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Fig. 1. Photographs of parasympathetic preganglionic newrons (PGN} in a thin slice of the lumbosacral spinal cord (7-day-old rat). (A) PGN viewed with
Nomarski optics (black arrow). Two arrow-heads pointing to the tip of a patch electrode. Calibration bar, 50 wm (B) same neuron as in A, but viewed with
fluorescence optics (white arrow). PGN had been retrogradely labelled with fast blue. (C) The firing evoked by 300 ms current pulse (90 pA) in same
neuron as in A. {D} Schematic diagram showing various types of parasympathetic preganglionic neurons in lumbosacral spinal cord. PGN, parasympathetic

and the peripheral pathways to the pelvic organs.

the neonatal rat [2-4], to examine the intrinsic properties
of PGN and the firing evoked by depolarizing current
pulses. A preliminary report of these observations has been
presented in an abstract [16].

2. Materials and methods

Sprague-Dawley rats, 5-11 days old, were killed by
decapitation and the spinal cord was rapidly removed. The
L.6-51 segments of spinal cord were embedded in 2% agar
(Sigma) in a physiological salt solution (see composition of

external solution below) at 8°C. The spinal cord was
sectioned into 150 pm transverse slices using a vibrating
slicer (Vibratome, Technical Products International, St.
Louis, MO). The slices were incubated at 37°C for 1 h in
oxygenated external solution and then transferred to a
recording chamber (0.5 ml) on an upright microscope
equipped with fluorescent optics (Olympus BH-2, Tokyo,
Japan). Slices were perfused continuously with the external
solution at a rate of 1.5 ml/min. PGN in lumbosacral
spinal cord slices were identified by retrograde axonal
transport of a fluorescent dye (Fast Blue, EMS-Polyloy,
GrossUmstadt, Germany) that was injected (5 pl of 4%
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solution) into the peritoneal space 3-7 days before the
experiment. This procedure has been shown to efficiently
label autonomic PGN in the spinal cord [1].

The basic procedures for recording whole cell currents
from individual neurons in slice preparations of the cord
were identical to those reported previously [2—4,35]. Each
slice of lumbosacral cord was surveyed for fast-blue-
containing neurons along the intermediolateral border of
the gray matter under an upright microscope equipped with
fluorescence optics (Fig. 1A,B). Motoneurons in the
ventral horn were often dye labeled, but it was easy to
distinguish between PGN and motoneurons by their loca-
tion. After identification of a fluorescent PGN, the neuron
was viewed with Nomarski optics and its surface was
cleaned by a stream of the external solution from a glass
pipette positioned near the cell. Membrane potentials were
recorded from the labeled neurons using an Axopatch
200A patch-clamp amplifier (Axon Instruments, Foster
City, CA). The patch pipettes were made from borosillicate
glass capiliaries (1B150F-4, World Precision Instruments,
Sarasota, FL) and had resistances of 2.5-3.5 M{) when
filled with pipetie solution (see below) and after the tip had
been heat polished, The measurement of cell sizes was
made under Nomarski optics using a graticle in the
eyepiece of the microscope. Cell diameter was measured
along the cell’s long axis. Then the cell’s firing properties
in response to prolonged depolarizing current pulses (300
ms) was examined. The duration and amplitude of the
spike after-hyperpolarizations were measured frem action
potentials initiated by brief {5 ms) depolarizing current
pulses. The electrode capacitance was compensated during
cell-attached recording. All experiments were performed at
room temperature (20-25°C). Voltage records were filtered
at 1-5 kHz, digitized using the Digidata 1200 interface (10
kHz, Axon Instruments), and stored on a ZIP drive disk
connected to an IBM-compatible personal computer for
oft-line analysis using pClampt software (Axon Instru-
ments). Numerical data are presented as mean*standard
error of the mean (S.E.M.). Statistical analysis was per-
formed using a two-tailed ¢-test or the Mann—Whitney test
with a significance limit of P<(.05.

The standard external solution contained 130 mM NaCl,
5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES),
and 11 mM glucose. The pH was adjusted to 7.40 with
NaOH. The pipette solution (pH 7.3) contained 140 mM
KCIl, 1 mM CaCl,, 2 mM MgCl,, 11 mM ethylene
glycol-bis (R-aminoethyl ethery -N, N, N'.N'-tetraacetic
acid (EGTA), and 10 mM HEPES. 5 pM 6-Cyano-7-
nitroguinoxaline-2, 3-dine (CNQX; Research Biochemicals
International), 50 WM 2-amino-5-phosphonovalerate (APV;
Sigma), 10 pM bicuculline methiodide (Sigma), and 1 M
strychnine sulfate (Sigma) were always applied in the
external solution to block spontaneous excitatory (EPSCs)
or inhibitory postsynaptic currents (IPSCs) [2,3].

3. Results

Recordings were obtained from 110 PGN labeled by
retrograde axonal transport with a fluorescent dye (Fig.
1B). The mean resting membrane potential was
—50.8x(0.6 mV (n=110 cells), when measured just after
achieving whole-cell recording. The cells were usually
oval in shape and varied in size from 13.3 to 28.8 pm
(long axis diameter) (Fig. 2). The mean input resistance
estimated from the change in membrane potential in
response to a —10 pA step pulse (300 ms duration) was
774.2245 M (n=110 cells). The threshold for action
potential generation was —35£0.5 mV (n=110 cells).

