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INTRODUCTION

Our goal was to develop and refine a decerebrate arterially perfused rat (DAPR) preparation
that allows the complete bladder filling and voiding cycle to be investigated without some of
the restrictions inherent with in vivo experimentation [e.g., ease and speed of set up (30 min),
control over the extracellular milieu and free of anaesthetic agents]. Both spontaneous (naturalistic
bladder filling from ureters) and evoked (in response to intravesical infusion) voids were routinely
and reproducibly observed which had similar pressure characteristics. The DAPR allows the
simultaneous measurement of bladder intra-luminal pressure, external urinary sphincter—
electromyogram (EUS-EMG), pelvic afferent nerve activity, pudendal motor activity, and permits
excellent visualization of the entire lower urinary tract, during typical rat filling and voiding
responses. The voiding responses were modulated or eliminated by interventions at a number of
levels including at the afferent terminal fields (intravesical capsaicin sensitization—desensitization),
autonomic (ganglion blockade with hexamethonium), and somatic motor (vecuronium block of
the EUS) outflow and required intact brainstem/hindbrain-spinal coordination (as demonstrated
by sequential hindbrain transections). Both innocuous (e.g., perineal stimulation) and noxious (tail/
paw pinch) somatic stimuli elicited an increase in EUS-EMG indicating intact sensory feedback
loops. Spontaneous non-micturition contractions were observed between fluid infusions at a
frequency and amplitude of 1.4 + 0.9 per minute and 1.4 + 0.3 mmHg, respectively, and their
amplitude increased when autonomic control was compromised. In conclusion, the DAPR is
a tractable and useful model for the study of neural bladder control showing intact afferent
signaling, spinal and hindbrain co-ordination and efferent control over the lower urinary tract
end organs and can be extended to study bladder pathologies and trial novel treatments.

Keywords: bladder, external urinary sphincter, bladder afferent activity, brainstem, decerebrate, capsaicin, hexamethonium,
voiding, incontinence

et al., 1986). Even with urethane, the depth of anaesthesia has a

The urinary cycle consists of two-phases of bladder activity: filling
and voiding, which are under both voluntary and autonomic neural
control. During filling, the external urinary sphincter (EUS) muscle
is contracted, thus maintaining continence while the bladder is rela-
tively relaxed and distends gradually to accommodate urine. During
voiding, the activity of the EUS changes to allow the passage of urine
and the detrusor muscle of the bladder exerts a coordinated contrac-
tion to expel urine. The pontine micturition center (PMC) and the
sacral spinal cord are believed to be important in the spino-bulbar-
spinal coordinated phases of bladder—EUS control in response to
inputs from bladder afferents (Sasaki, 2005; de Groat, 2006; Drake et
al.,2010). However, we have an incomplete understanding of the neu-
ral mechanisms that generate and regulate the phases of micturition.

To date, the investigation of central neural control of the bladder
has been hampered by the lack of suitable whole animal models
that permit the simultaneous investigation of central and periph-
eral control of the bladder and EUS in the absence of anaesthesia.
The majority of the commonly utilized animal models for auto-
nomic bladder studies involve urethane anaesthetized animals, as
other known anaesthetics suppress the micturition reflex (Maggi

marked effect on whether the animal displays a voiding response
(Conte et al., 1988; Maggi and Conte, 1990). Thus, acute studies
of bladder function are technically challenging and often focus
on the filling/storage mechanisms, since the voiding response is
functionally inconsistent. In this respect, the alternative strategy of
using conscious, telemetered animals has some advantages but the
ability to study central neuronal control mechanisms is limited and
recordings of peripheral afferents, although possible are non-trivial
(Zvara et al., 2010).

The more common approach to these challenges has been to
work with reduced, in vitro preparations to study molecular and
cellular level mechanics of lower urinary tract function. Such
in vitro studies have the advantage of good control over the extra-
cellular environment and the ability to compare and contrast
the effects of pharmacological agents and stimuli on the same
tissue. This has led to significant advances in our understand-
ing of the peripheral aspects of bladder function and its afferent
innervation (Ferguson et al., 1997; Hawthorn et al., 2000; Avelino
et al., 2002; Sadananda et al., 2008; Gillespie et al., 2009; Kanai,
2011). However it is challenging to appraise the importance of
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these molecular and cellular level insights in an integrated setting
particularly given that the study of micturition requires intact
central neural control.

Our goal was to develop an acute model that allows the complete
filling and voiding cycle to be investigated in a preparation with:

+ intact functional sensory and motor neural connectivity to
end organs

+good access for recording, stimulation, and drug application

+ some of the advantages of the in vitro preparations, e.g., ease of
set up and control over the extracellular milieu

+ no requirement for anaesthetic agents.

Our laboratory has described several artificially perfused in situ
preparations for integrative physiological experiments including
the working heart-brainstem preparation (Paton, 1996), the arteri-
ally perfused trunk-hindquarters preparation (Chizh et al., 1997)
and the decerebrate artificially perfused whole rat preparation
(Pickering and Paton, 2006). These decerebrate rodent prepara-
tions retain afferent and efferent connectivity and show robust
central autonomic and motor functionality. Of these preparations
the DAPR retains the pelvic viscera, ureters, and kidneys with
intact bidirectional afferent—-motor connections to the hindbrain
(Pickering and Paton, 2006).

The aim of the present study was to develop and refine the
DAPR for the study of bladder autonomic control. We demonstrate
that the preparation has intact bladder afferent-brainstem—bladder
motor circuitry, which allows strong and consistent filling andvoid-
ing responses lasting for up to 4 h. This preparation permits the
simultaneous measurement of bladder intra-luminal pressure,
EUS—electromyogram (EMG), pelvic afferent nerve activity, puden-
dal motor activity, as well as recordings from respiratory nerves,
ECG, and arterial pressure.

MATERIALS AND METHODS

All experiments conformed to the UK Home office guidelines
regarding the ethical use of animals and were approved by our
institutional ethical review committee.

PREPARATION SET UP

The procedures for the DAPR preparation were as previously
described (Pickering and Paton, 2006) and are outlined here in
brief (Figure 1). Female Wistar rats (40—-90 g, P20—P28) were hep-
arinized (100 IU i.p.) 20 min prior to being deeply anaesthetized
with halothane until loss of paw withdrawal reflex. Following a
midline laparotomy, the stomach, spleen, and free intestine were
vascularly isolated with ligatures and removed. This allowed good
access to the bladder, kidneys, and ureters. The animal was then
immediately cooled by immersion in carbogenated Ringer’s (4°C,
composition below) and decerebrated, by aspiration, at the pre-
collicular level to render it insentient (at this point the halothane
was withdrawn).

