner to stimulate
the same nerves from which they are released. It is clear
that such local release of sensory neuropeptides does
produce biological responses including changes in blood flow,
smooth muscular contraction and changes in motor neuro-
transmitter release (Maggi, 1993). However, there is no clear
understanding of the ways in which such sensory nerves are
stimulated by the initial pressure changes.
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Furthermore, muscarinic receptors such as M2 and M3 
are also expressed in interstitial cells (IC) located in the 
suburothelial and detrusor layers (Fig. 8.4). Recent stud-
ies have revealed that bladder IC can modulate the bladder 
functions of filling and voiding in addition to sensory 
transduction by both excitatory and inhibitory mecha-
nisms [42]. It has been shown that large Ca2+-transients in 
detrusor IC induced by cholinergic receptor agonist (car-
bachol) are blocked by M3 antagonists with some sensi-
tivity to M2 antagonists in mice and guinea pigs, raising 
the possibility that bladder IC can modulate the detrusor 
activity [43, 44].

Overall, the peripheral muscarinic receptor systems con-
trol lower urinary tract (LUT) function through multiple 
mechanisms that include not only direct smooth muscle acti-
vation, but also indirect ones via the urothelium and IC, 
which may help to explain in part the mechanism of action 
for muscarinic antagonists in reducing symptoms of bladder 
disorders such as overactive bladder (OAB).

8.1.2  Purinergic Mechanisms

8.1.2.1  Efferent Function and Detrusor Muscle
Purinergic contribution to parasympathetic stimulation has 
been shown to exist in a variety of species including rat, rab-
bit, and guinea pig [45–47]. However, there is less evidence 
for the contribution of purinergic neurotransmission in 
humans, at least in the normal micturition although it may 
play a role in pathologic conditions such as detrusor overac-
tivity or bladder outlet obstruction [48–50].

ATP acts on two families of purinergic receptors: an ion 
channel family (P2X) and a G protein–coupled receptor fam-
ily (P2Y) [51–53]. Seven P2X subtypes and eight P2Y sub-
types have been identified. Immunohistochemical 
experiments with specific antibodies for different P2X recep-
tors showed that P2X1 receptors are the dominant subtype in 
membranes of rat detrusor muscle and vascular smooth mus-
cle in the bladder [54] (Fig. 8.2). Clusters of P2X1 receptors 
were detected on rat bladder smooth muscle cells, some of 
which were closely related to nerve varicosities. Northern 
blotting and in situ hybridization revealed the presence of 
P2X1 and P2X4 mRNA in the bladder [55]. The predominant 
expression of P2X1 receptors has also been confirmed in the 
human bladder [50, 56]. Investigators also found that the 
amount of P2X1 receptors was increased in the obstructed 
bladder compared with the control bladder, suggesting 
upregulated purinergic mechanisms in the overactive bladder 
due to bladder outlet obstruction [50]. In addition, ATP also 
seems to act through P2Y receptors in the smooth muscle to 
suppress cholinergic and purinergic contractions [54, 57].

Purinergic nerves are also involved in the modulation of 
synaptic transmission in parasympathetic ganglia [58–61] 
because excitatory purinergic receptors in pelvic ganglia 
have been demonstrated in the cat [58], rabbit [59], and rat 
[60, 61].

8.1.3  Bladder Urothelium and Afferent 
Nerves

ATP is also released from urothelial cells during stretch and 
by chemical stimuli, and can activate a population of suburo-
thelial bladder afferents expressing P2X2 and P2X3 recep-
tors, signaling changes in bladder fullness and pain [62] 
(Fig. 8.5). Accordingly, P2X2 or P2X3 null mice exhibit blad-
der hyporeflexia, suggesting that this receptor as well as 
neural-epithelial interactions are essential for normal bladder 
function [63, 64] . However, recent studies reported that the 
P2X3 receptor-mediated urothelial-afferent interaction is 
more important in bladder pathological conditions such as 
cystitis because, in mice, a lack of P2X2 or P2X3 receptors 
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Fig. 8.4 Schematic representation of suburothelial interstitial cells 
(IC), which are also called myofibroblasts. Substances released from 
the basolateral surface during stretch, such as adenosine triphosphate 
(ATP) and acetylcholine (ACh), activate afferents in the suburothelial 
layer through the intermediation of suburothelially located interstitial 
cells, which express purinergic P2Y receptors, muscarinic M2 and M3 
receptors or capsacin TRPV1 receptors, and are connected each other 
by gap junction proteins
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ATP release from urothelium

reduces the level, so that the basal concentration on the
mucosal side varies between 0-71 and 6-3 nm, and on the
serosal side between 0'22 and 2'2 nm (n = 8). When the
tissue is subjected to pressure changes by removal of 10 ml
of fluid as before, there were no detectable changes in ATP
concentration if the tissue was short circuited (n = 4).
However when the tissue was maintained with its normal
transepithelial potential difference, i.e. in its open-circuited
state, removal of fluid from the serosal surface consistently
resulted in increased release of ATP from the same side of
the tissue (n = 4). ATP release was not seen following fluid
removal from the mucosal side. This change in ATP
concentration was seen only in the serosal bathing fluid, not
on the mucosal side. The serosal ATP concentration rose to
224 + 64% of its original value (t = 3.33, P < 0f01, n = 4)
after 3 min (Fig. 4). Addition of amiloride (10 /M) to the
mucosal side of the bladder without alteration of pressure
was followed after a delay of about 10 min by a release of
ATP from the serosal surface (201 + 21%, t = 6-71,
P< 0.005, n= 3; Fig. 4).
Experiments using isolated urinary bladder strips
Initial experiments showed that it was possible to release
ATP from rabbit urinary bladder strips mounted in
Brading-Sibley chambers by electrical field stimulation of
the tissue for 30 s at 10 Hz, 0'1 ms and 40 1sA. The mean
rate of ATP release was 1-37 x 10-1 mol (g wet weight of

Figure 4. Release of ATP from the serosal or
mucosal surfaces of the bladder following
hydrostatic pressure changes
Urinary bladders were subjected to hydrostatic pressure
changes by removal of 10 ml of Krebs solution from the
mucosal surface followed by 10 ml removal from the
serosal surface, indicated by the arrows. The solution was
sampled from both sides of the membrane and assayed for
ATP content. A, ATP concentrations on the serosal side of
the membrane; B, ATP concentrations on the mucosal
side. On the serosal side an increased release of ATP
followed the removal of 10 ml from the same side and the
consequent reduction in transmembrane potential; no
changes were detected on the mucosal side. Values are
expressed as means of percentage change from the
baseline level + S.E.M.

tissue)-' min-' above a resting level of 6-97 x 10-12
mol g-' min-' (P = 0'05). Addition of tetrodotoxin (1 /M) to
the bathing medium did not block the electrically induced
release of ATP (Fig. 5), though it completely blocked smooth
muscular contractions evoked by stimulation of autonomic
motor nerves.

When experiments were undertaken to determine the
influence of calcium on release of ATP by electrical
stimulation, the following unexpected result was obtained
(Fig. 6). The stimulated release of ATP in the presence of
calcium was found to be 1P2 x 10-12 mol g-' (3 min)-',
whereas in its absence it increased to 6&7 x 10-11
mol g' (3 min)' (P < 0-001). Interpretation of this result
was complicated by the fact that ectonucleotidase activity
has been reported to be increased in the presence of calcium
(Seguchi, Okada & Ogawa, 1982). Therefore the proportion
of the released ATP degraded in the two experiments may
have been different. In addition no calcium chelator was
present in the bathing solution making it likely that a small
but unquantified amount of calcium was in fact present.
Nonetheless it was concluded that the ATP release was not
taking place through a calcium-dependent vesicular release
mechanism. The observation that the absence of calcium
increased the short-circuit current changes evoked by
alterations in hydrostatic pressure may provide another
explanation for these results (data not shown).
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Existe-t-il encore des avancées dans la physiopathologie de l’hyperactivité vésicale 
neurogène?



Spinal Reflex Activity from the Vesical Mucosa in
Paraplegic Patients
ERNEST H. BORS, M.D., and KENNETH A. BLINN, M.D., Long Beach, Calif.

Introduction
The reciprocal innervation of the smooth

vesical detrusor and striated muscles of the
pelvic floor has been well documented by
cystometry, electromyography, a combina-
tion of the two, and various anesthetic pro-
cedures. Thus a good working hypothesis
has been provided for physiological and
pathological micturition.1-5 According to
common neurological nomenclature, there-
fore, only proprioceptive reflex activity has
been studied. In contrast, the reflex activity
which correlates stimuli of the bladder
mucosa and responses of the detrusor and
pelvic floor musculature has not been ex-

plored.
Three factors motivated the present study.
1. A continuing interest in the bulbo-

cavernosus reflex,6 which is diagnostically
important in differentiating somatomotor
lesions above and below the conus; this
reflex becomes significant in the proper
classification and treatment of patients with
traumatic cord bladder because the conus
contains the spinal visceromotor reflex cen-
ters of the bladder. Experience with sacral
neurotomy on patients with spinal cord in-
jury has shown that the reflex arc synapses
not exclusively in S-3 (as postulated by
Bing and Haymaker), but includes all sacral,
and possibly the fifth lumbar, segments7;
these findings have been complemented by
investigations on normal subjects with the
aid of spinal anesthesia.8 Studies of the
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bulbocavernosus reflex are still in progress,
and only features pertinent to the present
subject will be recorded here.
2. A patient with complete physiological

transection of the cord at C-6 underwent a
sacral neurotomy from S-2 to S-4 in an

attempt to control autonomie hyperreflexia
from bladder distention. His hypertension
abated promptly, but the sudomotor dis¬
charges persisted. Tetracaine U. S. P.
(Pontocaine) anesthesia of the vesical
mucosa was done to determine whether a

possible mucosal pathway of reflex hyper-
hidrosis could be suppressed. This was not
the case, although it was known that tetra¬
caine anesthesia can temporarily abolish
paroxysmal hypertension.9 We believe that,
in this case, the intact pathways coursing
along the sympathetics sustained the hy-
perhidrotic reaction. Unexpected, however,
was the patient's report that he voided per
urethram for the first time in three years,
despite the presence of a suprapubic cystos-
tomy. This precipitated the thought that a

reflex between vesical mucosa and pelvic
floor musculature was probable, and was

possibly an important component in the
pathophysiology of bladder dysfunction.

3. While this experience suggested the
importance of anesthetized mucosal recep¬
tors, the importance of stimulated receptors
remained to be demonstrated. In the course

of a study of mechanical and thermic stimu¬
lation of the bladder mucosa in normal and
paraplegic subjects, it was discovered that
small amounts of instilled ice water initiated
the desire to void. This desire, in turn,
signifies a detrusor contraction (a pro-
prioceptive sensation), which reciprocally
relaxes the pelvic floor musculature.
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Fig. 6.—This schematic diagram shows one-half of the gray matter of a sacral segment,with its afferent and efferent connections to the striated muscles of the pelvic floor, to the
smooth bladder muscle, and to its mucosal lining. The circles embrace fibers coursing in the
posterior root (left upper), anterior root, (right upper), pelvic nerve (left lower), and puden¬
dal nerve (right lower). The simplified nerve network shown in the diagram is based upon
a combination of concepts, one of which is the currently accepted reciprocal, proprioceptivereflex pattern; and the other, the mucosal reflex pattern postulated on the basis of the presentstudy. Afferent and efferent pathways contained in the sympathetics are not shown in the
diagram.
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signals can propagate between cells generating a functional 
syncytium, Fig.  7.5b. The different Cx isoforms form gap 
junctions of different electrical properties, with Cx45 have a 
lower electrical conductance compared to those formed of 
Cx43 for example. The consequence is that propagation of 
electrical signals will be slower via gap junctions of lower 
electrical conductance. In the heart an abundance of Cx43 
gap junctions (and of even larger conductance Cx40 gap 
junctions in atria) at the intercalated disk ensures that large 
volumes of myocardium can act as a functional syncytium. 
Detrusor smooth muscle is composed of muscle bundles 
separated by extracellular matrix so that extensive electrical 
activity will be of less importance. It is likely that detrusor 
gap junction will ensure that individual cells in a muscle 
bundle can be synchronised, whilst coordination of activity 
in the detrusor mass relies on the extensive distribution of 
parasympathetic nerve fibres. The role of interstitial cells 
that lie between detrusor muscle bundles is contentious; 
electrical and intracellular Ca2+ transients are not synchro-
nised with similar events in detrusor cells, but they may pro-
vide a link between activity in adjacent muscle bundles [24].