3.1. Classification of neurons on the basis af firing
pattern

Application of a series of depolarizing current pulses
(300 ms duration) that were incremented in steps of 10 pA
between 10 and 120 pA elicited action potentials that were
initiated at threshold depolarizations ranging between —23
and —45 mV, In some neurons (n=67), increases in the
strength of the current pulse produced a graded increase in
the number {(average maximum 5.6 spikes) of action
potentials that occurred throughout the duration of the
current pulse (Fig. 3A), while in others (n=43), supra-
threshold depolarizing current pulses elicited only a single
or a few action potentials (average maximum 1.4 spikes) at
the beginning of the depolarizing current (Fig. 4A). In
these neurons stronger depolarizing current pulses did not
increase the number of action potentials (Fig. 4D). In the
former neurons that represented about 60% of the popula-
tion, rhythmic firings during the depolarizing current pulse
and firing frequency increased in proportion to the mag-
nitude of depolarizing cuirent pulses (Fig. 3C). These two
firing patterns, which have been described in other au-
tonomic neurons [7], have been termed ‘tonic’ and
‘phasic’. These terms will also be used in this paper.
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Fig. 2. Cell size distributions showing length (um) of the long axis of
tonic (n=67) and phasic PGN (n=43) measured in spinal slice prepara-
tions. Ordinate, number of cells, Abscissa. long axis of the cells,
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Fig. 3. Effect of 4-AP on the firing properties of tonic PGN. (A) The firing before 4-AP evoked by 300 ms current pulses (10 and 50 pA, shown at the
hottom of each trace}. Note that the number of action potentials increased with increasing magnitude of injected current pulses. (B) In the presence of 4-AP
(.5 mM) the aumber of action potentials evoked by the depolarizing current pulses increased and the latency of the first spike evoked by low intensities of
stimulation was reduced in the same cell as in A. (C) The relationship between the number of action potentials and injected current in tonic PGN (2=7)
before () and after application of 4-AP (0,5 mM) (@) Ordinate, number of spikes elicited during the current pulse; abscissa, stimulus intensity in pA.
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Fig. 4. Effect of 4-AP on the firing properties of phasic PGN. {A} The firing before 4-AP evoked by 300 ms current pulses (i0 and 50 pA). Note
stimulation generates only a single action potential in this neuron even during a high intensity current pulse. (B) In the presence of 4-AP (0.5 mM) phasic
firing was converted to tonic firing in the same cell as in A. {(C) Wash out. {I}) The relationship between the mean number of action potentials and injected
current in phasic PGN (n=8} before {O), and after application of 4-AP. The number of action potentials did not increase significantly as the intensity of
current pulses was increased from 20 to 120 pA prior to 4-AP, but increased significantly (P<<0.05) in the presence of 4-AP.

3.2. Properties of tonic and phasic PGN

PGN that were divided into two populations (tonic and
phasic) on the basis of their finng properties evoked by

depolarizing current pulses had similar mean resting
membrane potentials, input capacitances (tonic PGN,
26.8+0.7 pF, n=067 and phasic PGN, 26.5+1.5 pF, n=43)
and input resistances (776.3*589 M{} and 771.3x70.7
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Table 1
Comparison of the properties of tonic (n=67) and phasic PGN (n=43)"

Tonic {(n=467)

Phasic (n=43)

RMP ) —51.0+0.7 —-51.0%1.1
{m¥)

Spike threshold —35.0=07 —35.0*08
(mv)

Spike duration 24*03 2.77+0.3
(ms)

AHP duration 200.5x11.9 137.6x9.8*
(ms)

AHP amplitude 7.5+0.6 6.0x08
{mV)

Cell diameter 20.7+0.5 16.7x0.3*
(pm)

Input capacitance 26.8+0.7 26515
(pF}

Input resistance 776.3+58.9 3707
(MY

Threshold current 12.1+1.0 29.0+4.0*
(pA)

Latency of Ist AP 99.4+9.4 49.6+2%

(ms}

*Data are mean*=S.E.M. *P<0.05 indicates differences between tonic
and phasic neurons. RMP, resting membrane potential, AHF, after-hy-
perpolarization; AP, action potential.

M) (Table 1). Action potentials evoked by short duration
(5 ms) depolarizing pulses (50-150 pA) occurred at
similar thresholds in both popuiations of neurons (Table 1)
and were blocked by TTX (I pM). However, the duration
of the after-hyperpolarization (AHP)} was significantly
different (P<0.05, unpaired t-test) in the two populations
(Fig. 3A and 4A); tonic PGN had long duration AHPs
(mean 200.5+11.9 ms, n=25), and phasic PGN had
shorter duration AHPs (mean 137.6%9.8 ms, n=23) (Fig.
3A and 4A; Table 1), but the mean peak amplitude of the
AHPs was not significantly different in the two populations
{(7.5+0.6 mV in tonic PGN; 6x0.8 mV in phasic PGN).
Although there was considerable overlap in the sizes of
tonic and phasic neurons (Fig. 2) the tonic PGN were on
average larger (mean long axis diameter: 20.7+0.5 pm,
n=62; P<0.0001, Mann-Whitney test) (Table 1), than
phasic PGN (mean: 16.7+0.3 nm, n=43). All large cells
(24-29 pm) were tonic neurons (Fig. 2).