The preparation was then skinned and pinned on a sylgard
covered dissecting dish on ice. A midline sternotomy, with inser-
tion of a spreading retractor, allowed access to the heart and lungs.
The left phrenic nerve was identified and the lungs were carefully
removed, taking care to leave the phrenic intact. Both atria were
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FIGURE 1 | Schematic of decerebrate arterially perfused rat (DAPR) in situ
preparation for bladder studies. Shows the preparation with a double lumen
cannula inserted via the left ventricle into the ascending aorta, allowing
perfusate to be pumped into the arterial tree, as well as allowing continuous
monitoring of perfusion pressure. Recording of phrenic nerve activity was
used as a physiological indicator of brainstem viability. A needle (30G) inserted
into the bladder dome allowed infusion of fluid and monitoring of intravesical
pressure (see inset photograph of filled bladder). Simultaneous recordings of
EUS-EMG activity and bladder afferent nerve were possible. Naturalistic
stimuli could also be applied to the perineum, tail, or hindlimbs to evoke
somatic and autonomic responses.

incised to avoid venous pressure build up during subsequent arte-
rial perfusion. An incision was made at the apex of the heart for
insertion of the perfusion cannula into the ascending aorta. The
left phrenic nerve was detached from the diaphragm, which was
then resected.

The preparation was transferred into the recording chamber
and positioned supine with or without insertion of ear bars. The
ear bars allowed for head rotation/flexion when access to the brain-
stem was required. A double lumen cannula (@ 1.25 mm, DLR-4,
Braintree Scientific, MA, USA) was inserted under direct vision
using a dissecting microscope, into the ascending aorta. The can-
nula was held in place by a ligature. The time taken from the start
of surgery to establishing perfusion was typically 20 min, however
more complex surgical preparation could be carried out for up to
an hour, provided the preparation was kept cold during this time
before perfusion was commenced.

The preparation was arterially perfused with carbogen-gassed,
Ringer’s, containing Ficoll-70 (1.25% Sigma), at 32°C. The perfu-
sate was pumped from a reservoir flask, via a heated water bath,
through two bubble traps and a particle filter (25 pm screen,
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Millipore), before passing via the cannula to the aorta. It was then
recycled from the recording chamber back to the reservoir. The
flow was generated with a peristaltic pump (Watson-Marlow 505D,
Falmouth, Cornwall, UK) at a rate that was gradually increased
from approximately 10 to 30 ml/min, over about 1 min. The per-
fusion pressure was monitored via the second lumen of the can-
ula. Correct perfusion was confirmed by the observation of liver
blanching and the brisk filling of the skull cavity. Once perfusate
flow was initiated the heart resumed beating and rhythmic respira-
tory muscle contractions were seen within minutes, as perfusion
pressure reached 50-60 mmHg, signaling the return of brainstem
function.

The preparation was not paralyzed with a muscle relaxant (except
where specified) to retain EUS function and thus continence. As
a consequence the preparation displayed respiratory movement
and reflex withdrawal to tail/hindpaw pinch, which was used as a
viability check throughout the experiments.

PHRENIC NERVE RECORDING

A glass suction electrode (tip diameter 250-350 pm) held in a
micromanipulator was used to record activity from the phrenic
nerve. These electrodes were pulled from borosilicate glass capillary
tubes (Harvard Apparatus; GC150TF-10). Signals were AC ampli-
fied and band pass filtered (50 Hz to 3 kHz). Rhythmic, ramping
phrenic nerve activity, indicative of an eupnoeic pattern, gave a con-
tinuous physiological index of brainstem viability (Paton, 1996).
The electrocardiogram (ECG) was also visible on the phrenic nerve
recording and heart rate could be derived from the ECG, either
online or offline, by triggering from the R wave.

During the initial stages of the experiment the preparation usu-
ally needed some “tuning” to maintain a eupnoeic pattern of res-
piration. This typically involved fine adjustment of flow from the
pump, in combination with either vasopressor or peripheral chem-
oreflex activation. If the perfusion pressure was below 60 mmHg,
the addition of vasopressin to the reservoir (final concentration
400 pM) elicited vasoconstriction and increased perfusion pres-
sure. Once eupnoea was established, further addition of vasopressin
during the course of the experiment (up to 4 h) was not normally
required. If phrenic activity was weak, a bolus arterial adminis-
tration of sodium cyanide (NaCN; 50 pl of 0.03%) was injected
into the perfusion line to stimulate peripheral chemoreceptors.
This normally resulted in bradycardia and hyperpnoeic responses,
following which phrenic activity would often be stabilized into a
lasting eupnoeic pattern. The sodium cyanide was used sparingly,
as repeated doses caused activation of the EUS, which may be a
direct effect, or reflect altered central neural excitability following
peripheral chemoreflex activation.

Once a eupnoeic pattern of phrenic activity was established,
brainstem function was further assessed by monitoring the
cardiorespiratory responses to afferent stimulation including
activation of peripheral chemoreceptors (NaCN, as above),
arterial baroreceptors (by increasing perfusate flow), trigeminal
afferents (cold saline to snout to evoke diving response), and
responses to noxious pinch of hindpaw or the tail. Preparations
were considered to be non-viable when these reflex responses
were lost. Indeed, their absence correlated with an inability to
evoke a void.

LOWER URINARY TRACT RECORDINGS

The pubic symphysis was cut in the midline to access the EUS. To
record EUS-EMG, a glass suction electrode (tip diameter 200 pm)
was placed on the proximal sphincter, slightly lateral to the midline
directly below the bladder neck under direct visual control. Suction
was applied to draw a section of the sphincter into the recording
electrode. A reference electrode was used to improve the signal:
noise ratio and reduce ECG artifacts. The reference AgCl wire elec-
trode was fixed to the outside of the glass capillary, with its free
end positioned in close proximity to the glass suction electrode
tip, either on an adjacent segment of the EUS or suspended in the
fluid surrounding the EUS.

A 30G needle was inserted into the bladder dome for pressure
monitoring and fluid infusion. This was connected via fluid-filled
tubing and a three-way tap to a pressure transducer and a syringe
pump allowing infusion of fluid (Kent Scientific). During insertion
of the needle into the bladder dome, which required some han-
dling of the bladder using blunt forceps, a momentary increase in
EUS-EMG activity indicated intact bladder—EUS coordination. A
video camera fitted to the binocular microscope allowed synchro-
nous monitoring of bladder contractions and the precise timing
of fluid ejection from the urethra (monitored against a contrasting
background sheet).

The left bladder afferent nerve bundle, consisting of three to
four branches exiting at the bladder neck was tracked and accessed
after the major pelvic ganglion, where it became the pelvic nerve.
This was approximately 2 mm away from the bladder neck. The
nerve was dissected free from surrounding connective tissue and
cut proximal to the ganglion for recording. A fine bipolar suction
electrode (~50 um) was used to record nerve activity during filling
and voiding (Figure 1; inset).