7.6  Interstitial Cells in the Bladder Wall

These cells are found throughout the detrusor layer and espe-
cially the suburothelium, Fig.  7.6. A potential role in the 
detrusor layer has been discussed, but there has been a focus 
if interest of their role in the suburothelium [25]. It is note-
worthy that the density of suburothelial interstitial cells 
increases in pathologies associated with detrusor overactiv-

ity and so a causal link has been suggested if not decisively 
shown [26– 28]. Several sub-populations exist that may vary 
according to normal or pathological conditions and have dif-
ferent signalling pathways, for example in the suburothe-
lium, in intradetrusor spaces and surrounding blood vessels. 
Moreover, it is suggested that those with a myofibroblast 
phenotype are more abundant in the suburothelium adjacent 
to the urothelium itself [29], and that their number is raised 
in conditions that have increased collagen deposition. A 
problem with identifying different subpopulations is that 
characteristic markers are not universally agreed and range 
from more generalised mesenchymal labels such as vimen-
tin, to α-smooth muscle actin through to more specific labels 
such as c-kit and PDGF-α. Some of the literature add “…of 
Cajal” to ‘interstitial cell’. It is the authors’ opinion that this 
should be avoided as it implies that interstitial cells in the 
bladder wall have a pacemaking function, as in the G-I tract, 
and there is no evidence for an equivalent function in the 
bladder.

However, there are some features of bladder interstitial 
cells that may point to some specific functions. For example: 
(a) they are electrically excitable with depolarisation medi-
ated by Ca2+-activated Cl− channels or Ca2+ channels and 
generate associated intracellular Ca2+ transients in response 
to a wide range of activators such as ATP and its metabolites 
as well as low pH [30]. This coupled to extensive Cx43 gap 
junctions between cells suggests that those in the suburothe-
lium may form a functional syncytium (see below under 
Spontaneous Contractions); (b) in the suburothelium they 
make intimate contact, although with no gap junctions, with 
afferent nerves [31]. It is possible that these cells transduce 
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Fig. 7.6 Interstitial cells from the suburothelium. (a) Top left: urothe-
lium and suburothelium labelled for vimentin (red) and Cx43 (blue). 
Collagen autofluorescence (green). The yellow line demarcates urothe-
lium from suburothelium. Bottom left: electron micrograph of the subu-

rothelium showing interstitial cells. Right: isolated interstitial cell and 
detrusor mycocyte to demonstrate size difference. (b) Total ionic cur-
rent (green) and intracellular Ca2+ (brown) from isolated interstitial 
cells. Shown are responses to purines and low pH
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Fig. 4.
Transverse section of the S2 spinal cord of the cat showing primary afferent axons and
preganglionic neurons after application of horseradish peroxidase (HRP) to the pelvic nerve.
Afferents enter Lissauer’s tract (LT) and then send collaterals through lamina 1 laterally around
the dorsal horn (DH) in a large bundle (the lateral collateral pathway, LCP) into the area of the
sacral parasympathetic nucleus (SPN). A smaller group of afferents extend medially into the
dorsal gray commissure (DCM). Axons of preganglionic neurons in the SPN project into the
ventral horn (VH). Diagram on the top right side shows that the distribution of VIP-
immunoreactive (VIP-IR) afferent axons in the sacral spinal cord of the cat is similar to the
distribution of pelvic visceral afferent axons in the LCP, lamina V (1) and in the DCM (2, 3).
In addition, the VIP-IR axons and pelvic afferent axons in the LCP, which arise as collaterals
from longitudinal axons in LT, occur in bundles distributed at regular intervals along the
rostrocaudal axis of the cord. After chronic spinal cord injury (lower left diagram) the VIP-
IR afferent pathways expand and reorganize, leading to a continuous band of axons in the LCP
and more extensive projections into region of the SPN (4).
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Fig. 7.
Effect of chronic spinal cord injury on the firing of a bladder sacral dorsal root ganglion neuron.
Records on the left side, which are from an afferent neuron from a cat with an intact spinal
cord, show action potentials (top trace) elicited by short (10 msec) and long (600 msec) duration
depolarizing current pulses (bottom trace). This neuron is typical of small diameter bladder
neurons which exhibit phasic firing. Records on the right side show tonic firing during a long
duration depolarizing current pulse in a small diameter bladder neuron from a spinal cord
injured (SCI) cat.
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ATP is released from rabbit urinary bladder epithelial cells by
hydrostatic pressure changes a possible sensory mechanism?

D. R. Ferguson, Ian Kennedy t and T. J. Burton

Department of Pharmacology, University of Cambridge, and t Glaxo Institute of Applied
Pharmacology, Tennis Court Road, Cambridge CB2 1QJ, UK

1. The responses of rabbit urinary bladder to hydrostatic pressure changes and to electrical
stimulation have been investigated using both the Ussing chamber and a superfusion
apparatus. These experiments enabled us to monitor changes in both ionic transport across
the tissue and cellular ATP release from it.

2. The urinary bladder of the rabbit maintains an electrical potential difference across its wall
as a result largely of active sodium transport from the urinary (mucosal) to the serosal
surface.

3. Small hydrostatic pressure differences produced by removal of bathing fluid from one side of
the tissue caused reproducible changes in both potential difference and short-circuit current.
The magnitude of these changes increases as the volume of fluid removed increases.

3. Amiloride on the mucosal (urinary), but not the serosal, surface of the membrane reduces the
transepithelial potential difference and short-circuit current with an IC50 of 300 nM.

Amiloride reduces the size of, but does not abolish, transepithelial potential changes caused
by alterations in hydrostatic pressure.

4. Field electrical stimulation of strips of bladder tissue produces a reproducible release of ATP.
Such release was demonstrated to occur largely from urothelial cells and is apparently non-
vesicular as it increases in the absence of calcium and is not abolished by tetrodotoxin.

5. It is proposed that ATP is released from the urothelium as a sensory mediator for the degree
of distension of the rabbit urinary bladder and other sensory modalities.

The ability of the bladder to perform its function of urine
storage and voiding depends on the central nervous system
receiving accurate information on the state of bladder
fullness. Denny-Brown & Robertson (1933) described
sensations induced by bladder filling in human subjects from
faint pressure and feelings of distension at small volumes
right through to urge to micturate and a painful compulsion
to empty the bladder containing about 600 ml of urine.
The vesical sensory nerve supply itself has been extensively
investigated using both neurophysiological and anatomical
methods. For example de Groat, Booth & Yoshimura (1993)
and Janig & Morrison (1986) described both myelinated and
unmyelinated afferent nerve fibres which responded in a
graded manner to passive distension of the bladder. These
findings have been extended by Hiibler, Jainig & Kolzenburg
(1993), who showed that there are afferent fibres in the cat
which respond in a graded manner to increases in vesical
pressure within the physiological range of pressure reached
during normal filling and emptying cycles (i.e. below about
25 mmHg, 3-2 kPa).
The anatomy of the vesical sensory system has been
described by Gosling, Dixon & Humpherson (1983) and

Dixon & Gilpin (1987). These authors describe a
suburothelial plexus of sensory nerves with dendrites
without neurilemmal covering immediately beneath the
basal lamina, or on occasion penetrating the basal lamina to
end in close association with urothelial cells. It is
noteworthy that no specific sensory organelles have been
described in these careful electron microscopical studies,
though the neurones themselves contain vesicles
morphologically different from excitatory nerves to the
bladder.
The mechanisms by which transduction of hydrostatic
pressure changes are linked to changes in sensory nerve
activity have been considered largely in terms of release of
neuropeptides from the sensory nerves themselves (Nimmo,
Morrison & Whitaker, 1988; Maggi 1993). Neuropeptides
are considered to act in an antidromic manner to stimulate
the same nerves from which they are released. It is clear
that such local release of sensory neuropeptides does
produce biological responses including changes in blood flow,
smooth muscular contraction and changes in motor neuro-
transmitter release (Maggi, 1993). However, there is no clear
understanding of the ways in which such sensory nerves are
stimulated by the initial pressure changes.
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Furthermore, muscarinic receptors such as M2 and M3 
are also expressed in interstitial cells (IC) located in the 
suburothelial and detrusor layers (Fig. 8.4). Recent stud-
ies have revealed that bladder IC can modulate the bladder 
functions of filling and voiding in addition to sensory 
transduction by both excitatory and inhibitory mecha-
nisms [42]. It has been shown that large Ca2+-transients in 
detrusor IC induced by cholinergic receptor agonist (car-
bachol) are blocked by M3 antagonists with some sensi-
tivity to M2 antagonists in mice and guinea pigs, raising 
the possibility that bladder IC can modulate the detrusor 
activity [43, 44].

Overall, the peripheral muscarinic receptor systems con-
trol lower urinary tract (LUT) function through multiple 
mechanisms that include not only direct smooth muscle acti-
vation, but also indirect ones via the urothelium and IC, 
which may help to explain in part the mechanism of action 
for muscarinic antagonists in reducing symptoms of bladder 
disorders such as overactive bladder (OAB).

8.1.2  Purinergic Mechanisms

8.1.2.1  Efferent Function and Detrusor Muscle
Purinergic contribution to parasympathetic stimulation has 
been shown to exist in a variety of species including rat, rab-
bit, and guinea pig [45–47]. However, there is less evidence 
for the contribution of purinergic neurotransmission in 
humans, at least in the normal micturition although it may 
play a role in pathologic conditions such as detrusor overac-
tivity or bladder outlet obstruction [48–50].

ATP acts on two families of purinergic receptors: an ion 
channel family (P2X) and a G protein–coupled receptor fam-
ily (P2Y) [51–53]. Seven P2X subtypes and eight P2Y sub-
types have been identified. Immunohistochemical 
experiments with specific antibodies for different P2X recep-
tors showed that P2X1 receptors are the dominant subtype in 
membranes of rat detrusor muscle and vascular smooth mus-
cle in the bladder [54] (Fig. 8.2). Clusters of P2X1 receptors 
were detected on rat bladder smooth muscle cells, some of 
which were closely related to nerve varicosities. Northern 
blotting and in situ hybridization revealed the presence of 
P2X1 and P2X4 mRNA in the bladder [55]. The predominant 
expression of P2X1 receptors has also been confirmed in the 
human bladder [50, 56]. Investigators also found that the 
amount of P2X1 receptors was increased in the obstructed 
bladder compared with the control bladder, suggesting 
upregulated purinergic mechanisms in the overactive bladder 
due to bladder outlet obstruction [50]. In addition, ATP also 
seems to act through P2Y receptors in the smooth muscle to 
suppress cholinergic and purinergic contractions [54, 57].

Purinergic nerves are also involved in the modulation of 
synaptic transmission in parasympathetic ganglia [58–61] 
because excitatory purinergic receptors in pelvic ganglia 
have been demonstrated in the cat [58], rabbit [59], and rat 
[60, 61].

8.1.3  Bladder Urothelium and Afferent 
Nerves

ATP is also released from urothelial cells during stretch and 
by chemical stimuli, and can activate a population of suburo-
thelial bladder afferents expressing P2X2 and P2X3 recep-
tors, signaling changes in bladder fullness and pain [62] 
(Fig. 8.5). Accordingly, P2X2 or P2X3 null mice exhibit blad-
der hyporeflexia, suggesting that this receptor as well as 
neural-epithelial interactions are essential for normal bladder 
function [63, 64] . However, recent studies reported that the 
P2X3 receptor-mediated urothelial-afferent interaction is 
more important in bladder pathological conditions such as 
cystitis because, in mice, a lack of P2X2 or P2X3 receptors 
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interstitial cells
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Sensory nerves

Spinal Cord
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Fig. 8.4 Schematic representation of suburothelial interstitial cells 
(IC), which are also called myofibroblasts. Substances released from 
the basolateral surface during stretch, such as adenosine triphosphate 
(ATP) and acetylcholine (ACh), activate afferents in the suburothelial 
layer through the intermediation of suburothelially located interstitial 
cells, which express purinergic P2Y receptors, muscarinic M2 and M3 
receptors or capsacin TRPV1 receptors, and are connected each other 
by gap junction proteins
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ATP release from urothelium

reduces the level, so that the basal concentration on the
mucosal side varies between 0-71 and 6-3 nm, and on the
serosal side between 0'22 and 2'2 nm (n = 8). When the
tissue is subjected to pressure changes by removal of 10 ml
of fluid as before, there were no detectable changes in ATP
concentration if the tissue was short circuited (n = 4).
However when the tissue was maintained with its normal
transepithelial potential difference, i.e. in its open-circuited
state, removal of fluid from the serosal surface consistently
resulted in increased release of ATP from the same side of
the tissue (n = 4). ATP release was not seen following fluid
removal from the mucosal side. This change in ATP
concentration was seen only in the serosal bathing fluid, not
on the mucosal side. The serosal ATP concentration rose to
224 + 64% of its original value (t = 3.33, P < 0f01, n = 4)
after 3 min (Fig. 4). Addition of amiloride (10 /M) to the
mucosal side of the bladder without alteration of pressure
was followed after a delay of about 10 min by a release of
ATP from the serosal surface (201 + 21%, t = 6-71,
P< 0.005, n= 3; Fig. 4).
Experiments using isolated urinary bladder strips
Initial experiments showed that it was possible to release
ATP from rabbit urinary bladder strips mounted in
Brading-Sibley chambers by electrical field stimulation of
the tissue for 30 s at 10 Hz, 0'1 ms and 40 1sA. The mean
rate of ATP release was 1-37 x 10-1 mol (g wet weight of

Figure 4. Release of ATP from the serosal or
mucosal surfaces of the bladder following
hydrostatic pressure changes
Urinary bladders were subjected to hydrostatic pressure
changes by removal of 10 ml of Krebs solution from the
mucosal surface followed by 10 ml removal from the
serosal surface, indicated by the arrows. The solution was
sampled from both sides of the membrane and assayed for
ATP content. A, ATP concentrations on the serosal side of
the membrane; B, ATP concentrations on the mucosal
side. On the serosal side an increased release of ATP
followed the removal of 10 ml from the same side and the
consequent reduction in transmembrane potential; no
changes were detected on the mucosal side. Values are
expressed as means of percentage change from the
baseline level + S.E.M.

tissue)-' min-' above a resting level of 6-97 x 10-12
mol g-' min-' (P = 0'05). Addition of tetrodotoxin (1 /M) to
the bathing medium did not block the electrically induced
release of ATP (Fig. 5), though it completely blocked smooth
muscular contractions evoked by stimulation of autonomic
motor nerves.