When depolarizing current pulses were increased from
10 to 120 pA in 10 pA increments, action potentials were
generated in tonic PGN (Fig. 3) at a mean intensity of
12.11.0 pA with a narrow range between 10 and 20 pA
(Table 1). The latency (termed ‘peak latency’) of the first
action potential, measured between the start of a supra-
threshold current pulse and the peak of the first action
potential was 99.4+9.4 ms (Table 1) in tonic PGN. On the
other hand, in phasic PGN, the threshold current was
significantly higher (£<0.005, unpaired ¢-test) (2954 pA,
with a broad range between 10 and 80 pA). However, the
peak latency of the first action potential evoked by a
suprathreshold current pulse was significantly shorter
(49.6+3.2 ms, P<0.005) than in tonic PGN. Increasing

the magnitude of the depolarizing current pulse markedly
decreased the peak latency in both types of PGN (Fig. 3A
and 4A).

Current-voltage relationships were examined in PGN
(n=17 tonic; n=13 phasic neurcns) by applying 300 ms
duration current pulses (ranging from —60 to 110 pA) in
the presence of 1 pM TTX (Fig. 5). In tonic PGN, inward
rectification was evident at potential levels greater than
—86.6+x3.7 m¥V (Fig. 5); but in phasic PGN, inward
rectification was not observed (Fig. 5). In tonic PGN,
membrane potential changes induced by hyperpolarizing
current pulses (ranging from —30 to —60 pA) were
significantly smaller (by 76.8-90%; P<0.05, Mann-Whit-
ney test) than in phasic PGN. Outward rectification was
observed in both types of neurons.

3.3 Effect of 4-AP on electrophysiological properties of
tonic and phasic PGN

In phasic PGN under control conditions, only a single or
a few action potentials occurred at the beginning of
depolarizing current pulses, ranging in amplitude up to 120
pA (Fig. 4A, C). Bath application of 4-AP (0.5 mM) for 1
min converted phasic discharges into tonic discharges
(n=8) (Fig. 4B, D). 4-AP significantly increased the
number of spikes by 155-309% for depotarizing current
pulses ranging from 20 to 120 pA (P<C0.05, unpaired
t-test, N=8) (Fig. 4D). 4-AP did not affect the latency for
firing in phasic PGN. After washing out of 4-AP, the
phasic discharge reappeared (Fig. 4C).

Prior to treatment, tonic PGN discharged rhythmically
(Fig. 3A) in response to depolarizing current pulses. The
number of action potentials increased with increments in
the current pulses; the mean number increasing from 2.5 to
5.6 at 20 pA and 120 pA, respectively (Fig. 3A, C).
Application of 4-AP (0.5 mM) significantly (P<0.05,
unpaired r-test, n=7) increased by 11-19% the mean
number of action potentials evoked by a range of de-
polarizing current pulses (10 pA to 120 pA) (Fig. 3C). In
tonic PGN, 4-AP also reduced the latency for firing
induced by low intensity current pulses (P<C0.05, paired
t-test) but did not alter the latencies of firing evoked by
high intensities of stimulation.

When 4-AP (0.5 mM) was added to external solution
containing CNQX (5 pM), APV (50 pM), bicuculline (i0
M) and strychnine (1 wM) to block EPSCs or IPSCs [3],
it produced a negative shift in the mean threshold for
generating an action potential from —-33.9*1.6 mV to
—39.2*+1.4 mV in tonic PGN (P<0.05, paired r-test) and
from —30.7=1.8 mV to —36.1:1.9 mV in phasic PGN
(P<<(.0003) (Table 2). 4-AP also prolonged (P<20.05) the
mean duration of the action potentials (measured at half
amplitude width) from 2.2x0.3 ms to 27204 ms in
phasic PGN, but did not significantly change the duration
of the action potentials in tonic PGN (Table 2). 4-AP did
not significantly change the mean duration and amplitude
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Fig. 5. Current-voltage relationships in PGN obtained in the presence of TTX (1 pM) to block voltage gated Na' channels. (A and B) Superimposed
traces of membrane potential recordings in phasic and tonic PGN during depolarizing and hyperpolarizing current pulses (300 ms duration). The amplitude
of the pulses was changed from —60 pA to 110 pA in 10 pA steps which are shown under each record. Note inward rectification in tonic but not phasic
PGN, at membrane potentials more negative than —86 mV (B, C). Outward rectification occurred in both types of cells. Steady-state voltage values at the
end of the negative current injection are plotied in C. Data were obtained from 17 tonic and |3 phasic PGN.

Tabie 2
Effect of 4-AP (.5 mM) on action potentials in tonic and phasic PGN*
Tonic {(n=7) Phasic (n=8)
Contro! 4-AP Control 4-AP
Spike threshold —339*08 -39.2+1.4% —-30.7x18 —36.1=1.9%
(mV)
Spike duration 2.7x03 2.9x03 2203 2. 7+0.4%
(ms}
AHP duration 1855224 221.1%£17.2% 140.3+24.4 127.7+23.5
(ms)
AHP amplitude 76*1.3 7.6+1.5 6.8+2.0 5824
(mV)
Threshold current 10.0x1.7 156*1.8 3.3x8.1 18.8+4.8*
(pA)
Latency of 1st AP 111.0%22.1 56.7+x11.0* 43493 44.6+9.0
{ms)

* Data are mean*=S.E.M.

*P<20.05 indicates differences compared

with control.
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of the spike AHP in PGN (Table 2), or the inward
rectification {(n=8) observed in tonic PGN.

4. Discussion

The present study revealed that parasympathetic PGN in
the lumbosacral spinal cord of the neonatal rat can be
divided into two groups on the basis of their firing patterns
in response to depolarizing current pulses. A large propor-
tion (61%) of PGN exhibited a tonic discharge pattern,
whereas a small proportion exhibited phasic firing consist-
ing of a short burst of spikes (mean 1.4, range 1-5) in the
initial period of depolarizing current puises even during
high intensity stimulation. Because these two populations
of neurons exhibited other electrophysiological and phar-
macological differences it is possible that they have
different functions and innervate different organs.