STIMULATION METHODS

The bladder was filled by intermittent infusion with saline typically
at a flow rate of 30 pl/min. In experiments examining the voiding
response to differential rates of filling (15-175 pl/min), both ure-
ters were cut and ligated to stop natural bladder filling with urine
from the kidneys. To stimulate bladder afferents, capsaicin solu-
tion (100 uM) was infused into the bladder to trigger a single void
before being washed out to trigger further voids. Mechanical pinch
stimuli were applied to the hind limbs, tail, or the bladder, to assess
the impact of sensory inputs on EUS activity. The distal urethra/
vulva was stimulated gently using a cotton swab. In some experi-
ments, vecuronium bromide (topical, 2 pg/ml 10 pl; perfusate, 2 pug/
ml, 200 ul) was used to block the activity of the EUS. To test the
effect of ganglion blockade on filling and voiding, hexamethonium
(100-330 puM; (Chizh et al., 1997)) was systemically administered
via the perfusate.

SEQUENTIAL HINDBRAIN TRANSECTIONS

To confirm the involvement of hindbrain structures in the micturi-
tion reflex, a series of acute coronal brain transections were per-
formed once the preparation was established and the voiding cycle
had been elicited (see Smith et al., 2007). In these experiments,
the posterior fossa was exposed and the cerebellum was removed
during the cold dissection, before the preparation was perfused
(n=3). This allowed access to the midbrain, pons, and medullary

www.frontiersin.org

May 2011 | Volume 5 | Article 62 | 3


http://www.frontiersin.org/Autonomic_Neuroscience/archive

Sadananda et al.

Neural bladder control in situ

regions during the experiment. In control experiments, the cer-
ebellum was removed acutely, by suction aspiration, during con-
tinuous filling and voiding (# = 2). Hindbrain transections were
then made at the predefined dorsal surface landmarks — between
superior and inferior colliculi, and between rostral pons and cau-
dal midbrain. At the completion of the protocol, the transected
brain sections were fixed in situ with formaldehyde 10% in PBS,
before being sectioned parasagittally and stained using neutral
red to identify nuclei.

TIPS FOR SUCCESS

During the development of this preparation, it was observed that
the administration of heparin (i.p.) before beginning the surgery
minimized the development of blood clots during the surgery. This
allowed the perfusate to adequately reach the vasculature of the
lower half of the preparation, specifically the lower spinal cord, the
bladder and EUS. When heparin was administered during surgery
or directly into the perfusate, it appeared to be less effective in
preventing clotting which presumably caused patchy perfusion,
resulting in inconsistent functional voiding responses.

The perfusion pressure required for robust eupnoeic activity
and characteristic functional cardiorespiratory afferent-evoked
responses (e.g., peripheral chemoreceptor reflex) was approxi-
mately 50 mmHg. However, at this perfusion pressure, coordinated
bladder—EUS control was often lacking (along with reflex responses
to noxious hindpaw and tail pinch). Bladder and sphincter coor-
dinated control was achievable when perfusion pressure reached
approximately 65-70 mmHg, likely reflecting the need to perfuse
the distal segments of the spinal cord adequately. Anaesthetized
rats of identical age show a similar arterial pressure (Kasparov and
Paton, 1997). This was achieved by care to avoid opening the arte-
rial tree during surgical preparation, administration of vasopressin,
and judicious increments in perfusate flow to optimally tune the
preparation.

DATA ANALYSIS

Perfusion pressure, phrenic nerve activity, ECG, bladder pres-
sure, EUS-EMG activity, and bladder afferent nerve activity were
recorded using custom built AC amplifiers and transducers (built
by Mr. Jeff Croker, University of Bristol), and collected using a
CED microl401 A-D interface (CED, Cambridge Electronic
Design, Cambridge, UK) to a computer running Spike2 software
(CED). Analysis was conducted offline, using the Spike2 program
and Prism 5.0. All values are expressed as the mean * standard
error of mean or median (25-75 percentile) and # is the number
of preparations.

DRUGS AND SOLUTIONS

The composition of Ringer’s was NaCl (125 mM): NaHCO,
(24 mM), KCI (3 mM), CaCl, (2.5 mM),MgSO, (1.25 mM),KH,PO,
(1.25 mM); pH 7.35-7 4 after carbogenation. Ficoll-70 (1.25%) was
added as an oncotic agent. Arginine vasopressin (400 pM) was
added to the perfusate. Stock solution of capsaicin (10 mM) was
made in 10% ethanol, 10% 2-hydroxypropyl-beta-cyclodextrin
(HBC solvent) and 80% normal saline. Final working concentra-
tion of capsaicin (100 pM) was made by diluting the stock in saline.
All salts and drugs were from Sigma unless otherwise stated.

RESULTS

PREPARATION VIABILITY

Once tuned, this preparation exhibits a robust eupnoeic pattern
of phrenic activity that remains stable for periods up to 4 h. The
augmenting pattern of phrenic activity is indicative of good brain-
stem function, as reported previously (Paton, 1996; Pickering and
Paton, 2006). It also shows strong cardiorespiratory coupling that
manifests in both heart rate variability (respiratory sinus arrhyth-
mia) and fluctuations in perfusion pressure (Figure 2A, and see
Pickering and Paton, 2006). In the absence of muscle relaxant the
preparation showed respiratory movements of the thoracic cage
and upper airway muscles. Spinal reflexes were intact as assessed
by motor responses to hind limb/tail pinch.

CHARACTERISTICS OF NATURAL AND FLUID INFUSION EVOKED VOIDS
Functional bladder and EUS neural coordination was clearly
demonstrable in the preparation with both natural and infusion
evoked voids (Figures 2 and 3). Natural voids were seen to occur
in most preparations as fluid passing from the kidneys via the ure-
ters filled the bladder. During natural filling, it was noted that the
ureters displayed waves of peristalsis that propelled urine to the
bladder (see Videos S1 and S2 in Supplementary Material). These
peristaltic waves were observed as being initiated at the renal pel-
vis, and propagated caudally, toward the bladder. As fluid entered
the bladder, the wave appeared to be propagated into the bladder
itself, which displayed a spontaneous non-micturition contrac-
tion (NMC). The peristaltic waves from each kidney appeared to
alternate, such that both kidneys did not pass urine to the bladder
simultaneously, but rather in an inter-leaved fashion.

Both natural and infusion evoked voids had similar charac-
teristics with voiding threshold pressure being 22 + 0.49 mmHg
(n=10) and 23 + 1.0 mmHg (n = 12), respectively and a complete
evacuation of bladder contents, as evidenced by direct visualization
of the empty contracted bladder. In both types of voids, a gradual
intra-luminal pressure increase was accompanied by a correspond-
ing increase in tonic EUS activity, to keep the sphincter closed and
maintain continence. At a threshold volume, measured from evoked
voids only (median 23 pl (21-62), n = 12; both ureters had been
disconnected from the bladder to stop spontaneous filling), there
was a coordinated contraction of the detrusor muscle (Figure 2;
see Videos S1 and S2 in Supplementary Material) accompanied
by a spike-like intra-luminal bladder pressure increase followed by
ejection of urine from the urethra. In a series of initial experiments,
collecting the volume evacuated from the urethra, it was confirmed
that voiding was complete (# = 5). During the void the bladder
pressure remained elevated at a plateau level with small, high fre-
quency pressure oscillations (amplitude: 0.6 £ 0.4 mmHg) that were
generated by bursting activity of the EUS that was visually observed
to intermittently narrow the urethral lumen (Figure 2B and inset),
which is a characteristic of the normal rat voiding pattern (Maggi
etal., 1986). The subsequent post-void pressure increase occurred
as the bladder remained contracted whilst the EUS ceased bursting
and resumed tonic firing.