When experiments were undertaken to determine the
influence of calcium on release of ATP by electrical
stimulation, the following unexpected result was obtained
(Fig. 6). The stimulated release of ATP in the presence of
calcium was found to be 1P2 x 10-12 mol g-' (3 min)-',
whereas in its absence it increased to 6&7 x 10-11
mol g' (3 min)' (P < 0-001). Interpretation of this result
was complicated by the fact that ectonucleotidase activity
has been reported to be increased in the presence of calcium
(Seguchi, Okada & Ogawa, 1982). Therefore the proportion
of the released ATP degraded in the two experiments may
have been different. In addition no calcium chelator was
present in the bathing solution making it likely that a small
but unquantified amount of calcium was in fact present.
Nonetheless it was concluded that the ATP release was not
taking place through a calcium-dependent vesicular release
mechanism. The observation that the absence of calcium
increased the short-circuit current changes evoked by
alterations in hydrostatic pressure may provide another
explanation for these results (data not shown).
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 Brading, A.F. and K.D. McCloskey, Mechanisms of Disease: 
specialized interstitial cells of the urinary tract--an assessment 
of current knowledge. Nat Clin Pract Urol, 2005.

Existe-t-il encore des avancées dans la physiopathologie de l’hyperactivité vésicale 
neurogène?



Spinal Reflex Activity from the Vesical Mucosa in
Paraplegic Patients
ERNEST H. BORS, M.D., and KENNETH A. BLINN, M.D., Long Beach, Calif.

Introduction
The reciprocal innervation of the smooth

vesical detrusor and striated muscles of the
pelvic floor has been well documented by
cystometry, electromyography, a combina-
tion of the two, and various anesthetic pro-
cedures. Thus a good working hypothesis
has been provided for physiological and
pathological micturition.1-5 According to
common neurological nomenclature, there-
fore, only proprioceptive reflex activity has
been studied. In contrast, the reflex activity
which correlates stimuli of the bladder
mucosa and responses of the detrusor and
pelvic floor musculature has not been ex-

plored.
Three factors motivated the present study.
1. A continuing interest in the bulbo-

cavernosus reflex,6 which is diagnostically
important in differentiating somatomotor
lesions above and below the conus; this
reflex becomes significant in the proper
classification and treatment of patients with
traumatic cord bladder because the conus
contains the spinal visceromotor reflex cen-
ters of the bladder. Experience with sacral
neurotomy on patients with spinal cord in-
jury has shown that the reflex arc synapses
not exclusively in S-3 (as postulated by
Bing and Haymaker), but includes all sacral,
and possibly the fifth lumbar, segments7;
these findings have been complemented by
investigations on normal subjects with the
aid of spinal anesthesia.8 Studies of the
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bulbocavernosus reflex are still in progress,
and only features pertinent to the present
subject will be recorded here.
2. A patient with complete physiological

transection of the cord at C-6 underwent a
sacral neurotomy from S-2 to S-4 in an

attempt to control autonomie hyperreflexia
from bladder distention. His hypertension
abated promptly, but the sudomotor dis¬
charges persisted. Tetracaine U. S. P.
(Pontocaine) anesthesia of the vesical
mucosa was done to determine whether a

possible mucosal pathway of reflex hyper-
hidrosis could be suppressed. This was not
the case, although it was known that tetra¬
caine anesthesia can temporarily abolish
paroxysmal hypertension.9 We believe that,
in this case, the intact pathways coursing
along the sympathetics sustained the hy-
perhidrotic reaction. Unexpected, however,
was the patient's report that he voided per
urethram for the first time in three years,
despite the presence of a suprapubic cystos-
tomy. This precipitated the thought that a

reflex between vesical mucosa and pelvic
floor musculature was probable, and was

possibly an important component in the
pathophysiology of bladder dysfunction.

3. While this experience suggested the
importance of anesthetized mucosal recep¬
tors, the importance of stimulated receptors
remained to be demonstrated. In the course

of a study of mechanical and thermic stimu¬
lation of the bladder mucosa in normal and
paraplegic subjects, it was discovered that
small amounts of instilled ice water initiated
the desire to void. This desire, in turn,
signifies a detrusor contraction (a pro-
prioceptive sensation), which reciprocally
relaxes the pelvic floor musculature.
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SACRAI SPINAL REFLEXES FROM THE BLADDER
TO DETRUSOR AND STRIATED MUSCLES OF THE PELVIC FLOOR

DETRUSOR MUSCLE

STRIATED MUSCLES
OF

PELVIC FLOOR

AFFERENT FIBERS FROM VESICAL MUCOSA INHIBITORY NEURON

JÍÍL- PROPRIOCEPTIVE AFFERENTS FROM DETRUSOR AND STRIATED
MUSCLES OF THE PELVIC FLOOR

FACILITATOR* NEURON

Fig. 6.—This schematic diagram shows one-half of the gray matter of a sacral segment,with its afferent and efferent connections to the striated muscles of the pelvic floor, to the
smooth bladder muscle, and to its mucosal lining. The circles embrace fibers coursing in the
posterior root (left upper), anterior root, (right upper), pelvic nerve (left lower), and puden¬
dal nerve (right lower). The simplified nerve network shown in the diagram is based upon
a combination of concepts, one of which is the currently accepted reciprocal, proprioceptivereflex pattern; and the other, the mucosal reflex pattern postulated on the basis of the presentstudy. Afferent and efferent pathways contained in the sympathetics are not shown in the
diagram.
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signals can propagate between cells generating a functional 
syncytium, Fig.  7.5b. The different Cx isoforms form gap 
junctions of different electrical properties, with Cx45 have a 
lower electrical conductance compared to those formed of 
Cx43 for example. The consequence is that propagation of 
electrical signals will be slower via gap junctions of lower 
electrical conductance. In the heart an abundance of Cx43 
gap junctions (and of even larger conductance Cx40 gap 
junctions in atria) at the intercalated disk ensures that large 
volumes of myocardium can act as a functional syncytium. 
Detrusor smooth muscle is composed of muscle bundles 
separated by extracellular matrix so that extensive electrical 
activity will be of less importance. It is likely that detrusor 
gap junction will ensure that individual cells in a muscle 
bundle can be synchronised, whilst coordination of activity 
in the detrusor mass relies on the extensive distribution of 
parasympathetic nerve fibres. The role of interstitial cells 
that lie between detrusor muscle bundles is contentious; 
electrical and intracellular Ca2+ transients are not synchro-
nised with similar events in detrusor cells, but they may pro-
vide a link between activity in adjacent muscle bundles [24].

7.6  Interstitial Cells in the Bladder Wall

These cells are found throughout the detrusor layer and espe-
cially the suburothelium, Fig.  7.6. A potential role in the 
detrusor layer has been discussed, but there has been a focus 
if interest of their role in the suburothelium [25]. It is note-
worthy that the density of suburothelial interstitial cells 
increases in pathologies associated with detrusor overactiv-

ity and so a causal link has been suggested if not decisively 
shown [26– 28]. Several sub-populations exist that may vary 
according to normal or pathological conditions and have dif-
ferent signalling pathways, for example in the suburothe-
lium, in intradetrusor spaces and surrounding blood vessels. 
Moreover, it is suggested that those with a myofibroblast 
phenotype are more abundant in the suburothelium adjacent 
to the urothelium itself [29], and that their number is raised 
in conditions that have increased collagen deposition. A 
problem with identifying different subpopulations is that 
characteristic markers are not universally agreed and range 
from more generalised mesenchymal labels such as vimen-
tin, to α-smooth muscle actin through to more specific labels 
such as c-kit and PDGF-α. Some of the literature add “…of 
Cajal” to ‘interstitial cell’. It is the authors’ opinion that this 
should be avoided as it implies that interstitial cells in the 
bladder wall have a pacemaking function, as in the G-I tract, 
and there is no evidence for an equivalent function in the 
bladder.

However, there are some features of bladder interstitial 
cells that may point to some specific functions. For example: 
(a) they are electrically excitable with depolarisation medi-
ated by Ca2+-activated Cl− channels or Ca2+ channels and 
generate associated intracellular Ca2+ transients in response 
to a wide range of activators such as ATP and its metabolites 
as well as low pH [30]. This coupled to extensive Cx43 gap 
junctions between cells suggests that those in the suburothe-
lium may form a functional syncytium (see below under 
Spontaneous Contractions); (b) in the suburothelium they 
make intimate contact, although with no gap junctions, with 
afferent nerves [31]. It is possible that these cells transduce 
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Fig. 7.6 Interstitial cells from the suburothelium. (a) Top left: urothe-
lium and suburothelium labelled for vimentin (red) and Cx43 (blue). 
Collagen autofluorescence (green). The yellow line demarcates urothe-
lium from suburothelium. Bottom left: electron micrograph of the subu-

rothelium showing interstitial cells. Right: isolated interstitial cell and 
detrusor mycocyte to demonstrate size difference. (b) Total ionic cur-
rent (green) and intracellular Ca2+ (brown) from isolated interstitial 
cells. Shown are responses to purines and low pH

7 The Integrated Physiology of the Lower Urinary Tract

Fig. 4.
Transverse section of the S2 spinal cord of the cat showing primary afferent axons and
preganglionic neurons after application of horseradish peroxidase (HRP) to the pelvic nerve.
Afferents enter Lissauer’s tract (LT) and then send collaterals through lamina 1 laterally around
the dorsal horn (DH) in a large bundle (the lateral collateral pathway, LCP) into the area of the
sacral parasympathetic nucleus (SPN). A smaller group of afferents extend medially into the
dorsal gray commissure (DCM). Axons of preganglionic neurons in the SPN project into the
ventral horn (VH). Diagram on the top right side shows that the distribution of VIP-
immunoreactive (VIP-IR) afferent axons in the sacral spinal cord of the cat is similar to the
distribution of pelvic visceral afferent axons in the LCP, lamina V (1) and in the DCM (2, 3).
In addition, the VIP-IR axons and pelvic afferent axons in the LCP, which arise as collaterals
from longitudinal axons in LT, occur in bundles distributed at regular intervals along the
rostrocaudal axis of the cord. After chronic spinal cord injury (lower left diagram) the VIP-
IR afferent pathways expand and reorganize, leading to a continuous band of axons in the LCP
and more extensive projections into region of the SPN (4).
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Fig. 7.
Effect of chronic spinal cord injury on the firing of a bladder sacral dorsal root ganglion neuron.
Records on the left side, which are from an afferent neuron from a cat with an intact spinal
cord, show action potentials (top trace) elicited by short (10 msec) and long (600 msec) duration
depolarizing current pulses (bottom trace). This neuron is typical of small diameter bladder
neurons which exhibit phasic firing. Records on the right side show tonic firing during a long
duration depolarizing current pulse in a small diameter bladder neuron from a spinal cord
injured (SCI) cat.
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ATP is released from rabbit urinary bladder epithelial cells by
hydrostatic pressure changes a possible sensory mechanism?