It has been reported previcusly that tonic and phasic
firing patterns exist in varying proportions of neurcns in
the peripheral as well as the central nervous system, In the
peripheral autonomic nervous system, the proportion of
tonic neurons ranged from 93% in cat pelvic ganglia [19],
60% 1in coeliac ganglia [25], 35% in superior mesenteric
ganglia [9], 40-100% in inferior mesenteric ganglia
[7,22,38], 28% in cat renal ganglia [8], to 3% in lumbar
sympathetic chain ganglia [7]. It has been suggested {20]
that tonic and phasic peripheral autonomic neurons inner-
vate different organs. On the other hand, at certain sites in
the central nervous system, a more complicated pattern has
been identified. For example in the nucleus tractus
solitarius (NTS) of the rat four cell types have been
identified on the basis of the responses to depolarizing
current pulses: single action potential type (S1 neurons),
tonic firing type (S2 neurons), initial burst type (83
neurons), and delayed excitation type (S84 neurons) [29]. In
the lumbosacral parasympathetic nucleus, we also iden-
tified phasic and tonic firing neurons similar to S1 or 83
and §2 neurons in the NTS. In addition a few cells also
had properties similar to those of S4 neurons.

The two major groups of PGN in the rat lumbosacral
parasympathetic nucleus also exhibited other differences.
Although there was considerable overlap in the distribution
of cell sizes of tonic and phasic PGN, the tonic PGN
measured on their long axis were on average larger
(20.7+0.5 pm) than phasic PGN (16.720.3 pum), but
slightly smaller than sympathetic PGN in necnatal rat
spinal cord (25.2 — 26.5 wm) [31,27]. In addition the larger
parasympathetic PGN (greater than 23 jum) were all tonic
neurons. However mean input resistance and capacitance
were not significantly different for tonic and phasic PGN
indicating that the surface area of the two types of cells is
similar and that only the shape is different (i.e.. tonic cells
are on average more elongated).

The spike AHP was also longer in tonic PGN
(200.5x11.9 ms) than in phasic PGN (137.6X9.8 ms).

Cassell et al. [7] reported a similar difference in the mean
duration of spike AHP of tonic and phasic neurons in
guinea-pig sympathetic ganglia [7]. The spike AHP could
contribute to the differences in firing properties of the two
types of PGN as noted in other neurons. For example,
Yarom et al. [39] reported that the firing patterns of frog
vagal motoneurons can be affected by the slow AHP
mediated by Ca’"-activated K™ channels [39]. They
reported that the slow AHP prevented the membrane
potential from reaching the threshold for spike generation
and gradually slowed the frequency of discharge during
long depolarizing current pulses. Although Ca®” activated
K™ currents and AHP may modulate firing frequency it is
not likely that the AHP is the critical factor in producing
phasic firing in PGN becanse 4-AP treatment which
unmasked tonic firing in phasic neurons did not suppress
the AHP.

It has been reported that sympathetic PGN in the
neonatal rat exhibited inward rectification without a de-
polarizing sag during current injection [27,31]. We also
tound that tonic parasympathetic PGN had inward rectifi-
cation without a depolarizing sag but phasic PGN did not.
Uchimura et al. [37] proposed that in nucleus accumbens
neurons inward rectifying current may contribute to an
enhancement of the resting membrane potential since
activation occurred at potentials near the resting level [37].
However, inward rectification in the tonic PGN activated
at about —87 mV which is considerably higher than the
resting membrane potential. Inward rectification could also
contribute to maintenance of tonic firing during prolonged
synaptic input; because Travagli and Gillis [36] reported
that vagal neurons which exhibited inward rectification had
increased firing frequencies in response (o excitatory
postsynaptic potentials [36]. However inward rectification
in tonic PGN was resistant to low concentrations of 4-AP,
as reported by other investigators [17,27]. Therefore
inward rectification can not be important in the facilitatory
effects of 4-AP on tonic PGN firing.

The most prominent effect of 4-AP on PGN firing was
the unmasking of tonic activity in phasic PGN. Zhang and
Trussell [42] also reported that 4-AP converts single
discharges into multiple discharges during prolonged de-
polarizing current injection in the avian nucleus magnocel-
lularis (NMC) [42]. A similar unmasking of multiple
action potentials by 4-AP was also observed in the chick
NMC neurons [24] and in principal neurcns of rat medial
nucleus of the trapezoid body [5,18]. Thus a 4-AP sensi-
tive current could contribute to the suppression of multiple
action potentials in phasic PGN. In addition we also
observed that 4-AP slightly increased firing frequency in
tonic PGN during prolonged depoelarizing current injection.

The present results also indicated that the characteristics
of the action potentials in parasympathetic PGN are
regulated by 4-AP sensitive channels. 4-AP significantly
increased the duration of the action potential in phasic
PGN. This is similar to the effect of 4-AP on other neurons
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in the superior cervical ganglia (6], rat pelvic ganglia [41]
and NMC [24,32] where block of K channels by 4-AP
prolonged action potential duration. This indicates that
4-AP sensitive currents contribute to spike repolarization.
In addition, 4-AP reduced the threshold for triggering an
action potential in parasympathetic PGN. This been noted
in other neurons including pedunculopontine neurons [23],
relay neurons in the thalamus [30], small diameter dorsal
root ganglion neurons [40] and NMC neurons {24].