The frequency of the EUS bursting activity was consistent
between preparations, with an initial low frequency (4.7 £ 0.2 Hz)
that progressively increased during the void to a maximum
(6.9+0.4 Hz, P=0.0025), before a sudden cessation in bursting
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FIGURE 2 | Typical evoked micturition response. (A) As the bladder is filled
there is a gradual rise in pressure and a tonic increase in activity of the EUS—
EMG. This pressure rise triggers a void with a generalized bladder contraction, a
series of bursts on the EUS-EMG trace (mirrored by small oscillations in
intravesical pressure) and the ejection of urine. Note at the end of the void as the
tonic sphincter activity returns to baseline and the sphincter closes, the still
contracting bladder generates a spike of pressure as it contracts iso-
volumetrically (also refer to Videos S$1 and S2 in Supplementary Material).
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(B) Expanded time scale showing increase in EUS activity during filling, followed
by discrete bursting activity during voiding (inset: three individual bursts), in time
with bladder pressure oscillations, where each burst is followed by a mini
pressure rise (superimposed on inset), characteristic of the rat voiding pattern.
Note in (A), the preparation also shows a eupnoeic pattern of phrenic nerve
discharge with respiratory sinus arrhythmia seen in the heart rate trace
consistent with intact brainstem-autonomic coupling yet none of these
variables (nor perfusion pressure) are altered during the micturition reflex.

activity and a return to tonic discharge. The amplitude of the EUS
bursts was highest at the proximal EUS and decreased distally, as
previously reported (Lehtoranta et al., 2006). Thus, all EUS-EMG
measurements in the present study were taken at the proximal
EUS. Gentle stimulation of the perineum using a cotton swab
resulted in increased EUS tonic activity, regardless of bladder
volume, causing the closure of the urethra, and indicating intact
afferent function.

When the void was complete the bladder pressure returned
to baseline. However, toward the end of the experiment, when
brainstem control had started to deteriorate (e.g., non-eupnoeic
phrenic pattern and cardiorespiratory reflex-evoked responses),
incomplete voiding was observed. This reflects the requirement
for intact brainstem function to coordinate the neural control of
the lower urinary tract (as assessed from phrenic activity and car-
diorespiratory reflex-evoked responses).
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VOIDING RESPONSES AT DIFFERENT RATES OF BLADDER FILLING

Variable urine infusion rates (from 15 to 175 pul per minute) were
used to examine the characteristics of the filling/voiding response
(n=4). As expected at low infusion rates (15-30 pl/min) it took
longer before a void was triggered. These slow fills were also asso-
ciated with more NMCs, which were accompanied with synchro-
nous tonic EUS-EMG activity (Figure 4A). The bladder pressure
at which voiding occurred was independent of infusion rates

30+
evoked void natural void

Bladder 2
Pressure
mmHg

101 A

infusion 30ul/min
30s
0+

FIGURE 3 | Comparison of filling evoked and natural voiding responses.
Natural voids occurred in most preparations as fluid from the kidneys filled the
bladder. These were of qualitatively similar to filling evoked voids, with no
significant differences in pressure trajectory or voiding threshold. Note also
the presence of small, spontaneous non-micturition contractions (NMCs;
arrowed).

(26.6 £ 0.3 mmHg; n = 14, Figure 4B). However, at higher infusion
rates a greater volume of fluid was administered into the bladder
before voiding was triggered (P < 0.0001; Figure 4C).

NON-MICTURITION CONTRACTIONS

Spontaneous NMCs were seen as asymmetrical bladder wall move-
ments in most preparations, even when the bladder volume was low
(e.g., immediately post-void or when infusion was stopped). The
NMC:s had a frequency of 1.4 + 0.9 per minute and intra-luminal
pressure increase of 1.4+ 0.3 mmHg (n= 12; Figure 5A). The NMCs
were associated with phasic increases in EUS-EMG activity that
presumably maintained continence. During active filling, as bladder
volume increased, the amplitude of NMCs also increased (although
the basal bladder pressure remained low), until void (Figure 5B).
When brainstem function had deteriorated, marked by weakening
phrenic nerve activity and loss of voiding, NMC amplitude increased
significantly [5.8 £ 0.4 mmHg; (n = 12) paired t-test P < 0.0001;
Figure 5C] but not frequency. In addition, changes were seen in the
pressure waveform of NMCs after loss of brainstem control where
biphasic waves were commonly seen (Figure 5C). Associated EUS
activity was still present, but leakage of small volumes of urine was
frequently seen but this was not a coordinated void.

BLOCKADE OF THE EUS

The topical application of a neuromuscular blocking agent, vecuro-
nium bromide (2 pg/ml; 10 pl), to the EUS caused a decrease in
EUS-EMG activity within 2 min. In particular, there were fewer
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voids showing that at slower infusion rates (e.g., 30 pl/min) it took longer for a void
to be triggered and a larger number of NMCs were observed before the void.
Note also the EMG activity that accompanied each NMC. At higher infusion rates,
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fewer NMCs occurred before the void. (B) The rate of fluid infusion did not

significantly alter the bladder pressure at which the void occurred (C) A statistically
significant linear relationship (P<0.0001; R? = 0.83; n = 4) was observed between
infusion rate and the volume infused into the bladder before voiding was triggered.
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FIGURE 5 | Non-micturition contractions (NMCs). (A) Low amplitude NMCs
occurred under basal conditions, when bladder volume was low. Each NMC was
accompanied by tonic firing of the EUS. (B) During fluid infusion in the same
preparation, NMCs became larger in amplitude with gradual bladder distension
until voiding was triggered. (C) When brainstem control had deteriorated (as

infusion (15ul/min)

indicated by a loss of phrenic activity and voiding), the NMCs became biphasic
and their amplitude significantly increased. In the first contractile phase of each
NMC, tonic EUS firing was observed. The subsequent single burst of the EUS
was followed by a second pressure oscillation (dotted line) and they could now
be associated with leakage of fluid.

and lower amplitude bursts during voids. A second application
completely abolished EUS-EMG activity and further filling
caused passive leakage of fluid, rendering the bladder incontinent
(Figures 6Ai—iii; n = 4). The local application of muscle relaxant
did not attenuate the ongoing respiratory muscle activity seen in
the thorax/neck indicating that the effects seen were local and not
due to a systemic action.