D. R. Ferguson, Ian Kennedy t and T. J. Burton

Department of Pharmacology, University of Cambridge, and t Glaxo Institute of Applied
Pharmacology, Tennis Court Road, Cambridge CB2 1QJ, UK

1. The responses of rabbit urinary bladder to hydrostatic pressure changes and to electrical
stimulation have been investigated using both the Ussing chamber and a superfusion
apparatus. These experiments enabled us to monitor changes in both ionic transport across
the tissue and cellular ATP release from it.

2. The urinary bladder of the rabbit maintains an electrical potential difference across its wall
as a result largely of active sodium transport from the urinary (mucosal) to the serosal
surface.

3. Small hydrostatic pressure differences produced by removal of bathing fluid from one side of
the tissue caused reproducible changes in both potential difference and short-circuit current.
The magnitude of these changes increases as the volume of fluid removed increases.

3. Amiloride on the mucosal (urinary), but not the serosal, surface of the membrane reduces the
transepithelial potential difference and short-circuit current with an IC50 of 300 nM.

Amiloride reduces the size of, but does not abolish, transepithelial potential changes caused
by alterations in hydrostatic pressure.

4. Field electrical stimulation of strips of bladder tissue produces a reproducible release of ATP.
Such release was demonstrated to occur largely from urothelial cells and is apparently non-
vesicular as it increases in the absence of calcium and is not abolished by tetrodotoxin.

5. It is proposed that ATP is released from the urothelium as a sensory mediator for the degree
of distension of the rabbit urinary bladder and other sensory modalities.

The ability of the bladder to perform its function of urine
storage and voiding depends on the central nervous system
receiving accurate information on the state of bladder
fullness. Denny-Brown & Robertson (1933) described
sensations induced by bladder filling in human subjects from
faint pressure and feelings of distension at small volumes
right through to urge to micturate and a painful compulsion
to empty the bladder containing about 600 ml of urine.
The vesical sensory nerve supply itself has been extensively
investigated using both neurophysiological and anatomical
methods. For example de Groat, Booth & Yoshimura (1993)
and Janig & Morrison (1986) described both myelinated and
unmyelinated afferent nerve fibres which responded in a
graded manner to passive distension of the bladder. These
findings have been extended by Hiibler, Jainig & Kolzenburg
(1993), who showed that there are afferent fibres in the cat
which respond in a graded manner to increases in vesical
pressure within the physiological range of pressure reached
during normal filling and emptying cycles (i.e. below about
25 mmHg, 3-2 kPa).
The anatomy of the vesical sensory system has been
described by Gosling, Dixon & Humpherson (1983) and

Dixon & Gilpin (1987). These authors describe a
suburothelial plexus of sensory nerves with dendrites
without neurilemmal covering immediately beneath the
basal lamina, or on occasion penetrating the basal lamina to
end in close association with urothelial cells. It is
noteworthy that no specific sensory organelles have been
described in these careful electron microscopical studies,
though the neurones themselves contain vesicles
morphologically different from excitatory nerves to the
bladder.
The mechanisms by which transduction of hydrostatic
pressure changes are linked to changes in sensory nerve
activity have been considered largely in terms of release of
neuropeptides from the sensory nerves themselves (Nimmo,
Morrison & Whitaker, 1988; Maggi 1993). Neuropeptides
are considered to act in an antidromic manner to stimulate
the same nerves from which they are released. It is clear
that such local release of sensory neuropeptides does
produce biological responses including changes in blood flow,
smooth muscular contraction and changes in motor neuro-
transmitter release (Maggi, 1993). However, there is no clear
understanding of the ways in which such sensory nerves are
stimulated by the initial pressure changes.
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Furthermore, muscarinic receptors such as M2 and M3 
are also expressed in interstitial cells (IC) located in the 
suburothelial and detrusor layers (Fig. 8.4). Recent stud-
ies have revealed that bladder IC can modulate the bladder 
functions of filling and voiding in addition to sensory 
transduction by both excitatory and inhibitory mecha-
nisms [42]. It has been shown that large Ca2+-transients in 
detrusor IC induced by cholinergic receptor agonist (car-
bachol) are blocked by M3 antagonists with some sensi-
tivity to M2 antagonists in mice and guinea pigs, raising 
the possibility that bladder IC can modulate the detrusor 
activity [43, 44].

Overall, the peripheral muscarinic receptor systems con-
trol lower urinary tract (LUT) function through multiple 
mechanisms that include not only direct smooth muscle acti-
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receptors or capsacin TRPV1 receptors, and are connected each other 
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ATP release from urothelium

reduces the level, so that the basal concentration on the
mucosal side varies between 0-71 and 6-3 nm, and on the
serosal side between 0'22 and 2'2 nm (n = 8). When the
tissue is subjected to pressure changes by removal of 10 ml
of fluid as before, there were no detectable changes in ATP
concentration if the tissue was short circuited (n = 4).
However when the tissue was maintained with its normal
transepithelial potential difference, i.e. in its open-circuited
state, removal of fluid from the serosal surface consistently
resulted in increased release of ATP from the same side of
the tissue (n = 4). ATP release was not seen following fluid
removal from the mucosal side. This change in ATP
concentration was seen only in the serosal bathing fluid, not
on the mucosal side. The serosal ATP concentration rose to
224 + 64% of its original value (t = 3.33, P < 0f01, n = 4)
after 3 min (Fig. 4). Addition of amiloride (10 /M) to the
mucosal side of the bladder without alteration of pressure
was followed after a delay of about 10 min by a release of
ATP from the serosal surface (201 + 21%, t = 6-71,
P< 0.005, n= 3; Fig. 4).
Experiments using isolated urinary bladder strips
Initial experiments showed that it was possible to release
ATP from rabbit urinary bladder strips mounted in
Brading-Sibley chambers by electrical field stimulation of
the tissue for 30 s at 10 Hz, 0'1 ms and 40 1sA. The mean
rate of ATP release was 1-37 x 10-1 mol (g wet weight of

Figure 4. Release of ATP from the serosal or
mucosal surfaces of the bladder following
hydrostatic pressure changes
Urinary bladders were subjected to hydrostatic pressure
changes by removal of 10 ml of Krebs solution from the
mucosal surface followed by 10 ml removal from the
serosal surface, indicated by the arrows. The solution was
sampled from both sides of the membrane and assayed for
ATP content. A, ATP concentrations on the serosal side of
the membrane; B, ATP concentrations on the mucosal
side. On the serosal side an increased release of ATP
followed the removal of 10 ml from the same side and the
consequent reduction in transmembrane potential; no
changes were detected on the mucosal side. Values are
expressed as means of percentage change from the
baseline level + S.E.M.

tissue)-' min-' above a resting level of 6-97 x 10-12
mol g-' min-' (P = 0'05). Addition of tetrodotoxin (1 /M) to
the bathing medium did not block the electrically induced
release of ATP (Fig. 5), though it completely blocked smooth
muscular contractions evoked by stimulation of autonomic
motor nerves.

When experiments were undertaken to determine the
influence of calcium on release of ATP by electrical
stimulation, the following unexpected result was obtained
(Fig. 6). The stimulated release of ATP in the presence of
calcium was found to be 1P2 x 10-12 mol g-' (3 min)-',
whereas in its absence it increased to 6&7 x 10-11
mol g' (3 min)' (P < 0-001). Interpretation of this result
was complicated by the fact that ectonucleotidase activity
has been reported to be increased in the presence of calcium
(Seguchi, Okada & Ogawa, 1982). Therefore the proportion
of the released ATP degraded in the two experiments may
have been different. In addition no calcium chelator was
present in the bathing solution making it likely that a small
but unquantified amount of calcium was in fact present.
Nonetheless it was concluded that the ATP release was not
taking place through a calcium-dependent vesicular release
mechanism. The observation that the absence of calcium
increased the short-circuit current changes evoked by
alterations in hydrostatic pressure may provide another
explanation for these results (data not shown).
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 Birder, L.A., Urinary bladder urothelium: molecular sensors of 
chemical/thermal/mechanical stimuli. Vascul Pharmacol, 2006.
 

 
Stimulus	 Urothélium	 Neurones sensitif	

Physico/chimique Récepteurs exprimés 
Etirement	 Canaux Na amiloride- sensibles Canaux Na amiloride- sensibles 

Chaud TRPV1 ; TRPV2 ; TRPV4 TRPV1 ; TRPV2 ; TRPV4 
Froid TRPM8 ; TRPA1 TRPM8 ; TRPA1 
H+ TRPV1 TRPV1 ; ASIC ; DRASIC 

Osmolarité TRPV4 TRPV4 
Neurotransmetteurs	 Récepteurs exprimés 

ATP	 P2X/P2Y P2X/P2Y 
Ach Muscariniques  Muscariniques  

Substance P NK1 ; NK2 NK1 ; NK2 ; NK3 
CGRP CGRP CGRP 

Bradykinine	 B1 ;B2 B1 ;B2 
Norepinephrine	 Sous Unités α/β	 Sous Unités α/β	

NGF	 P75/trk A	 P75/trk A	
Neurotoxines	 C ible	exprimée	

Capsaicine / RTX TRPV1 TRPV1 
Toxine	Botulique-A	 SNAP-25	 SNAP-25	

	

 Brading, A.F. and K.D. McCloskey, Mechanisms of Disease: 
specialized interstitial cells of the urinary tract--an assessment 
of current knowledge. Nat Clin Pract Urol, 2005.

de Groat, W.C. and N. Yoshimura, Changes in afferent 
activity after spinal cord injury. Neurourol Urodyn, 2010. 
 

Existe-t-il encore des avancées dans la physiopathologie de l’hyperactivité vésicale 
neurogène?



Une définition, des physiopathologies

•  Hyperactivité vésicale neurogène: Involuntary detrusor muscle contractions that occur near or 
at the maximum cystometric capacity, in the setting of a clinically relevant neurologic disease1.  

•  Ne rend pas compte: 

–  Des mécanismes en jeu 

–  De la typologie des troubles 

–  De leur évolution 

–  De leurs conséquences sur le plan morbi mortalité et qualité de vie 

1Gajewski, J. B., B. Schurch, R. Hamid, M. Averbeck, R. Sakakibara, E. F. Agro, T. Dickinson, C. K. Payne, M. J. 
Drake and B. T. Haylen (2018). "An International Continence Society (ICS) report on the terminology for adult 
neurogenic lower urinary tract dysfunction (ANLUTD)." Neurourol Urodyn 37(3): 1152-1161.
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Table 10.1 Epidemiology of neuro-urological disorders and consecutive neuro-urological symptoms/dysfunction

Suprapontine and pontine lesions
Neurological disorder Frequency in general population Neuro-urological symptoms/dysfunction
Brain tumours 29.2/100,000/year in adults (20+ years), 

(8.7 malignant [most common 
malignant tumor: glioblastoma about 
47%], 20.4 benign [most common 
benign tumor: meningioma 53%]) [3]

Urinary incontinence occurs mainly in frontal 
location (part of frontal syndrome or isolated in 
frontal location) [4]

Dementias [5]
 • Alzheimer’s disease (60–80%)
 • Vascular disease (10–20%)
 •  Other diseases (10%) [Lewy bodies, 

Parkinson’s disease, normal pressure 
hydrocephalus, fronto-temporal 
degeneration, Creutzfeld-Jakob disease, 
multiple causes]

17.2/1000/year [6] Overactive bladder, urinary urgency 
incontinence, detrusor overactivity 25% of 
incontinence in Alzheimer’s disease, > 25% in 
other dementias: Lewy body, normal pressure 
hydrocephalus, Binswanger, Nasu-Hakola, Pick 
disease [7]
Urinary incontinence 3 times more frequent in 
geriatric patients with dementia than without [8]

Cerebral palsy 3.1–3.6/1000 in children aged  
8 years [9]

LUTS 36–76%, storage symptoms more 
common than voiding symptoms, urinary 
incontinence most frequent symptom 20–94%, 
detrusor overactivity 9–97% [10]

Normal pressure hydrocephalus 2–20/100,000/year [11] Nocturia, urinary urgency incontinence, 100% 
detrusor overactivity [12], LUTS improve 
following ventriculo-peritoneal shunting [13]

Parkinsonism
 •  Primary Parkinsonism: Idiopathic 

Parkinson’s disease (IPD): 75–80%
 • Secondary (acquired) Parkinsonism (2%)
 •  Atypical Parkinsonism (Parkinson’s- plus) 

(18%):
   – Progressive supranuclear palsy
   –  Multiple system atrophy (MSA) 

[Shy-Drager syndrome: MSA with 
postural hypotension] (MSA-P: 
Parkinsonism predominent, MSA-C: 
cerebellar predominant)