4-AP also shortened the latency for firing in response to
small depolarizing currents in tonic PGN. Other studies
[33] have revealed that transient outward currents such as
I, and Iy, which are sensitive to 4-AP, can contribute to
the delay between the start of depolarizing current in-
Jection and the occurrence of the first action potential. For
example, in the rat NTS, /, currents play an important role
in the generation of this delay, whereas I, currents regulate
the steady-state firing rate in the neuron. Thus the delay of
the first action potential and the high threshold for generat-
ing action potentials in the parasympathetic PGN might be
due to I, currents, It will be important in future experi-
ments to perform a detailed analysis of the kinetics of
4-AP sensitive currents in PGN, and how these kinetics
differ in tonic and phasic neurons.

The identification of lumbosacral PGN with different
firing patterns raises the question as to whether these
patterns reflect different physiological functions of the
neurons. The lumbosacral parasympathetic pathways reg-
ulate the functions of various organs including the urinary
bladder, urethra, distal bowel and the reproductive organs
[10-15]. Previous studies in cats revealed that during
micturition, bladder PGN exhibit an intermittent discharge
characterized by burst-type firing for a short period sepa-
rated by a long silent period. On the other hand, during
defecation, colon PGN exhibit a tonic discharge. A rela-
tionship between function and firing pattern has also been
detected in peripberal autonomic ganglia. For example, in
the guinea-pig sympathetic ganglia, phasic neurons ex-
hibiting an initial transient burst of activity during pro-
longed depolarizing current pulses innervate blood vessels;
whereas tonic (continuous firing) neurons regulate the
motility of visceral organs [7,21,26,34]. Thus tonic and
phasic PGN might regulate different pelvic organs. This
could be explored in future experiments by studying the
electrical properties of functionally identified PGN by
labeling the neurons with transneuronal tracers injected
into different organs.

In summary, two types of neurons in the lumbosacral
parasympathetic nucleus of the neonatal rat were identified
on the basis of electrophysiological as well as pharmaco-
logical properties. One type of neuron (phasic) exhibited
short latency and brief periods of firing in response to
prolonged depolarizing current pulses. The other type
(tonic) exhibited longer latency and more prolonged
discharges. 4-AP increased the duration of firing in phasic
neurons, shortened the latency of firing in tonic neurons

and reduced the threshold for action potentials in both
types of neurons. It is concluded that 4-AP sensitive K™
currents play significant but different roles in regulating
the firing properties of tonic and phasic PGN,
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Intravesical capsaicin instillation for detrusor hyperreflexia

in patients with spinal cord injury.
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Department of Urology, L W C Spinal injuries Center!
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We evaluated the instillation of intravesical capsaicin for in 4 patients with spinal cord injury. These
patients with reflex urinary incontinence had been on self catheterization. Cystometry was performed before
instiltations of 2 mumol./1 capsaicin in 30 % ethanol, then repeated 1 day, 1 week and 4 weeks after. In three
of four patients, the mean maximal bladder capacity increased from 70 ml to 150 ml. In two of three patients,
maximal urethral pressure decreased from 118 em H,O to 65 em HyO. After treatment, no satisfactory
clinical improvement was noted since the bladder capacity for all patients remained less than 250 ml.

Key words: Capsaicin, reflex incontinence, spinal cord injury
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Bladder-Pumping Therapy for the
Treatment of Low-Capacity or
Low-Compliance Bladders

Kimio Sugaya,’ Osamu Nishizawa,? Tomoya Satoh,? Tadashi Hatano,! and
Yoshihide Ogawa’

"Department of Urology, University of the Ryukyus, Okinawa, Japan
ZDepartment of Urology, Shinshu University, Matsumoto, Japan

The walls of low-capacity or low-compliance bladders are thought to be less elastic than
normal. Pumping of the bladder was found to disrupt collagen-fiber bundles in the rat
bladder wall, offering the promise of potential clinical application. This result prompted us
to use bladder-pumping therapy to soften the bladder wall in patients with low-capacity or
low-compliance bladders to restore bladder elasticity. CO, gas or air, at a volume below the
maximum bladder capacity (=200 mL), was repeatedly pumped in and out of the bladder
through a catheter under caudal anesthesia in 26 patients with low-capacity or low-
compliance bladders and without uninhibited bladder contractions, who presented with
urinary frequency or incontinence. A respirator was used to control the pumping at 0.5
cycles/s for a duration of 15 minutes. No serious adverse effects were encountered during
or after the procedure. QOverall subjective improvement was noted 4 weeks after the pro-
cedure in 11 of 18 patients with a low capacity bladder (<300 ml.) and in five of eight
patients with a low-compliance bladder (<20 mL/cm H,0). The procedure significantly
increased the maximum bladder capacity, single voided volume, and average urinary flow
rate after 4 weeks. In the responding patients, subjective improvement lasted from 3 months
to over 6 years. Bladder-pumping therapy is an easy and safe procedure and exerts a
beneficial effect for a long period, in patients with low-capacity or low-compliance bladders
and without uninhibited bladder contractions. Neurourol. Urodynam. 19:19-28, 2000,

© 2000 Wiley-Liss, Inc.