Inclusion of the ganglion blocker, hexamethonium (100-
330 uM), in the perfusate completely blocked the cardiovascular
responses to peripheral chemoreflex activation (bradycardia and
pressor effect) without changing the phrenic activation, indicating
that the sympathetic and parasympathetic outflows were blocked.
This autonomic ganglion blockade altered bladder pressure char-
acteristics (Figures 6Bi—iii; n = 4) with a decrease in voiding pres-
sure, although the EUS bursting activity during voiding remained
unchanged. After a further 2 min of ganglion block, the baseline
intravesical pressure (3.7 £ 0.8 mmHg) increased by 116% and
the NMC amplitude increased by 86% (Figure 6iii). During this
period of ganglion block the EUS-EMG activity increased during
each NMC to maintain continence. Voiding was still intact, but was
incomplete and occurred at a lower voiding pressure with a loss of
the post-void isovolumetric contraction.

INTRAVESICAL CAPSAICIN

Infusion of capsaicin (100 pM) into the bladder produced a two-
phase response (1 = 4). In the first phase, bladder filling with
capsaicin solution caused an initial voiding response (Figure 7C),
which showed a similar pressure trajectory to the control response
(Figure 7A). However, several differences were noted; there was
an increased level of tonic EUS activity (Figure 7C), particularly
post-void, as capsaicin solution exited the bladder. Furthermore,
voiding was incomplete and fluid retention occurred. In the
second phase, this tonic EUS-EMG activity under basal resting
conditions diminished and the EUS became silent, suggesting
desensitization of bladder afferents. At this point filling chal-
lenges produced elevated intra-luminal pressure (by almost 2x
fold to 40 £ 3 mmHg; P = 0.0008; Figure 7E) compared with
control. As bladder pressure rose above approximately 20 mmHg

(previously the pressure threshold for voiding) it triggered an
increase in EUS-EMG activity. At this maximum pressure irregu-
lar EUS bursting and brief pulses of fluid ejection occurred.
This pattern of EUS bursting was atypical (with sporadic peri-
ods of silence interspersed on a tonic background) and this did
not produce a normal voiding response. However the intermit-
tent bursting allowed the bladder to sporadically release urine,
eventually bringing the intra-luminal pressure back to baseline.
The subsequent repeated infusion of saline failed to recover the
normal voiding response.

Immediately after capsaicin infusion, large amplitude NMCs
(145 £ 0.8 mmHg in amplitude) compared with control
(2.3 + 0.4 mmHg in amplitude, Figure 7B), and associated EUS
activity were observed (Figure 7D; P = 0.0001). In phase 2, the
NMCs decreased in amplitude and the basal level of EUS-EMG
activity decreased (Figure 7F). Sporadic bursting responses, with
associated incomplete bladder evacuation, remained until the
completion of the experiment (up to 1 h post capsaicin infusion).

No changes in heart rate, perfusion pressure, or phrenic nerve
activity were observed when capsaicin was administered into the
bladder. Upon voiding of capsaicin solution, movement of hind
limbs was observed, as solution exited and thus, stimulated the
distal urethra and perineum.

BLADDER AFFERENT AND PUDENDAL MOTOR NERVE RECORDINGS

The right pelvic nerve was accessed proximal to the major pelvic
ganglion. Afferent recordings showed a progressive ramping rise
in activity during filling which followed the increase in bladder
pressure (n = 4; Figures 8A,B). Peak afferent activity was reached
when EUS-EMG firing began to ramp (dotted line in Figure 8A),
but plateaued before voiding began, potentially suggesting adap-
tation. This was followed by a period of bursting activity during
the void, which was noted to be related to the EUS-EMG bursting
but was in anti-phase. Post-void oscillations in afferent activity
were also seen, as the bladder pressure returned to baseline. Pelvic
afferent nerve activity was also triggered by changes in bladder
pressure with each NMC, which was in phase with simultaneously
recorded EUS-EMG activity. Systemic application of vecuronium
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FIGURE 6 | Effect of nicotinic receptor blockade on micturition. (A) Topical
vecuronium bromide (a competitive antagonist of neuromuscular transmission)
applied to the EUS (10 pl; 2 pg/ul); (ii), caused a decrease in EUS-EMG activity
within 2 min but voiding still occurred, albeit at a lower pressure [compared to
control; (i)]. In particular, during the void, fewer and lower amplitude EUS-EMG
bursts were observed. (i) A second application of vecuronium completely
abolished EUS-EMG activity and further infusion caused passive leakage of
urine. In order to test the EUS activity, the distal urethra was clamped to allow
bladder pressure to increase. No EUS activity was evoked. This block was

A, 30 control ii.1vecuronium bromide (104l; 2ug/pl) ~ ij.1vecuronium bromide __ . clamp
void vold (20 pl; 2pg/pl) removed
Bladder
Pressure
mmHg
10 infusion 30pl/min infusion 30ul/min
400 infusion 30pl/min
distal urethra clamped
EUS o
eMG et
uv
1s
void .
B i 30 control 11. |hexamethonium (2 min) 111.]Jhexamethonium (4 min)
id '
Bladder U void
Pressure
mmHg
b1, infusion infusion 30pl/min Intliston Sopkimin
400 A
30pl/min

maintained for the following 30 min without sign of recovery. (B) Application of
the ganglion blocker hexamethonium [330uM; (ii)] to the perfusate blocked the
cardiovascular responses to peripheral chemoreflex activation indicating that the
sympathetic and parasympathetic outflows were blocked. There was an initial
decrease in the voiding pressure, although the characteristic pressure trajectory
and EUS bursting activity remained. (iii) After a further 2 min, NMCs became
larger (arrowed) in amplitude, with associated EUS activity to maintain
continence. Voiding was present, but altered, with low voiding pressure and high
baseline intravesical pressures.

bromide abolished the EUS-EMG activity (as well as all gross motor
movements), however afferent nerve firing continued to be evoked
by bladder distension (following fluid infusion with the urethra
clamped) and also in response to NMCs although these now caused
leakage of urine indicating the importance of the EUS activity in
the maintenance of continence during these small pressure fluctua-
tions (Figures 8C,D).

BRAIN TRANSECTION

We tested the effect of a series of acute brain transections (from
rostral to caudal) on the neural control of the bladder once the prep-
aration had been established. Initial control experiments showed
that acute cerebellectomy had no effect on filling and voiding
responses, with similar voiding pressure and infused volume (n= 3;
data not shown). Similarly sections at the level of the superior
colliculus were without effect. However the next transection at a
mid-collicular level consistently resulted in the loss of coordinated
voiding (Figure 9; n = 3). Subsequent histological analysis showed
that this section disrupted the rostral PAG in the midbrain but
was still some distance rostral to the PMC. Following this section
filling responses remained so that bladder pressure increased as
fluid was infused, together with associated increase in EUS-EMG
activity. At threshold volume, some leakage of fluid occurred, but
no active void occurred. With each transection the phrenic activity

became transiently apneustic however, once re-tuned, the prepa-
ration continued to display robust phrenic activity and normal
cardiorespiratory reflex-evoked responses.