   – Corticobasal degeneration
   – Parkinsonism-dementia complex

IPD (age-standarized) incidence 
14/100,000/year, ≥65 years old: 
160/100,000/year [14]
IPD second most prevalent 
neurodegenerative disorder after 
Alzheimer’s disease, rising prevalence 
with age
MSA incidence ≥50 years old: 
3/100,000/year [15]

LUTS frequency 30% at onset, 70% after 
5 years.
Storage symptoms: Nocturia (78%), overactive 
bladder, urinary urgency incontinence, detrusor 
overactivity (36–93%) [15]
MSA: Overactive bladder and detrusor 
overactivity at the initial phase, intrinsic 
sphincter deficiency and impaired contractility 
appear as the disease progress. Complications of 
neuro-urological symptoms (infections) account 
for a major cause of mortality in MSA [16]
Impaired detrusor contractility seems to be the 
urodynamic finding distinguishing MSA from 
IPD [17, 18]

Suprapontine lesion
• History: predominantly storage symptoms
• Ultrasound: insignificant PVR urine volume
• Urodynamics: detrusor overactivity

Spinal (infrapontine–suprasacral) lesion
• History: both storage and voiding symptoms
• Ultrasound: PVR urine volume usually raised
• Urodynamics: detrusor overactivity, detrusor–sphincter
 dyssynergia

Sacral/infrasacral lesion
• History: predominantly voiding symptoms
• Ultrasound: PVR urine volume raised
• Urodynamics: hypocontractile or
 acontractile detrusor

Over-
active

Over-
active

Under-
active

Normo-active Underactive

Under-
active

Overactive

Normo-active

Fig. 10.1 Patterns of lower 
urinary tract dysfunction 
following neurological 
disorder. The pattern of lower 
urinary tract dysfunction 
following neurological 
disorder is determined by the 
site and nature of the lesion. 
The blue box denotes the 
region above the pons and 
that in green denotes the 
sacral cord and infrasacral 
region. Figures on the right 
show the expected 
dysfunctional states of the 
detrusor-sphincter system. 
PVR post void residual. 
Figure from Panicker et al. [1] 
with permission from Elsevier
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Panicker, J.N., Neurogenic Bladder: Epidemiology, Diagnosis, and Management. Semin Neurol, 2020. 
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explains the nature of the dysfunction and can be accurately 
characterised using urodynamics and clinical findings. It 
does not distinguish between complete and incomplete 
lesions.

Looking on these eight types of neurogenic LUT dysfunc-
tion (see Fig. 11.2) one has to consider that different etiolo-
gies may induce the same pathophysiologic pattern of the 
LUT, and that the same urodynamic pattern can cause differ-
ent clinical implications. On the other side the same etiology 
may cause different patterns as with patients with myelome-
ningocele: 43% with overactive active detrusor and sphinc-
ter, 33% with underactivity of detrusor and sphincter, 11% 
with overactive detrusor and underactive sphincter and 13% 
with underactive detrusor and overactive sphincter. Moreover, 
these patterns have to a certain extent prognostic value 
regarding the risk for the upper urinary tract damage, the 
achievement of continence and the therapeutic measures to 
achieve these goals [5]. On the other side one also has to 
consider that the clinical implications of a certain urody-
namic pattern may depend on the underlying aetiology: e.g. 
the risk for upper urinary tract damage with a spinal reflex 
bladder is much higher compared to a spinal reflex bladder 
due to multiple sclerosis.

11.3  The SALE-Classification

Only recently Powell [6] proposed a new step in classifica-
tion of the neurogenic bladder: the SALE-classification 
(SALE = stratified by anatomic location and etiology). This 

classification is based on seven categories, each having a 
neurological defined anatomic location. They also include 
the bowel dysfunction aspects and should describe a patient 
suffering from neurogenic bladder and simultaneously 
inform the most appropriate treatment, follow-up regime and 
long-term prognosis. It is more a description of diseases due 
to lesions within the nervous system (central nervous system 
and peripheral nerves), including a short but precise charac-
terisation of symptoms, urodynamic diagnosis and also ther-
apeutic recommendations. Prescribing suprapontine 
neurological disorders they are broken down to neurogenic 
bladder with cerebro-vascular accident, with traumatic brain 
injury, with normal pressure hydrocephalus, cerebral palsy, 
Parkinson Disease (mentioning also MSA), under the head-
ing of pontine neurological disorders, brain tumours and cer-
ebellar ataxia syndromes are mentioned.

11.3.1  Conclusion

In conclusion a very specific type of disorder will be found 
in every single patient. The current classification systems 
serve as a frame work, since it is not possible to map all 
lesions and its consequences of every patient in one classifi-
cation. There is a strong desire to be able to limit one’s obser-
vations with respect to structure and functionality to a 
reasonable number.

Moreover, it is well known that neurogenic LUT disor-
ders are not a static phenomenon but they may change over 
time due to secondary morphologic and functional changes. 
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apeutic recommendations. Prescribing suprapontine 
neurological disorders they are broken down to neurogenic 
bladder with cerebro-vascular accident, with traumatic brain 
injury, with normal pressure hydrocephalus, cerebral palsy, 
Parkinson Disease (mentioning also MSA), under the head-
ing of pontine neurological disorders, brain tumours and cer-
ebellar ataxia syndromes are mentioned.

11.3.1  Conclusion

In conclusion a very specific type of disorder will be found 
in every single patient. The current classification systems 
serve as a frame work, since it is not possible to map all 
lesions and its consequences of every patient in one classifi-
cation. There is a strong desire to be able to limit one’s obser-
vations with respect to structure and functionality to a 
reasonable number.

Moreover, it is well known that neurogenic LUT disor-
ders are not a static phenomenon but they may change over 
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•  Deux cadres étiopathogéniques 
sous tendant des mécanismes 
distincts: 
–  Les lésions supra pontiques 

génèrent une hyperactivité vésicale 
en libérant le réflexe mictionnel 
spino bulbo spinale par: 

•   L’interruption des circuits corticaux 
inhibiteurs. 

•  Perturbation des ganglions de la 
base 

 

Perturbation du 
traitement central 
de l’information  
sensorielle Perte du contrôle  

tonique inhibiteur 
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•  Deux cadres étiopathogéniques sous 
tendant des mécanismes distincts: 
–  Les lésions supra pontiques génèrent 

une hyperactivité vésicale en libérant le 
réflexe mictionnel spino bulbo spinale 
par: 

•   L’interruption des circuits corticaux 
inhibiteurs. 

•  Perturbation des ganglions de la base 
–  Les autres hyperactivités vésicales, 

conséquence de la neuroplasticité 
conduisant à un néo réflexe spinal 
incomplet. 

 
Augmentation de  
l’activité afférente 

Augmentation de  
l’activité phasique  
non mictionnelle 
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Les lésions supra pontiques 
 Des tableaux cliniques et UD assez univôques 

•  Modèles animaux 
concordant avec les 
données chez l’homme: 
–  Sections étagées du névraxe 

–  Modèle de Parkinson par 
administration de MPTP. 

–  Modèles de lésions focales 
par ligatures artérielles 
( artère cérébrale moyenne 
et cérébrale antérieure). 

•  Des constantes: 
–  Miction à faible capacité 

–  Augmentation de la 
fréquence mictionnelle. 

–  Hyperactivité 
détrusorienne terminale 

–  Synergie vésico 
sphinctérienne respectée 
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There is also evidence that the toxin can reduce the release of 
ATP from urothelial cells in normal and spinalized rats [276–
279]. Thus, the use of the toxins has been expanded to treat 
patients with neurogenic or non-neurogenic overactive blad-
der and even IC/BPS [258, 261, 280, 281].

8.2  Central Nervous System

8.2.1  Spinal Ascending and Descending 
Pathways

8.2.1.1  Glutamate
Intrathecal or intravenous administration of glutamatergic 
NMDA or α-amino-3-hydroxy-5-methylisoxazole-4- 
propionic acid (AMPA) antagonists in urethane-anesthetized 
rats depressed reflex bladder contractions and electromyo-
graphic activity of the EUS in animals with an intact spinal 
cord as well as in animals with chronic spinal injury [282, 
283]. Studies in rats also indicate that activation of bladder 
preganglionic neurons (PGN) by input from the pontine mic-
turition center (PMC) can be blocked by inotropic glutamate 
receptor antagonists, suggesting that the descending path-
ways from the PMC utilize glutamate as a neurotransmitter 

[284]. These results indicate that spinal reflex pathways con-
trolling bladder and sphincter function utilize NMDA and 
AMPA glutamatergic transmitter mechanisms (Figs. 8.6 and 
8.7). In spinal cord-injured rats, external sphincter muscle 
activity was more sensitive than bladder reflexes to glutama-
tergic antagonists, raising the possibility that the two reflex 
pathways might have different glutamatergic receptors [285]. 
This was confirmed with in situ hybridization techniques, 
which revealed that sacral parasympathetic PGN in the rat 
express high mRNA levels of GluR-A and GluR-B AMPA 
receptor subunits and NR1 but not NR2 NMDA receptor 
subunits [286]. 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 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 affer-
ents is suppressed by the administration of both NMDA and 
non-NMDA glutamatergic receptor antagonists [287–289]. 
Additionally, the spinal glutamatergic pathway is shown to 

Pons

ACh

Pontine micturition center

Cortical diencephalic mechanism

5-HT

(+) (-)

(-) α1(+) α2(+) δ (-)(-) NMDA(+)
AMPA(+)

Sacral parasympathetic nucleus

(+)(-)

DA ENK GABA Glu

5-HT
Sacral

cord

ENKCRFNA GABA Glu

D1(-) µ, δ (-)D2(+) A, B(-)

A, B(-)

NMDA (+)

Fig. 8.6 Diagram of neurotransmitters at spinal and supraspinal sites. 
Glutamate is the major excitatory transmitter in control of the micturi-
tion reflex. Modulation of the micturition reflex in the spinal cord 
occurs by segmental interneuronal mechanisms (ENK, GABA) or by 
descending input from the brain (5-HT, NA, CRF). Modulation in the 
pontine micturition center can be activated in part by input from corti-

cal–diencephalic areas. Facilitatory and inhibitory responses are indi-
cated by plus and minus in parentheses, respectively. ACh acetylcholine, 
CRF corticotrophin releasing factor, DA D1 and D2 dopamine recep-
tors, ENK enkephalin, GABA gamma-aminobutyric acid receptors (A 
and B), Glu glutamate, NA norepinephrine, μ opioid receptors; 5-HT 
5-hydroxytryptamine

N. Yoshimura et al.

Damaged structures of the central autonomic network or

connections could cause augmentation or inhibition of one
or both divisions of the ANS, resulting in ECG changes

without permanent effects on the myocardium. However,

the catecholamine elevation associated with increased
sympathetic tone could further cause ECG changes and

myocardial damage. Cardiac dysfunction following stroke

can be identified by ECG, echocardiography, cardiac
enzyme levels, and coronary angiography [40].

ECG changes with considerable variation have been

frequently reported in patients with acute stroke
[34, 41– 44]. The most common ECG abnormalities are

prolonged QTc-intervals, ST-segment abnormalities,

T-wave abnormalities, U-waves, and pathological Q waves
(Table 1). Many factors including type of stroke and the

localization of the lesion, pre-existing cardiac disorders,

and electrolyte disorders may contribute to the variation of
ECG abnormalities [34]. QTc prolongation seems to be the

most common ECG abnormality reported in subarachnoid
hemorrhage (SAH) patients, while patients with ischemic

stroke have a higher frequency of T-wave abnormality

[34]. Moreover, it seems that patients with history of
cardiovascular disease and hypertension are more likely to

have ECG alteration after stroke [34]. Although the initial

cause of these changes is not fully clear, increased
sympathetic output may be primarily responsible for the

ischemic, arrhythmic, and repolarization changes of the

ECG after stroke [45]. This hypothesis has been confirmed
by clinical and experimental reports that insular cortex

damage directly or indirectly affects cardiac function

[42, 46, 47]. In contrast to ECG changes due to ischemic
heart disease, stroke-induced ECG changes tend to appear

later, reaching a maximum during the first few days after

the onset of cerebrovascular events, and often revert to

normal within 2 weeks [3].
Cardiac autonomic dysfunction after stroke may also

manifest as various forms of cardiac arrhythmia [3]. The

incidence of cardiac arrhythmias following stroke has been
estimated to be between 17% and 80%

[34, 41, 42, 45, 48, 49]. The wide spectrum of arrhythmias

in stroke patients includes atrial fibrillation or atrial flutter,
sinus tachycardia or sinus bradycardia, premature atrial or

ventricular complexes, junctional rhythm, supraventricular

tachycardia, asystole, ventricular tachycardia, torsade de
pointes, and ventricular fibrillation [45, 50– 52]. Such a

high heterogeneity of ECG changes reported in different

publications might be explained by the different durations
and techniques of ECG recording, conflicting definitions of

arrhythmias, inclusion or exclusion of patients with pre-

existing cardiac diseases, and different locations and types
of stroke [30].