Key words: collagen fiber; elasticity; capacity; compliance; urinary frequency; urinary inconti-

nence

INTRODUCTION

Anticholinergic agents relieve urinary symptoms, including frequency and in-
continence, in patients with uninhibited bladder contraction (overactive bladder)
[Tapp et al., 1989; Yarker et al., 1995; Kaplinsky et al., 1996]. However, patients with
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low-capacity or low-compliance bladders that are not overactive respond poorly to
these agents. While cholinomimetic agents often reduce urinary frequency and ob-
structive symptoms, including hesitancy and intermittency, by decreasing residual
urine in some patients with an underactive bladder [Finkbeiner, 1985], these agents
often worsen urinary frequency in those with low-capacity or low-compliance blad-
ders. Severely symptomatic patients with low-capacity or low-compliance bladders
who are unresponsive to medical therapy may require surgical intervention or bladder
augmentation [Stothers et al., 1994; Kajbafzadeh et al., 1995]. Although the causes
have not all been clarified [McGuire, 1994], the bladder wall in patients with low-
capacity or low-compliance bladders appears to be less elastic than normal. This led
us to hypothesize that pumping of the bladder might soften the bladder wall. There-
fore, we first tested bladder pumping on halothane-anesthetized rats [Sugaya et al,,
1997]. The procedure involved pumping air (0.5-0.8 mL) in and out of the bladder
through a transurethral catheter at 0.5 cycles/s for 5 minutes, using a 1-ml. syringe.
This procedure significantly increased the bladder capacity but did not change the
post-voiding residual volume. Electron microscopy after the procedure revealed de-
ranged and disrupted collagen-fiber bundles in the bladder wall [Sugaya et al., 1997].
The results of our animal experiment suggested the potential for clinical application,
so we attempted bladder-pumping therapy on patients with various urinary disorders
who complained of frequency or incontinence. Preliminary trials of bladder-pumping
therapy under caudal anesthesia were effective in patients with low-capacity or low-
compliance bladders, but this therapy could not be performed in patients with an
overactive bladder because it induced uninhibited contractions even under caudal
anesthesia plus local injection of 1% lidocaine chloride [Sugaya et al., 1997]. There-
fore, we have used bladder-pumping therapy for patients with low-capacity or low-
compliance bladders, and here report the method of this therapy and the results.

PATIENTS AND METHODS

Bladder-pumping therapy was performed in 26 adult patients (12 men and 14
women) who presented with urinary frequency or incontinence at the outpatient
clinics of Akita University Hospital and Ryukyu University Hospital from August
1991 to December 1998. Their ages ranged from 19 to 76 years, with a mean age of
57 years. All patients underwent urodynamic studies, including cystometry with elec-
tromyography of the external urethral sphincter, measurement of the single voided
volume and residual urine volume, and/or uroflowmetry. They were confirmed not to
have uninhibited bladder contractions on cystometry. They consisted of 16 patients
with neurogenic bladder, seven with a low-capacity bladder (<300 mL) of unknown
etiology, two with benign prostatic hypertrophy (BPH), and one with a mild cystocele
(Tables I and II). None of them had bacterial urinary tract infection.

According to the results of the urodynamic studies, the patients were divided
into two groups, i.e., 18 patients who had a low-capacity bladder (<300 mL, 130-290
mL) with or without underactivity and eight who had a low-compliance bladder (<20
mL/cm H,0, 3.3-13 ml/cm H,0) with or without underactivity. Four patients with
a low-capacity bladder and four with a Jow-compliance bladder had an incompetent
urethra with urinary incontinence. One patient with a low-compliance bladder had
mild urethral obstruction due to BPH. Consent to undergo bladder-pumping therapy
was obtained from all patients after they did not respond to anti-cholinergic or cho-
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TABLE I. Characteristics of 18 Patients With a Low-Capacity Bladder*

Effective
period of
Pt. No.- Underlying Urodynamic study 4 weeks after BPT
age-sex Urological diagnosis disease before BPT BPT (months)
1-38-F * Neurogenic bladder Cervical Ca. Low-capacity, Good 3
post-op. underactive bladder
Incompetent urethra
2-40-F Neurogenic bladder Cervical Ca. Low-capacity, Unchanged
post-op. underactive bladder
Incompetent urethra
3-43-M  Neurogenic bladder Lumbar disc Low-capacity, Good 5
hemia underactive bladder
4-46-M  Neurogenic bladder Lumbar disc Low-capacity, Unchanged
hernia underactive bladder
5-63-M  Neurogenic bladder Cerebral Low-capacity, Fair
infarction underactive bladder
Incompetent urethra
6-64-M Neurogenic bladder Crow-Fukase’s Low-capacity, Excellent >36
syndrome underactive bladder
7-65-M  Neurogenic bladder OPLL 1 ow-capacity bladder  Fair
8-65-M  Neurogenic bladder Parkinson’s Low-capacity, Good 12
disease underactive bladder
9-67-M  Neurogenic bladder Cerebral Low-capacity bladder  Unchanged
infarction
10-71-F  Neurogenic bladder Cerebral Low-capacity, Fair
infarction underactive bladder
Incompetent urethra
11-75-M  Neurogenic bladder Cerebral Low-capacity bladder  Good >38
infarction
12-19-F  Low-capacity bladder Unknown Low-capacity bladder Good >50
13-46-F  Low-capacity bladder Unknown Low-capacity bladder  Excellent >72
14-50-F  Low-capacity bladder Unknown Low-capacity bladder  Excellent >48
15-53-F Low-capacity bladder Unknown Low-capacity bladder  Excellent >24
16-57-F  Low-capacity bladder Unknown Low-capacity bladder  Fair
17-60-F  Low-capacity bladder Unknown Low-capacity bladder Good >30
18-62-F  Low-capacity bladder Unknown Low-capacity bladder Good 10

*BPT, Bladder-pumping therapy; Cervical Ca. post-op., Cervical cancer post-operation; OPLL, ossifica-
tion of the posterior longitudinal ligament.

linomimetic agents, or to other drugs. None of the patients had abnormalities of the
upper urinary tract or bladder diverticulum on ultrasonography. The patients kept a
diary of the frequency of micturition and incontinence from 1 week before to 4 weeks
after bladder-pumping therapy.