DISCUSSION

The primary purpose of this study was to develop and validate a
novel in situ animal model of the control of micturition without
the confounding effect of anaesthesia and with the advantages
of an in vitro approach. The DAPR offers some advantages for
the study of bladder autonomic control and allows the comple-
tion of complex experimental protocols in a relatively short time
(Pickering and Paton, 2006). The preparation allowed excellent
access to the EUS and afferent and efferent nerves for recordings
under direct vision, allowing correlations to be made between
bladder and EUS movement, voiding and the electrical activ-
ity in muscle and nerve. The influence of autonomic tone and
the critical role of inputs from brainstem/midbrain centers was
clearly demonstrable indicating that the preparation has utility for
examination of these central and peripheral neural mechanisms.
Further the approach allows straightforward drug application
either systemically (at known concentrations), locally or intra-
vesically and permits the use of substances that would be toxic
to in vivo preparations. Importantly we were able to demonstrate
the ability to “open the loop” of the micturition reflex recording

Frontiers in Neuroscience | Autonomic Neuroscience

May 2011 | Volume 5 | Article 62 | 8


http://www.frontiersin.org/Autonomic_Neuroscience/
http://www.frontiersin.org/Autonomic_Neuroscience/archive

Sadananda et al.

Neural bladder control in situ

A 40
Bladder
Pressure
mmHg 10

control infusion

EUS 400
EMG o

BV 400

C 40
Bladder
Pressure

Bladder
Pressure
mmHg 10

EUS 400
EMG

capsaicin infusion + 3 min

FIGURE 7 | Capsaicin sensitization-desensitization of bladder responses.
(A,B) Control void and spontaneous NMCs. (C) Filling with capsaicin solution
caused an initial voiding response of similar pressure characteristics as control.
However, an increased level of tonic EUS activity particularly post-void was
observed and voiding was incomplete. (D) At this time there was a marked
increase in the amplitude of NMCs and they were accompanied by larger bursts
of EMG activity. (E) Some 3 min after the application of capsaicin, intravesical
infusion at the same rate continued for a longer period of time until almost twice
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the volume had been administered and intravesical pressure had increased
twofold above that seen during the control void. This infusion triggered a striking
increase in the level of EUS-EMG activity as bladder pressure rose above

20 mmHg, previously the pressure at which voiding occurred. However, small
incomplete voiding episodes were seen to occur at the highest pressures
accompanied by irregular EUS bursting. Normal voiding responses were non
recoverable. (F) The subsequent NMCs resulted in synchronous low level tonic
firing, as the EUS was markedly desensitized.

nerves/EMG and intervening to control bladder filling/volume
while retaining intact end organ function and neural control;
a situation analogous to what we have previously been able to
do in similar preparations to examine cardiorespiratory control
in a way that is difficult if not impossible in vivo (Boscan et al.,
2002; Simms et al., 2007; Smith et al., 2007; Pickering et al., 2008;
Abdala et al., 2009).

RAT VOIDING CHARACTERISTICS
Characteristic rat bladder filling (Maggi et al., 1986; Thor and de
Groat, 2010) and voiding responses were evoked by the intravesi-
cal infusion of fluid, featuring a gradual increase in pressure, fol-
lowed by coordinated contraction of the bladder producing spikes
in intravesical pressure and voiding of urine. A final post-void
isovolumetric pressure increase subsequently occurs, as the EUS
returns to tonic activity while the bladder remains contracted. This
micturition cycle also occurred naturally, as filtrate passing via the
ureters from the kidneys (in peristaltically propelled boluses) filled
the bladder.

By ligating the ureters to stop natural bladder filling, it was possi-
ble to examine the relationship between intravesical fluid infusion/
volume and voiding. The rate of fluid infusion did not affect the

pressure at which the void was triggered, however at higher infu-
sion rates the void was triggered at greater infused volumes. This
suggests that the bladder compliance decreases with slow rates of
infusion, perhaps as consequence of sympathetic withdrawal. This
may indicate a time lag in sympathetic withdrawal, which is known
to influence bladder compliance (Khadra et al., 1995).

The preparation allowed clear visualization of the entire length
of the EUS making EMG recording straightforward. The pattern
of EMG activity through the micturition cycle was as has previ-
ously been characterized for the female rat (Streng et al., 2004;

Jalters et al., 2006) with a graded increase in activity during fill-
ing, a switch to phasic bursting during the void and a tonic phase
following cessation of voiding. EMG responses were recordable
along the full length of the EUS, although the bursting activity seen
during voiding was strongest at the proximal lateral EUS, as has
been previously reported (Lehtoranta et al., 2006). Local applica-
tion of vecuronium, a non-depolarizing muscle relaxant, caused a
loss of EUS electrical activity and tone (and urinary continence),
as expected for a voluntary muscle (Bennett et al., 1995) without
blocking the movement seen in respiratory pump muscles nor
those of the abdominal/pelvic wall confirming that the signal was
recorded from the EUS.
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FIGURE 8 | Bladder pelvic nerve afferent activity during micturition cycle. [expanded in (B)]. (C) Changes in bladder pressure during NMCs were associated
(A) Bladder afferent nerve activity increased during filling, followed by a drop in with increase in both, EUS-EMG and afferent nerve discharge. To ascertain that
activity before the void (n = 4). The ramping discharge of the afferent nerve was this was a nerve response, muscle relaxant was applied (vecuronium dose 2 pg/
progressive and followed the increase in bladder pressure. At void, afferent nerve ml, systemically) (D), which resulted in complete abolition of EUS activity, while
bursting was observed to be in anti-phase with the EUS bursting activity afferent activity remained on the pelvic nerve in synchrony with the NMCs.

The simultaneous monitoring of EUS-EMG, bladder pressure
and afferent activity in the pelvic nerve allowed us to identify a
unique pattern of discharge on the nerve in anti-phase to the burst-
ing activity on the EUS during the second phase of micturition. The
amplitude of these afferent oscillations appeared disproportion-
ately large compared to any synchronous change in bladder pressure
and it seems likely to be related to flow in the proximal urethra
which occurs between the bursting EUS contractions (Streng et al.,
2004). We speculate that this bursting afferent feedback plays an
important role in the generation of the EUS bursts that characterize
the second phase of micturition in the rat.

GANGLION BLOCKADE

Application of the ganglion blocker hexamethonium changed the
pressure characteristics of the bladder. The increased baseline and
large amplitude NMCs are indicative of the loss of sympathetic drive,
which is primarily involved in the storage phase of micturition, to
increase bladder compliance (Clemens, 2010). The presence of nor-
mal autonomic tone suppresses these spontaneous pressure changes,
permitting greater bladder compliance (Clemens, 2010). However, in
the rabbit catheterized in vivobladder preparation (Levin etal., 1986),
hexamethonium application completely abolished this spontaneous
activity, suggesting that NMC initiation (but not inhibition) is neuro-
nal. Species-specific differences may explain these discordant findings.

During filling, continence was maintained via intact afferent sig-
naling from the bladder and intact somatic motor somatic control
on the EUS. Parasympathetic drive, primarily involved in voiding,
maintains detrusor contraction during the void and even after the
completion of the void, resulting in the isovolumetric contraction.
In the present study, voiding was incomplete and occurred at lower
threshold pressure after hexamethonium administration. There was
also aloss of the end isovolumetric contraction. All of these results
signal the loss of actively augmented detrusor contraction dur-
ing the void, as a result of disruption of parasympathetic drive.
However, the somatically controlled bursting of the EUS was able
to permit an incomplete void.