In an earlier study of 150 acute stroke patients,
Goldstein et al. assessed the incidence of ECG abnormal-

ities as well as the new occurrence rate within 24 h of

admission. Arrhythmias of any type occurred in 41/150
(27%) patients with acute stroke, and new arrhythmias

occurred in 13/53 (25%) who had prior available tracings.

Of all the arrhythmias, atrial fibrillation was the most
common, occurring in 21/150 (14%) of patients. Sinus

arrhythmia occurred in 10/150 (7%) and was a new finding

in 2/53 (4%) of patients. Ventricular arrhythmias occurred
in 7/150 (5%) of patients with acute stroke, and new

ventricular arrhythmias were found in 4/53 (8%) of patients

with prior available tracings [45].
Although the majority of cardiac arrhythmias are benign

and do not need urgent therapeutic intervention, clinically

Fig. 2 Post-stroke autonomic
disturbances caused by damage
of the central autonomic net-
work. A Brain structures of the
central autonomic network.
ACC, anterior cingulate cortex;
PAG, periaqueductal gray; CeA,
central amygdala; PBN, para-
brachial nucleus; NTS, nucleus
of the solitary tract; DMV, dor-
sal motor nucleus of the vagus;
NA, nucleus ambiguus; VLM,
ventrolateral medulla. B Speci-
fic autonomic disturbances cor-
relate with damage of specific
brain regions.
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(Expression de Cx Na TTX S ( Nav1.8) ) 

- Fibres C peptidergiques (SP, CGRP) 

- L’ATP est un médiateur de la contraction 
musculaire lisse 

-  Il en résulte 
- Contractions phasiques non liées à la 
miction supprimées par la capsaïcine 

-  Réponse exagérée sous eau glacée 

(Yoshimura et al,2003) 



Les facteurs de croissance neurotrophiques�


Int. J. Mol. Sci. 2017, 18, 548 2 of 17

neurotrophic factors is greatly reduced within the adult central nervous system (CNS). Exogenous
application of these factors has the potential to create a growth permissive environment after an injury.
Here we focus on three factors described as the “classic” neurotrophin family: nerve growth factor
(NGF), brain derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3), and their therapeutic
potential for spinal cord injury.

The members of the classical neurotrophin family are structurally similar proteins. They are
manufactured as larger, precursor proteins called proneurotrophins, which consist of an N-terminal
prodomain and a C-terminal mature domain [10]. The pro-forms, which were once thought only to
influence folding of the mature protein, are now recognized as biologically active molecules that may
complement or oppose the activity of the mature forms. Mature neurotrophins are created when the
pro-forms are cleaved and form non-covalently linked homodimers. Proneurotrophins can either
be cleaved intracellularly by furin or proconvertase, and then secreted, or they may be processed
extracellularly by plasmin, matrix metalloproteinase-3 (MMP-3), or matrix metalloproteinase-7
(MMP-7) [11–16]. These homodimers bind to two main classes of receptors—tropomyosin receptor
kinase (Trk) receptors and pan neurotrophin (p75NTR) receptors (Figure 1). All members of the
family bind with low affinity to the p75NTR receptor. This receptor contains four cysteine-rich repeats
(CR1–4). CR2 and CR3 have been implicated as binding sites for neurotrophins [17,18]. The individual
neurotrophins bind specifically and with high affinity to Trk receptors, with NGF binding to TrkA,
BDNF binding to TrkB, and NT-3 binding to TrkC [19–21]. Low affinity NT-3 binding to TrkA and TrkB
has also been demonstrated in vitro in neuronal contexts [22,23]. Binding interactions mainly occur in
the immunoglobin-like domains (Ig1 and Ig2) of the Trk receptors [21].
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affinity to TrkB. Neurotrophin-3 (NT-3) binds with high affinity to TrkC, and may bind with low 
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binding, dashed lines denote low affinity binding. 

  

Figure 1. Neurotrophin binding to pan neurotrophin (p75NTR) and tropomyosin receptor kinase (Trk)
receptors. All neurotrophins bind with low affinity to the p75NTR receptor. Nerve growth factor (NGF)
binds with high affinity to TrkA, and brain derived neurotrophic factor (BDNF) with high affinity
to TrkB. Neurotrophin-3 (NT-3) binds with high affinity to TrkC, and may bind with low affinity to
TrkA or TrkB depending on the cellular context. CR: cysteine-rich repeat, C: cysteine-rich cluster, LRR:
leucine-rich repeat, Ig: Immunoglobin-like domain. Solid lines denote high affinity binding, dashed
lines denote low affinity binding.
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Figure 2. Common motor and sensory tract responsiveness to BDNF, NGF, and NT-3. (A) Common 
motor tracts; (B) Common sensory tracts. BDNF: Brain-derived neurotrophic factor, NGF: Nerve 
growth factor, NT-3: neurotrophin-3. 

2. Nerve Growth Factor 

Nerve growth factor (NGF) was the first neurotrophin discovered in the 1950s by Rita  
Levi-Montalcini and Viktor Hamburger in mouse sarcoma cultures in vitro [59]. Subsequent studies 
found a role for NGF in mediating survival and maturation of developing neurons in the peripheral 
nervous system (PNS). In the central nervous system (CNS), mature NGF has neuroprotective effects 
and can influence neural responses to injury on cell types that display NGF receptors, such as 
nociceptive sensory neurons (sympathetic and small diameter peripheral neurons), α motor 
neurons, and Schwann cells [60–64].  

NGF binding with TrkA and p75NTR receptors activates downstream signaling cascades such as 
MAPK/ERK, PI3K/Akt, and PLC-γ pathways [65,66]. Activation of the MAPK/ERK and PI3K/Akt 
are both known to promote differentiation and survival of neurons (See Pearson et al., 2001, and  
Yuan et al., 2003 for reviews) [67,68]. PI3K/Akt phosphorylation of downstream proteins modifies 
the cell’s cytoskeleton during motility and at the growth cone (See Yuan et al., 2003 for review) [68]. 
PLC-γ pathways influence the intracellular release of Ca2+ by inositol-triphosphate dependent 
pathways [69]. In turn, this allows for the activation of calcium dependent proteins (e.g., Ca2+ 
calmodulin-dependent protein kinases, Ca2+ calmodulin associated targets) and the expression of ion 
channels and transcription factors [70,71].  

Figure 2. Common motor and sensory tract responsiveness to BDNF, NGF, and NT-3. (A) Common
motor tracts; (B) Common sensory tracts. BDNF: Brain-derived neurotrophic factor, NGF: Nerve
growth factor, NT-3: neurotrophin-3.

2. Nerve Growth Factor

Nerve growth factor (NGF) was the first neurotrophin discovered in the 1950s by Rita
Levi-Montalcini and Viktor Hamburger in mouse sarcoma cultures in vitro [59]. Subsequent studies
found a role for NGF in mediating survival and maturation of developing neurons in the peripheral
nervous system (PNS). In the central nervous system (CNS), mature NGF has neuroprotective effects
and can influence neural responses to injury on cell types that display NGF receptors, such as
nociceptive sensory neurons (sympathetic and small diameter peripheral neurons), ↵ motor neurons,
and Schwann cells [60–64].

NGF binding with TrkA and p75NTR receptors activates downstream signaling cascades such as
MAPK/ERK, PI3K/Akt, and PLC-� pathways [65,66]. Activation of the MAPK/ERK and PI3K/Akt
are both known to promote differentiation and survival of neurons (See Pearson et al., 2001, and
Yuan et al., 2003 for reviews) [67,68]. PI3K/Akt phosphorylation of downstream proteins modifies the
cell’s cytoskeleton during motility and at the growth cone (See Yuan et al., 2003 for review) [68].
PLC-� pathways influence the intracellular release of Ca2+ by inositol-triphosphate dependent
pathways [69]. In turn, this allows for the activation of calcium dependent proteins (e.g., Ca2+

Keefe, K.M., I.S. Sheikh, and G.M. Smith, Targeting Neurotrophins to Specific 
Populations of Neurons: NGF, BDNF, and NT-3 and Their Relevance for 
Treatment of Spinal Cord Injury. Int J Mol Sci, 2017. 18(3).
 



Nerve Growth Factor (NGF) 
•  Assure la maintenance de l’innervation 

sympathique et sensitive 
•  L’absence de signal par l’organe cible 

conduit à une apoptose neuronale 
•  Tropisme électif pour les afférences vésico 

sphinctériennes 
•  Libérées par des cellules neuronales et 

non neuronales    ( muscle lisse, 
épithéliums,etc..) 

(1986: Levi-Montalcini and Cohen ) 

Fariñas et al. (2002) Brain Res Bull ) 



22 

  Lésion médullaire aigue 

Seki  et al, J Urol 2002  

1    Les facteurs neurotrophiques sont à l’origine d’une réorganisation des  
       afférences du réflexe mictionnel chez le rat et chez l’homme: 

–  Il existe une surexpression des différents facteurs neurotrophiques lors de la spinalisation 
  aigue au niveau du site lésionnel spinal et au niveau de la vessie ( Vizzard et al, 2000) 

–  Perte de la fonction barrière de l’urothélium 1h après la lésion (Birder, 2005) 
–  L’auto immunisation contre le NGF réduit l’hyperactivité détrusorienne chez le rat spinalisé 
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       afférences du réflexe mictionnel chez le rat et chez l’homme: 

–  Il existe une surexpression des différents facteurs neurotrophiques lors de la spinalisation 
  aigue au niveau du site lésionnel spinal et au niveau de la vessie ( Vizzard et al, 2000) 

–  Perte de la fonction barrière de l’urothélium 1h après la lésion (Birder, 2005) 
–  L’auto immunisation contre le NGF réduit l’hyperacitivité détrusorienne chez le rat spinalisé 
–  L’auto immunisation contre le NGF réduit la dyssynergie chez le rat spinalisé 

 
 

Seki  et al, J Urol 2002  

Contrôle Spinalisé Spinalisé 
+ AC NGF 

Spinalisé 
+ AC NGF+ Cpsine 

  Lésion médullaire aigue 



24 

2   L’obstacle est un des mécanismes impliqués dans cette réorganisation  
 réflexe après lésion spinale ( substrat du choc spinal) 

 
 

Vizzard MA.. Exp Neurol. 2000   

NGF 
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(ng/ml) 

4 jours 4 sem 5 sem contrôle 6 sem 

Choc spinal 
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Abstract
Aims—To determine the role of p75 neurotrophin receptor (p75NTR) and the therapeutic effect of 
the selective small molecule p75NTR modulator, LM11A-31, in spinal cord injury (SCI) induced 
lower urinary tract dysfunction (LTUD) using a mouse model.

Methods—Adult female T8-T9 transected mice were gavaged daily with LM11A-31 (100 mg/kg) 
for up to 6 weeks, starting 1 day before, or 7 days following injury. Mice were evaluated in vivo 
using urine spot analysis, cystometrograms (CMGs), and external urethral sphincter (EUS) 
electromyograms (EMGs); and in vitro using histology, immunohistochemistry, and Western blot.