The procedure consisted of the following. Air or CO, gas at a volume less than
the maximum bladder capacity (=200 mlL) was pumped in and out of the bladder
through the channel of a 12-French transurethral two-way catheter with multiple holes
near the tip. Another 6-French pigtail catheter (also with multiple holes near the tip)
was placed in the bladder to allow the leakage of residual gas or air and thus to avoid
an excessive increase of intravesical pressure, which was controlled by periodic
manual opening or clamping as necessary. In the first two patients, bladder-pumping
therapy was performed manually using a 200-mL syringe. In the next six patients, the
procedure was performed using a motor-driven syringe. The remaining 18 patients
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TABLE II. Characteristics of Eight Patients With a Low-Compliance Bladder*

Effective
Pt.No.- Uroclogical Underlying Urcdynamic study 4 weeks after period of
age-sex diagnosis diseases before BPT BPT BPT (months)
1-49.F Mild cystocele Low-compliance, Excellent >12
underactive bladder
2-50-M  Neurogenic OPCA Low-compliance, Good >36
bladder underactive bladder
3-52-F  Neurogenic Cervical Ca. Low-compliance bladder  Good 3
bladder post-op.
4-55-F  Neurogenic Cervical Ca. Low-compliance, Good 3
bladder post-op. underactive bladder
Incompetent urethra
5-65-F  Neurogenic Recta Ca. Low-compliance, Unchanged
bladder post-op. underactive bladder
Incompetent urethra
6-67-M  Neurogenic Rectal Ca. Low-compliance, Unchanged
bladder post-op. underactive bladder
Incompetent urethra
7-715-M  BPH Low-compliance, Fair
underactive bladder
Obstructive urethra
8-76-M  BPH Post-TUR-P  Low-compliance bladder Excellent >36

Incompetent urethra

*BPT, Bladder-pumping therapy; OPCA, Olivo-ponto-cerebellar atrophy; Cervical Ca. post-op., Cervical
cancer post-operation; Rectal Ca. post-op., Rectal cancer post-operation; BPH, Benign prostatic hyper-
trophy; TUR-P, Transurethral resection of the prostate.

underwent bladder-pumping therapy using a respirator (Shinano, SN-480-5, Tokyo,
Japan) connected to a CO, gas outlet that allowed gas leakage at high intravesical
pressures (i.e., >60-80 cm H,0). The intravesical pressure was monitored via the
other channel of the two-way catheter. Pumping in and out was repeated at 0.5
cycles/s, with pumping being initiated very slowly and increased gradually. All pa-
tients underwent bladder-pumping therapy for 10~15 minutes under caudal anesthesia
with 20 mL of 1% lidocaine chloride. Oral prophylactic antibiotic therapy was ad-
ministered for 2-3 days after the procedure to prevent urinary tract infection. The
patients continued to take any medications that were being administered before blad-
der-pumping therapy, but no additional medications (except for the antibiotics) were
given for at least 4 weeks after the procedure. Two weeks after bladder-pumping
therapy, urine specimens from all patients were sent for urinalysis. Four weeks after
the procedure, the patients underwent urodynamic studies and made a subjective
assessment of the effect of bladder-pumping therapy (excellent, good, fair, unchanged,
or worse for each symptom and for the overall impression of this therapy) based on
the impressions of the patients themselves. The subjective assessment indicated the
degree of patient satisfaction with the results of this therapy. Excellent and good
meant that the patient was satisfied, corresponding to 0 or 1 points on the quality-
of-life score. The patients were followed up for from 3 months to more than 6 years
and were questioned the duration of effect of this therapy at our outpatient clinics.

Results are reported as the mean + standard deviation. Student’s f-test was used
for statistical analysis of paired data. A P value of <0.05 was considered to be
statistically significant.



Bladder-Pumping Therapy 23
RESULTS

During bladder-pumping therapy, nearly all of the patients reported a desire to
void even under caudal anesthesia. The intravesical pressure increased to 5-70 cm
H,O (amplitude) when gas was injected into the bladder, while the baseline intra-
vesical pressure (when gas was pumped out at the beginning of the procedure) was
2040 cm H,O at the time when the pigtail catheter was clamped (Fig. 1). Both the
maximum intravesical pressure and the baseline intravesical pressure gradually de-
creased within 5-15 minutes at a gradient of 10-30 cm H,O. In patients reporting a
strong desire to void when gas was pumped in (because of insufficient anesthesia), the
volume of gas could not be increased to 200 mL or near the maximum bladder
capacity, and the baseline intravesical pressure did not decrease toward the end of
bladder-pumping therapy. No difference between pumping air (n = 8) and CO, gas
(n = 18) was recognized during or after the procedure, although CO, gas was used
to avoid the risk of air embolism. No serious adverse effects were encountered during
or after the procedure. At 2 weeks, urinalysis data remained normal.