Another documented action of hexamethonium is its antagonis-
tic effect at nicotinic acetylcholine receptors on the skeletal muscle
end plate (Tian et al., 1997) and it may thus be proposed to block
EUS activity and abolish voiding. At concentrations between 100
and 330 um in the perfusate we saw no evidence for blockade of
skeletal muscle movement nor on EUS-EMG although we did
clearly document the presence of dense autonomic ganglion block-
ade. The in vivo systemic effect of hexamethonium on the bladder
and EUS has not been extensively investigated, however its action
at the neuromuscular junction is considered to be less potent than
its actions as a ganglion blocker, which is line with its historical use
the treatment of hypertension (Mathias, 1991).
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FIGURE 9 | Acute sequential hindbrain transections. (A) Histological
parasagittal section (0.18 mm lateral) through hindbrain showing the
mid-collicular line of transection (Neutral red stained section) and (B)
annotated schematic (Paxinos and Watson, 2007) of the acute brainstem
transections during active filling and voiding. The initial transection dissociated
the rostral tissues from the brainstem (e.g., hypothalamic nuclei) leaving the
brainstem intact. Voiding remained unaffected by this intervention. The second
transection (shown) effectively disrupted the rostral periaqueductal gray (PAG),
and resulted in loss of coordinated voiding, although filling responses
remained. DRn, dorsal raphe nucleus; IC, inferior colliculus, Pn, pontine
nucleus; tz, trapezoid body, VMHDM, ventromedial hypothalamic nucleus
dorsomedial.

NON-MICTURITION CONTRACTIONS

NMCs were observed both under basal conditions (with the blad-
der relatively empty) and during fluid infusion into the bladder.
These NMCs may represent an “assessment reflex” where the blad-
der continuously monitors its level of fullness (Finney et al., 2008).
Indeed we were able to record simultaneously both the afferent
signal in the pelvic nerve resulting from NMCs and the subsequent
proportionate response from the EUS-EMG reflecting contraction
which is clearly required to maintain continence (lost in the pres-

ence of neuromuscular blockers) indicating that these contractions
are both centrally monitored and acted upon as would be expected
for an assessment reflex. The peristaltic propulsion of fluid from
the kidneys via the ureters was observed to initiate an NMC. In
addition, the coordinated alternating fashion of propelling urine
(not previously reported to our knowledge) may suggest a neuro-
genic (rather than myogenic) component to the co-ordination of
ureteric function, a topic of continuing debate (Kreulen etal., 1977;
Santicioli and Maggi, 1998; Osman et al., 2009). Slower infusion
rates were shown to induce a larger number of NMCs before the
initiation of the void, and they were non-existent at higher infu-
sion rates (>110pl/min). It is possible that NMCs are inhibited
by larger rates of change in bladder volume and afferent activity.
Alternatively, a more likely explanation may be that the time taken
for initiation of NMC is longer than the infusion rate. This may be
consistent with the proposal that NMCs are triggered by the slow
release of mediators from neuronal/non-neuronal cell types within
the bladder (Kanai et al., 2007).

When brainstem control was compromised, the spontaneous
NMCs observed became biphasic and had increased amplitude.
This was also seen after autonomic ganglion blockade with hexam-
ethonium (discussed above). This is in line with previous studies
that have shown that spontaneous bladder activity in the rat is
reliant on, and tonically inhibited by, input from the lumbo-sac-
ral spinal cord via parasympathetic pathways (Maggi et al., 1986;
Sugaya and de Groat, 2002). In the rat, the occurrence of NMCs
has been reported to be age dependent — they are present and have
high frequency and amplitude in younger bladders, declining in
adult bladders, but re-emerging as high intensity NMCs in older
bladders (Szigeti et al., 2005). It can be speculated that changes
observed in aged bladders may be due to disruption in the bulbo-
spinal control circuitry and/or loss of autonomic tone, similar to
those seen in the present study, during loss of brainstem control.

STIMULATION WITH CAPSAICIN

Capsaicin is known to excite and then desensitize bladder C-fiber
afferents (Maggi et al., 1986; Maggi, 1991). In the present study,
although the initial voiding response characteristics after capsai-
cin infusion were relatively unchanged from the control void (i.e.,
unchanged pressure trajectory and EUS bursting), two main dif-
ferences were observed: presence of a residual volume and elevated
tonic EUS activity, which are both in line with the initial excitatory
effects of C-fiber activation. These afferents are of the high thresh-
old type which are considered to respond to noxious stimuli, but not
normally to distension (Habler et al., 1990). In the present study, it
is likely that capsaicin infusion caused initial activation of C-fibers,
resulting in the initiation of a voiding response (to eject the irri-
tant substance). As fluid exited the bladder, urethral afferents were
excited by the capsaicin, causing heightened activity of the sphinc-
ter, thus tightening of the bladder neck. This may have resulted in
premature closure of the urethra and an incomplete void.

The desensitizing effect was evident within 10 min as the
bladder pressure threshold for voiding increased twofold, before
intermittent voiding contractions were observed. Indeed, the
rationale for using capsaicin as a potential treatment for over
active bladder is this increase in bladder capacity due to desensi-
tized afferent C-fibers (Chancellor and de Groat, 1999). However,
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data in this regard is controversial as these C-fibers are consid-
ered by some to be silent in normal micturition (Habler et al.,
1990; Andersson, 2002; Fowler, 2002). Treatment using capsaicin
was thought to be beneficial for patients with detrusor over-
activity where C-fiber involvement is enhanced in micturition
(Chancellor and de Groat, 1999). However, capsaicin treatment
has had a variable clinical success rate (Geirsson et al., 1995; Das
etal., 1996; de Seze et al., 2004). A-delta fibers, which respond to
normal distension, are also responsive to capsaicin (Chancellor
and de Groat, 1999), which results in the inhibition of micturi-
tion in the rat for up to 5h (Chenget al., 1993). Thus, data from
this study, showing the increase in pressure and loss of normal
voiding after capsaicin infusion, adds further credibility to the
theory that afferent fibers expressing TRPV1 are more than just
receptors of noxious stimuli, but rather some at least appear to
be involved in normal bladder function (Birder et al., 2002; Daly
et al., 2007; Gevaert et al., 2007).