Results—Our studies confirm highest expression of p75NTRs in the detrusor layer of the mouse 
bladder and lamina II region of the dorsal horn of the lumbar-sacral (L6-S1) spinal cord which 
significantly decreased following SCI. LM11A-31 prevented or ameliorated the detrusor sphincter 
dyssynergia (DSD) and detrusor overactivity (DO) in SCI mice, significantly improving bladder 
compliance. Furthermore, LM11A-31 treatment blocked the SCI-related urothelial damage and 
bladder wall remodeling.
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FIGURE 1. 
Schematics of p75NTR signaling pathways. A, The p75NTR signals through dimerization 
with sortilin or Trk receptors. p75NTR -sortilin complexes will preferentially bind proBDNF/
proNGF that activate apoptotic signaling cascades. Conversely, p75NTR-Trk receptors bind 
to mature neurotrophins to activate cell survival pathways. LM11A-31 is reported to be a 
dual-action drug that can downregulate apoptotic JNK signaling though the p75NTR-sortlin 
dimer by blocking proneurotrophin binding, while promoting activation of AKT mediated 
survival pathways through disinhibition and/or activation of the TrkA/BNTR-p75 dimer. B, 
Western blot analysis demonstrates that LM11A-31 inhibits phosphorylation of JNK in 
UROtsa cells challenged with protease resistant proNGF
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FIGURE 3. 
LM11A-31 ameliorates SCI-induced DSD and NDO. A, Control mouse. The inset (A1, 
right) shows the boxed area of the expanded time-base. B, SCI mouse two weeks post-injury, 
receiving vehicle (water). C, SCI mouse receiving LM11A-31 starting 1 week post-SCI (n ≥ 
4). D, SCI mouse receiving LM11A-24 starting 1 week post-SCI. E, Control mouse, CMG 
recording. F, SCI mouse 6 weeks postinjury, receiving vehicle (water). G, SCI mouse 6 
weeks post-injury, receiving LM11A-31 starting from the day prior to injury
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L’administration pré expérimentale Per Os 
de LM11A-31 
•  Réduit l’HAD 
•  Réduit la DVS 
•  Les altérations de la fonction barrière de 

l’urothélium 

FIGURE 4. 
Pretreatment with LM11A-31 or -24 prevents SCI-induced adverse morphological changes 
in the bladder wall. A, H&E stained section of a control mouse bladder. B, Bladder section 
of a SCI mouse (1 day post-injury) receiving water. C, Bladder section of a SCI mouse (1 
day post-injury) administered LM11A-31. D, Bladder section of a SCI mouse (10 days post-
injury) receiving water. E, Bladder section of a SCI mouse bladder (10 days post-injury) 
receiving LM11A-31. (A–E., n ≥ 3). F, Value of TER in bladder wall sheets from control and 
SCI mice (1 day post-injury) with or without LM11A-31 or LM11A-24 treatment. All 
treatments commenced one day prior to injury. Mean data ± SD; P ≤ 0.05 versus control (n ≥ 
4, unpaired Student’s t-test). G, p75NTR ECD levels measured by ELISA (Biosensis) from 
mouse urine. These values dramatically increased 1 day following SCI (*P < 0.05, n = 4) in 
comparison to control animals (n = 6). At this time point, pretreatment with LM11A-31 
significantly decreased the amount of cleaved p75NTR ECD (**P < 0.05, n = 4). The p75NTR 

ECD levels measured three days post-transection, were comparatively lower, and the levels 
were sustained until 7 days post-injury. The LM11A-31 treatment decreased the sustained 
p75NTR ECD levels in the urine at 3 and 7 days following SCI. H, Western blot analysis of 
p75NTRs, proBDNF, proNGF, and β-actin in the mucosa and detrusor of control, SCI, and 
LM11A-31 treated mice 7 days post-injury. The full-length p75NTR protein (75 kDa band) 
was highest in control samples and significantly decreased in both mucosa and detrusor 
layers following SCI. Daily treatment with LM11A-31 prevented the decrease in full-length 
p75NTR. The antibody used for p75NTR detection also detected multiple smaller weight 
bands resulting from proteolytic cleavage following receptor activation. I) Relative 
expression of p75NTR, proBDNF, and proNGF normalized to β-actin. *P < 0.05, versus 
control samples
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Contreras-Sanz A, Krska L, Balachandran AA, Curtiss NL,
Khasriya R, Kelley S, Strutt M, Gill HS, Taylor KM, Mansfield
KJ, Wu C, Peppiatt-Wildman CM, Malone-Lee J, Duckett J,
Wildman SS. Altered urothelial ATP signaling in a major subset of
human overactive bladder patients with pyuria. Am J Physiol Renal
Physiol 311: F805–F816, 2016. First published June 29, 2016;
doi:10.1152/ajprenal.00339.2015.—Overactive Bladder (OAB) is an
idiopathic condition, characterized by urgency, urinary frequency, and
urgency incontinence, in the absence of routinely traceable urinary
infection. We have described microscopic pyuria (!10 wbc/!l) in
patients suffering from the worst symptoms. It is established that
inflammation is associated with increased ATP release from epithelial
cells, and extracellular ATP originating from the urothelium following
increased hydrostatic pressure is a mediator of bladder sensation.
Here, using bladder biopsy samples, we have investigated urothelial
ATP signaling in OAB patients with microscopic pyuria. Basal, but
not stretch-evoked, release of ATP was significantly greater from the
urothelium of OAB patients with pyuria than from non-OAB patients
or OAB patients without pyuria (" 10 wbc/!l). Basal ATP release
from the urothelium of OAB patients with pyuria was inhibited by the
P2 receptor antagonist suramin and abolished by the hemichannel
blocker carbenoxolone, which differed from stretch-activated ATP
release. Altered P2 receptor expression was evident in the urothelium
from pyuric OAB patients. Furthermore, intracellular bacteria were
visualized in shed urothelial cells from # 80% of OAB patients with
pyuria. These data suggest that increased ATP release from the
urothelium, involving bacterial colonization, may play a role in the
heightened symptoms associated with pyuric OAB patients.

ATP; overactive bladder; pyuria; urothelium

OVERACTIVE BLADDER SYNDROME (OAB) is an idiopathic condi-
tion, where the bladder detrusor urinae muscle spontaneously
contracts before the bladder is full. In the United States, it is
ranked in the top 10 of common chronic conditions, competing

with both diabetes and depression, with a reported prevalence
of up to 31–42% in the adult population (2).

OAB is currently characterized by symptoms of urgency,
with or without urgency incontinence, with increased fre-
quency, and nocturia, and in some cases pain, in the absence of
urinary tract infection (UTI) or other defined underlying pa-
thology (54). The exclusion of infection is determined by
failure to isolate !105 colony forming units (CFU)/ml of a
single species of bacteria from culture of a midstream urine
(MSU) specimen (23) and negative leukocyte esterase and/or
nitrate urinalysis by dipstick (25). Controversy exists as to
whether current methods used to determine UTI are fully
accurate (28). It has been established that the bacterial thresh-
old of !105 CFU/ml, in the presence of symptoms, is not
identified in # 50% of UTI (31). In addition, we have recently
reported the low sensitivity and specificity of routine urinary
dipstick tests (20, 51). Interestingly, in recent studies where the
threshold has been reduced to !102 CFU/ml, bacterial cystitis
has been identified in approximately one-third of patients with
refractory OAB, suggesting bacteria may play a significant role
in the etiology of OAB, in at least a subset of patients with
OAB (22, 37, 49). It is generally accepted, that the best
indicator of UTI is the detection of !10 white blood cells
(wbc) in 1 !l of fresh unspun urine examined using a hemo-
cytometer (16, 44); however, nowadays this is not normal
clinical practice. Using this methodology, we have identified a
low-grade inflammatory response (pyuria with !10 wbc/!l) in
10–35% of MSU specimens from patients with OAB (i.e.,
symptoms of urgency, with or without urgency incontinence,
with frequency and nocturia, in the absence of UTI) (Ref. 45
and new data not shown). Interestingly, our observation is that
these patients showed the worst symptoms of frequency. Most
apposite to this finding is that persistent inflammation, caused
by infection and thereby accompanied by pyuria, is associated
with increased nucleotide (primarily ATP) release from epi-
thelial cells and nucleotide-activated P2 receptor signaling (4,
5, 36, 55).

Extracellular nucleotide signaling via P2 receptor activation
is important in the regulation of bladder function (3, 7, 8).
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cells were evident on the luminal side of the urothelium,
further demonstrating the integrity of the tissue (Fig. 1B).

Basal ATP release is significantly greater from urothelium
of OAB patients with pyuria. To measure ATP release from
microdissected urothelium, we used a luciferin-luciferase as-
say. ATP levels became detectable after 15 min and stabilized
at 30–40 min (data not shown), and consequently recordings
were taken at 60 min. The subtle increase in concentration of
ATP, which stabilized with time, was taken to represent basal
(i.e., unstimulated) release of ATP. Basal release of ATP was
significantly greater from urothelium of OAB patients with
pyuria (78.1 ! 20.6 nM/5 mg wet tissue, hereafter referred to
as simply nM, n " 15; P # 0.05) than from non-OAB patients
(1.9 ! 1.5 nM, n " 9) or OAB patients without pyuria (2.2 !
1.7 nM, n " 33) (Fig. 2A). Application of a hypotonic solution,
to mimic stretch and thus bladder filling, resulted in a substan-
tial and similar increase in ATP release from the urothelium of
all three experimental groups (non-OAB patients, 129 ! 48
nM, n " 9; OAB patients without pyuria, 38 ! 18 nM, n " 33;
OAB patients with pyuria, 268 ! 188 nM, n " 15) (Fig. 2B).
Peak stretch-evoked ATP levels (i.e., the highest concentration
of ATP measured following stimulation) was achieved within
1 min irrespective of experimental group (n " 18; data not
shown). The concentration of ATP decreased during hypotonic
insult, suggesting degradation by endogenous tissue ATPases.
As expected, increasing hypotonicity caused additional ATP
release from the urothelium ($2-fold with 25% hypotonic
buffer, $10-fold with 50% hypotonic buffer, and $20-fold
with 75% hypotonic buffer). The concentration of ATP re-
leased from the urothelium following osmotic insult decreased
by 51 ! 8% (n " 9) and 52 ! 11% (n " 9) after 3 min for
samples from non-OAB patients and OAB patients with
pyuria, respectively, and levels returned to basal concentrations
within 10–12 min in both cases. However, for samples from
OAB patients without pyuria, the decrease in concentration of
stimulated ATP release was significantly less after 3 min
(26 ! 7%; n " 9; P # 0.05) and returned to basal concentra-
tions in $30 min (Fig. 2C). The slower rate of stimulated ATP
decay seen with urothelium obtained from OAB patients with-
out pyuria was similar to that with urothelium obtained from
non-OAB patients in the presence of the ATPase inhibitor ARL
67156 (100 %M; n " 5) (Fig. 2C); ARL 67156 did not alter the

peak concentration of stimulation-evoked ATP release (data
not shown). For ATP concentration measurements following
stimulation, results obtained using HPLC correlated well with
results from the luciferin-luciferase assay (data not shown);
however, it was not possible to use HPLC to measure basal
ATP release as, in some cases, concentrations were below the
level of accurate quantification using the HPLC technique.

Basal ATP release mechanisms differ from stretch-evoked
stimulated release. We pharmacologically investigated the mo-
lecular mechanism(s) by which ATP is released (primarily
stretch evoked) from the human urothelium obtained from
non-OAB patients, OAB patients without pyuria, and OAB
patients with pyuria, using a luciferin-luciferase assay. Basal
ATP release from urothelium of OAB patients with pyuria was
significantly inhibited (by 67 ! 9%, n " 3) by the P2 receptor
antagonist suramin (1 mM) and almost abolished by the hemi-
channel and gap junction blocker carbenoxolone (CBX; 50
%M; n " 3) yet was significantly potentiated (by 74 ! 13%,
n " 3) by the P2 receptor agonist UTP (1 %M) (Fig. 3A). The
UTP-evoked potentiation of ATP was subtly inhibited (by $30
nM, n " 3) by coincubation with CBX (50 %M) and signifi-
cantly inhibited by coincubation with suramin (1 mM; P #
0.05, n " 3), suggesting at least two mechanisms of ATP
release (i.e., hemichannel mediated and downstream P2 recep-
tor evoked) (Figs. 3A and 7A). Botulinum toxin-A (BTX-A; 20
Us/ml), known to inhibit vesicular release of ATP; brefeldin-A
(BFA; 20 %M), known to inhibit vesicular trafficking; capsaz-
epine (3 %M), a blocker of stretch-activated TRP channels; and
DIDS (100 %M), a calcium-activated chloride channel blocker,
did not significantly alter basal ATP release (all n " 3–4) (Fig.
3A). Unfortunately, basal ATP release, as opposed to stretch-
evoked ATP release, from the urothelium of non-OAB patients
and OAB patients without pyuria could not be fully investi-
gated due to barely detectable levels of ATP (see Fig. 2A).
However, the effects of UTP (1 %M, n " 3) were investigated
in these tissues and found not to significantly increase basal
ATP concentration. Stretch-evoked ATP release (i.e., release
evoked by a hypotonic stimulus) from the urothelium of OAB
patients with pyuria was significantly inhibited (by 72 ! 14%,
n " 5) by suramin (1 mM; P # 0.05) and almost abolished by
BTX-A (20 units/ml, n " 3) and BFA (20 %M, n " 3), but
unaffected by capsazepine, CBX, DIDS, or UTP (n " 3–5)

BA

Fig. 1. Bladder biopsies obtained using flexible cystoscopy have full-thickness urothelium. Human bladder biopsies were obtained using a flexible cystoscope
under local or general anesthetic. Biopsies were placed in 10% formalin for 48 h before dehydration with alcohol and xylene and paraffin wax embedding.
Sections (6-%m thick) were stained with hematoxylin and eosin to investigate urothelium integrity. A: representative microphotograph of a biopsy section from
an overactive bladder (OAB) patient that presented with pyuria of #10 white blood cells (wbc)/%l. Full-thickness urothelium is evident in the sample (between
arrowheads). B: representative microphotograph of a biopsy section from an OAB patient that presented with pyuria of !10 wbc/%l. Full-thickness urothelium
is evident in the sample (as in A); umbrella cells lining the luminal membrane are clearly visible (arrowheads). Scale bars " 200 %m.
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(Fig. 3B). Stimulated ATP release from the urothelium of
non-OAB patients and OAB patients without pyuria, in addi-
tion to being abolished by suramin, BTX-A, and BFA, was
significantly inhibited by capsazepine [by 67 ! 11% (n " 3)
control and 83 ! 8% (n " 4) OAB-pyuria; P # 0.05].