At 4 weeks, 11 of 18 patients (61%) with a low-capacity bladder and five of
eight patients (63%) with a low-compliance bladder reported that the overall effect of
bladder-pumping therapy was excellent or good (Tables 1 and II). From 50 to 75% of
patients with a low-capacity or low-compliance bladder reported some improvement
of storage symptoms (including urinary frequency and incontinence), as well as
voiding symptoms (such as hesitancy, intermittency, and sensation of residual urine)
tmmediately after the procedure (Table III). Seventy-five percent of patients who had
lower abdominal discomfort including heaviness of the lower abdomen also reported
a relaxed lower abdomen. There were no patients whose symptoms became worse.
According to the diary notes made on 3 consecutive days before and 4 weeks after
bladder-pumping therapy, the micturition frequency decreased significantly (P <
0.0001) from 12.2 = 3.1 to 8.3 + 1.5 times/day in 26 patients. Urinary incontinence
also decreased significantly (P = 0.0039) from 2.1 + 1.2 to 1.0 £ 0.7 times/day in
eight patients having this symptom. These patients had stress incontinence with or
without urge incontinence, although cystometry did not reveal uninhibited biadder
contractions.

In patients with a low-capacity bladder, bladder pumping significantly increased
the intravesical volume at the first desire to void (mean 57% increase), the maximum
bladder capacity (52%), the single voided volume (89%), and the maximum (22%)
and average urinary flow rates (41%) (Table IV). In patients with a low-compliance
bladder, bladder-pumping therapy significantly increased the maximum bladder ca-
pacity (mean 20% increase), the bladder compliance (67%), the single voided volume
(101%), and the average flow rate (93%) (Table IV). Residual urine volume was
significantly decreased (mean 32% decrease) in patients with a low-compliance blad-
der (Table V). Cystoscopy 4 weeks after bladder-pumping therapy in the initial three
patients with a low-capacity bladder and 3 months after the procedure in two patients
with a low-compliance bladder, who exhibited a good response for only 3 months,
revealed no remarkable changes of the bladder wall.

A single session of bladder-pumping therapy lasting for 10-15 minutes resulted
in subjective improvement in patients with low-capacity or low-compliance bladders,
and the improvement lasted from 3 months to over 6 years. In two patients with a
low-compliance bladder who exhibited a good response, urinary frequency and in-
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Fig. 1. Cystometrograms (CMG) and electromyograms (EMG) of the external urethral sphincter muscle
obtained in a 76-year-old man with a low-compliance bladder before, during, and 4 weeks after bladder-
pumping therapy (BPT). Cystometric capacity was 350 mL before BPT. Intravesical pressure at the
maximum desire to void (MDV) was 39 cm H,0O and bladder compliance was 9.0 mL/cm H,0. Mictu-
rition occurred on the command to void (C.V.). During BPT, the intravesical pressure and EMG activity
changed rhythmically according to the rhythm (0.5 cycles/s) of bladder pumping with 200 mL of CO, gas,
Four weeks after BPT, the intravesical pressure was 24 cm H,O and bladder compliance was 14.6 mL/cm
H20 when 350 mL of physiological saline was injected into the bladder, although this volume did not
reach the maximum bladder capacity.
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TABLE III. Subjective Assessment of the Effects of Bladder-Pumping Therapy on Each
Symptom in Patients with Low-Capacity or Low-Compliance Bladders

Symptom Excellent Good Fair Unchanged Worse Total

Urinary frequency 6 9 5 4 0 24
(63%)

Urinary incontinence 2 3 2 1 0 8
(63%)

Hesitancy/intermittency 3 6 2 4 0 15
(67%)

Sense of residual urine 4 2 2 4 0 12
(50%)

Lower abdominal discomfort 5 4 3 0 0 12
(75%)

*Impression of patients (n = 26) 4 weeks after bladder-pumping therapy.

continence developed again 3 months after the procedure and an additional session of
bladder-pumping therapy resulted in symptomatic relief that lasted for more than 2
years. Bladder-pumping therapy did not achieve symptomatic improvement in the
remaining 10 patients (38%) with low-capacity or low-compliance bladders, probably
because the volume of gas pumped in was not sufficient to increase the bladder
volume due to insufficient anesthesia, since these patients reported a strong desire to
void when the volume of gas was increased.

DISCUSSION

Bladder-pumping therapy was effective not only for urine storage symptoms but
also for voiding symptoms in patients with low-capacity or low-compliance bladders,
although the gas volume pumped in did not exceed the maximum bladder capacity
during the procedure. Urodynamic parameters related to urine storage and voiding
also improved 4 weeks after bladder-pumping therapy as well as the subjective
assessments. Bladder-pumping therapy could be a treatment of choice for urinary
symptoms in patients with low-capacity or low-compliance bladders, even in the
presence of underactive bladder function.

Previous electron microscopic studies on rats subjected to bladder pumping
have shown that this procedure deranges and disrupts collagen-fiber bundles in the
bladder wall {Sugaya et al., 1997]. These alterations of the bladder wall may also

TABLE IV. Urodynamic Parameters Before and 4 Weeks After Bladder-Pumping Therapy
(BPM) in Patients With a Low-Capacity Bladder*

Urodynamic parameter No. Pts. Pre-BPT Post-BPT P value
Volume at first desire to void (ml.) 17 138 + 31 216 £ 543 <(.0001
Maximum bladder capacity (mL) 18 244 + 30 370+ 90 <0.0001
Bladder compliance {mL/cm H,0) 18 329+93 28094 0.0078
Single voided volume (mL) 18 168 + 43 318 £ 105 <(.0001
Maximum flow rate (mL/s) 15 139+75 169 +48 0.0139
Average flow rate (mlL/s) 15 6.6+42 93+£33 <0.0001
Residual volume (mL) 18 3033 23+ 34 0.1891

*Data are shown as the mean =+ standard deviation.