BRAINSTEM CONTROL OF MICTURITION

The assessment of the roles of brainstem nuclei in bladder con-
trol has been challenging for a number of reasons including the
inaccessible nature of the brainstem regions involved and also
the requirement for anaesthesia for these types of in vivo stud-
ies. Electrical stimulation of brainstem nuclei with simultane-
ous recordings from pelvic and postganglionic nerves in rats has
previously indicated that the neural switching circuit controlling
micturition is located in the rostral brainstem (Kuru, 1965; Noto
etal., 1991).In addition, stimulation of the PAG in cats can evoke
micturition (Taniguchi et al., 2002). In man, functional brain
imaging studies have been undertaken although these tend to
be focused upon higher centers as the brainstem is difficult to
image (Blok et al., 1997; Athwal et al., 2001; Griffiths et al., 2005;
Zhang et al., 2005; Kitta et al., 2006). In these studies, the neural
mechanisms being investigated are influenced by confounding
brain processes, including attention, expectation, decision, and
emotion, which are highly variable and complicate interpreta-
tion of data (Mayer et al., 2006). In an investigation of the basic
micturition reflex, imaging studies performed on anaesthetized
rats showed the PAG to be activated during filling, and still further
activated at threshold volume, while the PMC was inactive during
filling but activated at threshold (Tai et al., 2009).

We took advantage of the non-anaesthetized in situ model
to make systematic acute hindbrain transections from rostral to
caudal to investigate the level at which the phases of micturi-
tion were eliminated (analogous to the approach we have taken
to identify the components of the respiratory pattern generating
network; Smith etal.,2007). These preliminary data confirmed the
importance of the PAG for voiding, which ceased when the PAG
was disrupted, although filling responses of the bladder and EUS
remained intact. Indeed these filling responses were preserved with
more caudal brainstem transections and in a spinal preparation
(unpublished observations). These interventions emphasize that
intact brainstem/midbrain function is required for micturition
and that these structures are easily accessed and manipulated in
this in situ preparation. This opens the gateway to deploy more
discrete interventions to test the functional roles of the compo-
nents of the bladder control network. We have previously made

extensive use of the excellent access to brainstem structures to per-
form microinjection studies of agonists and antagonists (Boscan
et al., 2001; Simms et al., 2006), to record cell populations both
extracellularly and intracellularly (Paton et al., 2000) and even
to make imaging studies using voltage sensitive dyes (Potts and
Paton, 2006). These approaches are facilitated by direct vision of
the surface of the brainstem, the good mechanical stability in the
absence of a pulse wave and the lack of bleeding. We anticipate
that the use of these types of recording approaches in the DAPR
preparation will facilitate future explorations of the functional role
of the brainstem control centers (i.e., PMC/PAG) in the initiation
and regulation of voiding.

TECHNIQUE DEVELOPMENT

During initial development of the preparation filling and pressure
monitoring was attempted via the ureters, where fine cannulae
were inserted down the length of the ureter toward the bladder.
However, when instrumenting the ureters when the preparation
was established, there was an apparent effect on phrenic nerve
activity. Each phrenic burst became shorter, and the ramping
eupnoeic pattern was often lost. This may be a ureteric-evoked
noxious response analogous to those accompanying ureteric
stones (Ng et al., 2005). Robust eupnoeic phrenic activity was
often difficult to re-establish, once lost. Furthermore it was dif-
ficult to traverse the ureto-bladder junction with the cannula
preventing intravesical pressure recording so this approach was
abandoned in favor of the more conventional pressure monitor-
ing/infusion needle inserted into the bladder dome (Streng et al.,
2004; Yoshida et al., 2010).

Gentle stimulation of the perineum using a cotton swab resulted
in increased EUS tonic activity, regardless of bladder volume. A
similar response was seen following insertion of a cannula into the
distal urethra. Thus, cannulation of distal urethra was avoided, as
subsequent bladder filling and voiding responses were likely to be
affected, due to greater EUS firing than normal.

Nociceptive responses were elicited in the preparation as seen
by tail/paw pinch reflex withdrawal responses as well as associated
increases in heart rate and phrenic discharge. At the end of experi-
ments, when brainstem function had deteriorated as evidenced by
loss of reflex responses and a weak apneustic respiratory pattern,
filling responses remained but voiding became first incomplete and
then was not achievable, resulting in retention of urine. During
acute spinal cord injury, the bladder is known to become areflexic,
where it continues to fill but lacks the ability to switch to voiding
(de Groat and Yoshimura, 2010). This suggests that deterioration
of the preparation (typically after around 4 h of experimentation)
likely occurs at brainstem level first, leaving spinal pathways intact,
permitting filling, but not voiding, to continue.

Age related differences might also be the cause of urine retention
in some of the preparations in the present study. It is believed that
rats below the age of P19, require maternal perineal stimulation
for complete bladder emptying (Kruse and De Groat, 1990). In
the present study, approximately 10% of preparations (P20-P28)
showed incomplete bladder emptying in the control situation. It is
possible that the age group of animals used here are in a borderline
developmental stage, where some continue to display characteristics
of neonates.
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ADVANTAGES AND LIMITATIONS OF THE PREPARATION

We have shown that the DAPR is a viable and robust model for
bladder autonomic studies. The preparation simplifies surgical
access to pelvic nerves as well as the EUS in a bloodless field. The
perfusion style preparation is advantageous allowing in vitro like
control over the extracellular fluid and permits infusion of known
concentrations of compounds either systemically (even of toxic
substances that would be lethal in a conventional anaesthetized
preparation (see Pickering et al.,2002)) or by intravesical or topical
application. The use of this approach has already permitted novel
insights to be gained as a consequence of the remarkable visual
access to normally inaccessible territories (allowing both ureters
to be visualized and observed to be contracting in an alternating
fashion with these peristaltic waves continuing as bladder NMCs)
and also by facilitating simultaneous recordings of nerves, muscles,
and pressures in a non-anaesthetized voiding preparation (allow-
ing the relationship between afferent pelvic nerve and EUS motor
activity to be defined). Furthermore, the simultaneous recordings
of phrenic nerve activity, heart rate, and perfusion pressure provides
ameasurement of cardiorespiratory responses during normal and
pathological bladder function, which is an area that has been lit-
tle researched. The comparative ease and speed with which such
experiments can be performed is also a major advantage over more
conventional in vivo approaches.

A potential drawback of the preparation was the use of young
rats (P20-P28; weighing 40-90 g), which was primarily due to
the difficulty in establishing adequate tissue perfusion in larger
animals which limits preparation viability. However, this can be
overcome by the use of adult mice (Paton, 1996). Technical limita-
tions include the duration of viability (up to 4 h), which can place
time constraints on complex experimental protocols, however,

this is counterbalanced by the initial relative speed of set up of
the preparation which gives a good working window for experi-
mentation. Furthermore, since retaining EUS function mandated
that muscle relaxant could not be used, the preparation exhibited
prominent respiratory and evoked reflex movements, which could
make recording procedures challenging. The bloodless working
field was advantageous as it allowed clarity of vision, however it also
resulted in the loss of tissue contrast, which is particularly helpful
when identifying small nerve branches.

In conclusion, this preparation facilitates recording and manipu-
lation of the neural control of the bladder from the terminal affer-
ent field through the spino-bulbo-spinal pathway and back to the
motor outflow and end organ responses during the integrated mic-
turition cycle. Electrophysiological recordings from the associated
structures were straightforward and showed responses comparable
to those previously documented from conventional in vivo experi-
mentation. This model is ripe for extension to encompass bladder
pathologies and use to assess the utility of potential new treatments.
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