Given that BTX-A abolished hypotonicity-evoked ATP re-
lease from the urothelium of OAB patients with pyuria (Fig.
3B), we investigated whether vesicles were evident in the
urothelium. Quinacrine staining of wax-embedded and sliced
biopsies demonstrated ATP-containing vesicular structures
throughout the urothelium and in underlying tissue (Fig. 4A).
Hypotonic challenge of biopsies from OAB patients with
pyuria before wax embedding and slicing resulted in signifi-
cantly less dense quinacrine staining [3.9 ! 1.3 arbitrary units
(AU), n " 3, compared with 0.9 ! 0.3 AU, n " 3], suggesting
vesicle emptying following hypotonic stimulation (Fig. 4B),
which was inhibited by the addition of BTX-A (1.3 ! 1.3 AU,
n " 3).

Altered expression of P2 receptor mRNA in bladder urothe-
lium of OAB patients. To quantify the relative abundance of P2
receptor mRNA in the microdissected urothelium of non-OAB
patients, OAB patients without pyuria, and OAB patients with
pyuria, we calculated a ratio of the P2 receptor gene of interest
to a constitutively expressed housekeeping gene (GAPDH)
using RT-PCR.

We failed to detect significant levels (i.e. $5 AU) of
P2X4 and P2Y4 mRNA in the urothelium from any exper-
imental group. In contrast, significant amounts of mRNA
were detected for P2X1, 2, 3, 5, 6, and 7, and
P2Y1,2,6,11,12,13,14 in the urothelium of non-OAB controls;
the order of expression is as follows: P2Y14$$P2X1, 3, 5,
6 and 7 " P2Y1,6,1,12, and 13$P2X2 " P2Y2 (Fig. 5). The
urothelium from OAB patients without pyuria showed a sig-
nificant increase in abundance of P2Y11 and 13 mRNA (by 200-
and 10-fold, respectively; n " 6; P # 0.01), whereas the
urothelium from OAB patients with pyuria showed a signifi-

Fig. 2. Greater ATP release from the urothelium of OAB patients with pyuria of !10 wbc/%l. ATP release from microdissected urothelium was measured using
a luciferin-luciferase asssay. ATP release was first measured at rest (classified here as “basal” release) and then after addition of a hypotonic solution (to cause
cell stretch and mimic bladder filling; classified here as “stimulated” release). Data for stimulated ATP release are presented following subtraction of basal release
values. A: basal ATP release from the urothelium of OAB patients with pyuria !10 wbc/%l (OAB& pyuria; n " 15) was significantly greater than basal ATP
release from the urothelium of OAB patients without pyuria, or with pyuria #10 wbc/%l (OAB ' pyuria; n " 9), or non-OAB patients (P # 0.05; n " 9). B:
stimulated ATP release from the urothelium was not significantly different between experimental groups (non-OAB patients, n " 9; OAB patients without pyuria,
n " 9; OAB patients with pyuria, n " 15). C: the rate at which the concentration of ATP decreased, following stimulation and in the continued presence of
hypotonic solution, was greatest from the urothelium of non-OAB patients (n " 9) and OAB patients with pyuria (n " 15). The decreased rate of stimulated
ATP degradation seen from the urothelium of OAB patients without pyuria (n " 9) was similar to that from the urothelium of non-OAB patients in the presence
of the ATPase inhibitor ARL 67156 (100 %M, n " 5). Values are means ! SE. In A and B, data were compared by using 1-way ANOVA and Dunnett’s post-hoc
test against non-OAB (the identified control); in C, data were compared by using 2-way ANOVA (time after stimulation being the repeated measures factor, and
the between factor being the patient conditions) and Dunnett’s post hoc test against non-OAB (identified control). *Significant difference from non-OAB, where
P # 0.05.
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Substrat pour une majoration des symptômes  de 
neurovessie  
•  Majoration d’un rapport de 1 à 15 du relarguage 

d’ATP par l’urothélium en présence d’une 
bactériurie microscopique 

•  Les taux à l’état de vacuité sont ceux d’une 
vessie non colonisée en réplétion. 

•  Localisation endocellulaire des bactéries. 
•  Le relarguage est bloqué par des antagonistes 

des récepteurs P2 



L’activation optocinétique du SSU inhibe la DVS dans un 
modèle de souris et inhibe l’activité mictionnelle sensibilisée
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which also plays a key role in micturition by cooperatively contracting and relaxing with
the bladder during the storage and voiding phases, respectively [28].

During the phase of storing urine within the body, the contraction of the EUS not only
prevents unexpected urine release, but also plays a crucial role in maintaining continence by
triggering the activation of the secondary reflex nerve, a process that orchestrates bladder
relaxation and the inhibition of voiding [29]. Hence, through the utilization of optogenetic
techniques to stimulate the EUS muscle, we anticipate that it will contribute to stabilization
of urinary incontinence through a process similar to the natural physiological mechanism
in organisms. In particular, the optogenetic approach to the EUS is expected to carry even
greater significance when the neural networks associated with micturition activities are
abnormal, such as in cases of damage or severance. This technique holds potential to
evolve into a more efficient and improved technology through integration with existing
micturition control research.

In this study, we propose that optogenetics can be applied to modulate the EUS of
C57BL/6 mice, and that sensitized micturition activity can be stabilized by optical stimula-
tion of the EUS’s striated muscle layer. For this purpose, we delivered the AAV (Adeno-
associated virus) vector into the EUS tissue of the mice to induce the expression of the
light-gated ion channels (hChR2/H134R) in the striated muscle cells. Subsequently, the
EUS tissue of the urethane-anesthetized mice was stimulated with light delivered through
optical fibers, and the activation of the muscle tissue was confirmed through electromyog-
raphy (EMG). Ultimately, we verified that the sensitized micturition activity induced by
acetic acid could be normalized through the optical stimulation of the EUS expressing
channel rhodopsin.

2. Material and Method
2.1. Overview of Experiment

Figure 1 provides an outline of the experimental methodology and procedures used in
this study. All experimental procedures and setups involve surgical access to the bladder
and EUS in anesthetized adult mice. The AAV vector is injected with a syringe into the EUS
muscle of the wild-type mouse to express the light sensitive channel rhodopsin protein at
the membrane of the EUS muscle cell for the application of optogenetics technology. The
EUS expressing light-gated ion channels is optically stimulated using laser light transmitted
through an optical fiber. The resulting electrical activity of the EUS muscle, induced by optical
stimulation, is analyzed by EMG measurement conducted with electrodes inserted directly
into the EUS muscle tissue. To evaluate the impact of artificial manipulation of the EUS
muscle on micturition, real-time cystometry measurements are conducted using a pressure
gauge connected to the inside of the bladder through a catheter. Additionally, a volume sensor
measures the amount of urine voided by the experimental animals. Through these procedures,
we assess the effects of optogenetic stimulation on micturition in our study.

Figure 1. An overview of optical external urethral sphincter (EUS) activation in mice and the
experimental procedure. The viral vector injection, insertion of electrodes for EMG measurement,
and optical stimulation are directly performed on the EUS muscle tissue. The micturition activity of
the mice in response to optical stimulation is monitored and analyzed by measuring the intravesical
pressure of the bladder and the voiding volume.
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generate unexpected side effects in the tissue, are absent. Additionally, it confirms that
the photoelectric effects that might arise from the electrodes do not induce unnecessary
noise during EMG measurements. Spontaneous EMG signals were also observed in both
the control and experimental mouse. The magnitude of the electrical signals induced
by optical stimulation (~20 µVpp) was relatively smaller compared to the signals from
spontaneous contractions (~100 µVpp). However, considering that the stimulation and
EMG measurements of the EUS were locally performed on the proximal side within the
elongated cylindrical EUS tissue, this is still regarded as a normal level (Figure 3b).

Figure 3. Results of electrode insertion for EUS EMG measurements (a). EUS EMG responses to
optical stimulation (blue line) recorded in the control and experimental mice (b).

3.3. Cystometry Analysis Demonstrating the Relaxation of Sensitized Micturition
Finally, cystometry was conducted on urethane-anesthetized mice to demonstrate

the alleviation of sensitized micturition activity by optical EUS activation. In order to
induce normal and sensitized micturition activity, PBS and acetic acid diluted to 0.1% in
PBS were sequentially infused into the bladder through the catheter. Optical stimulation
was applied during the acetic acid-induced sensitized micturition activity, synchronized
with the expected timing of the following micturition, as determined through statistical
analysis. Figure 4a illustrates the typical response of micturition activity during consecutive
voidings in relation to optical stimulation. The section indicated by the red arrow shows a
shortened micturition period due to the influence of acetic acid. On the other hand, the
section pointed out by the blue arrow illustrates a temporary delay (stabilization) of the
micturition due to optical stimulation. If optical stimulation is no longer applied after
the delayed micturition, it has been confirmed that the micturition period returns to the
state before stimulation without any significant side effects. Figure 4b presents cystometry
analyses of micturitions from a single subject. The micturitions are categorized as ‘Normal’
(micturition with PBS infusion, without stimulation), ‘Sensitized’ (micturition with 0.1%
acetic acid infusion, without stimulation), and ‘EUS-Activated’ (micturition with 0.1%
acetic acid infusion, with stimulation), based on the conditions applied to the subject.
The normal micturition period (129.7 ± 12.6 s) and the voiding volume (98.4 ± 21.0 µL)
were shortened to a reduced period (88.1 ± 11.3 s) and decreased volume (63.7 ± 6.2 µL)
due to acetic acid. Following this, optical EUS activation was applied, resulting in the
stabilization of the sensitized micturition activity, leading to an extended micturition period
(117.8 ± 21.4 s) and increased the voiding volume (95.0 ± 27.8 µL).
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Figure 4. The representative results of cystometry (a), along with the statistical analysis (b) in which
seven micturitions are considered for each condition from a single experimental mouse. It was
observed that the micturition activity, sensitized by acetic acid (red arrows and bars), was stabilized
to a level similar to normal micturition activity due to EUS activation (blue arrows and bars). All
error bars indicate the SE.

Based on the results obtained from a single subject, we conducted repeated experi-
ments for both the control and experimental groups and carried out statistical analyses
on these. In an effort to minimize the number of animal subjects, we used three animals
per group in this process. The statistics results show consistency across all experimental
subjects, unlike the control subjects where no changes in micturition activity were observed
in response to optical stimulation. Figure 5a presents the results from the control group
consisting of wild-type mice without the viral vector inserted, while Figure 5b shows
the results from the experimental group with the viral vector inserted. The results were
normalized to determine relative values against normal micturition. The average values
of the micturition period and the voiding volume of the experimental subjects, which
initially decreased to 70.58% and 70.27%, respectively, due to sensitized micturition activity,
were restored to 101.49% and 100.22%, respectively, after activation of the EUS. To maxi-
mize statistical power by utilizing every individual datapoint, mixed-effects models were
adopted to assess statistical significance of our data. The model confirmed that the optical
stimulation significantly extended the micturition period (df = 45.1, t = 6.684, p < 0.001) and
increased the voiding volume (df = 45.2, t = 4.371, p < 0.001), which suggests it stabilized
the sensitized micturition activity. Due to the small sample size, there were parts in the
control group data graph where statistically significant levels of p-values were not achieved;
however, it was confirmed that in the experimental group data where optogenetics was
applied, it nonetheless demonstrated a sufficient level of statistical significance.

Figure 5. Results of optical stimulation and micturition activity analysis of the control group
((a), wild-type animals, n = 3) and the experimental group ((b), AAV-injected animals, n = 3). The
changes for each individual (dash line) and their average (solid line) are shown. ns: stands for
‘not significant’.
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•  Classification de l’hyperactivité détrusorienne neurogène reste inchangée 

•  Les mécanismes généraux sont désormais bien établis ( Néo réflexe VS libération des    
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… to relieve a full bladder is one of the great human joys… 

Henry Miller 


