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Urinary continence and faecal continence are achieved
through an
controlling the smooth muscle of the lower urinary tract,
bowel and rectum and the sacral somatic motoneurones
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Responses to pudendal afferent stimulation and depolarizing intracellular current injection
were examined in sacral sphincter motoneurones in decerebrate cats.

In 16 animals examined, 2—10 s trains of electrical stimulation of pudendal afferents evoked
sustained sphincter motoneurone activity lasting from 5 to >50 s after stimulation. The
sustained response was observed in: 11 animals in the absence of any drugs; two animals
after the intravenous administration of 5-hydroxytryptophan (5-HTP; < 20 mg kg™); one
animal in which methoxamine was perfused onto the ventral surface of the exposed spinal
cord; and two animals following the administration of intravenous noradrenergic agonists.

Extracellular and intracellular recordings from sphincter motoneurones revealed that the
persistent firing evoked by afferent stimulation could be terminated by motoneurone
membrane hyperpolarization during micturition or by intracellular current injection.

Intracellular recordings revealed that 22/40 sphincter motoneurones examined displayed a
non-linear, steep increase in the membrane potential in response to depolarizing ramp
current injection. The mean voltage threshold for this non-linear membrane response was
—43 + 3 mV. Five of the 22 cells displaying the non-linear membrane response were recorded
prior to the administration of 5-HTP; 17 after the intravenous administration of 5-HTP
(<20 mg kg ™).

It is concluded that sphincter motoneurones have a voltage-sensitive, non-linear membrane
response to depolarization that could contribute to sustained sphincter motoneurone firing
during continence.

interplay of the sympathetic neurones
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(Mackel, 1979; Holstege & Tan, 1987), as well as post-
synaptic inhibition of urethral sphincter motoneurones
during micturition reflexes evoked by bladder distension or

controlling the urethral and anal striated sphincter muscles
(for reviews see de Groat, 1990; Dubrovsky & Filipini, 1990).
The present study focused on the sacral pudendal ventral
horn motoneurones that innervate the striated muscles of
the urethral and anal sphincters in the adult decerebrate cat.
Many studies examining cat sacral sphincter motoneurones
have revealed significant differences between these spinal
motoneurones and the well-studied cat lumbosacral hindlimb
motoneurones (for reviews on hindlimb motoneurones see
Burke, 1981; Binder et al. 1996). There is little or very weak
monosynaptic afferent excitation of sphincter motoneurones
(Jankowska et al. 1978; Mackel, 1979) and the main
excitatory segmental afferent inputs to the sphincter moto-
neurones are polysynaptic pathways from the perineum,
urethra, bladder and colon (Bishop et al. 1956; Garry et al.
1959; Mackel, 1979; Fedirchuk et al. 1992). There is evidence
of descending brainstem inputs to sphincter motoneurones

electrical stimulation of the pontine micturition centre
(PMC; Fedirchuk & Shefchyk, 1993). With respect to the
inhibitory inputs to the sphincter motoneurones, GABAergic
terminals have been reported on the soma and dendrites of
sphincter motoneurones (Ramirez-Leon & Ulfake, 1993) and
there is both pharmacological and anatomical evidence for a
glycinergic control of these motoneurones (Shefchyk et al.
1998). A variety of passive electrical membrane properties
(Hochman et al. 1991; Sasaki, 1991) and several detailed
descriptions of the morphology (Beattie et al. 1990; Sasaki,
1994) of urethral and anal sphincter motoneurones have also
been published. Several features of these motoneurones that
are of particular interest include their low rheobase values
(Hochman et al. 1991; Sasaki, 1991) and their lack of
recurrent inhibition (Jankowska et al. 1978; Mackel, 1979)
in spite of the presence of recurrent axon collaterals (Sasaki,
1994).
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In the 1980s our understanding of the translation of synaptic
inputs to motoneurone output changed significantly with
the description of active non-linear spinal motoneurone
membrane properties (i.e. plateau potentials, bistability) in
the turtle (Hounsgaard & Kiehn, 1985, 1989) and the cat
(Hounsgaard et al. 1984, 1988; Conway et al. 1988; Crone et
al. 1988). The presence of bistability or plateau potentials
produces an increase in motoneurone excitability that can
translate into an amplification and/or prolongation of moto-
neurone firing in response to membrane depolarization (Eken
& Kiehn, 1989; Kiehn & Eken, 1997; Bennett et al. 1998a,b).
In turtle motoneurones, the underlying mechanism of the
plateau potential is a nifedipine-sensitive calcium current
(Hounsgaard & Kiehn, 1989). It is generally accepted that a
persistent inward current, perhaps mediated by the L-type
calcium conductance as described in turtle motoneurones, is
responsible for plateau potentials in cat motoneurones (Lee
& Heckman, 19985).

One of several factors contributing to urinary continence is
the tonic activity in urethral sphincter motoneurones upon
which phasic reflexes may be superimposed. The role of a
non-linear membrane response to depolarization could be
to enhance the actions of excitatory synaptic inputs to the
sphincter motoneurones and to promote sustained moto-
neurone output. Such properties may help to maintain
optimal firing rates and force generation needed for urethral
closure. To date, the role of such intrinsic sphincter moto-
neurone membrane properties has not been explored and
forms the basis of the study described here. Some of the
results in this paper have been previously presented in

abstract form (Shefchyk & Paroschy, 1998).

METHODS

Intracellular recordings were obtained from 24 decerebrate adult
cats of either sex. In eight of these 24 animals only intracellular
recordings from sphincter motoneurones during ramp current
injection were examined. In the other 16 animals, responses to
trains of stimuli delivered to afferent nerves for 2—10s were
recorded in external urethral sphincter (EUS) and external anal
sphincter (EAS) electroneurograms (ENGs) along with intracellular
recordings from single motoneurones. All surgical and anaesthetic
procedures were carried out under the guidelines established by the
Canadian Council for Animal Care and approved by the University
of Manitoba Animal Research Protocol Review Committee. Surgical
anaesthesia was induced and maintained using 2—4 % halothane
carried in a mixture of nitrous oxide and oxygen. The level of
anaesthesia was monitored with pedal withdrawal reflex testing
and systemic arterial blood pressure was monitored via a cannula
placed in a femoral artery. The nerves innervating the following
muscles on the left side of the animal were cut and placed on bipolar
hook electrodes: external urethral sphincter (EUS), external anal
sphincter (EAS), which together are referred to as pudendal (Pud).
The urethral (urSPud) and cutaneous (cutSPud) branches of the left
sensory pudendal nerve were cut and mounted on individual
electrodes. If not separated they were together referred to as the
sensory pudendal (SPud) nerve. The right (contralateral) sensory
pudendal nerve was cut to remove a source of reflex excitation to
the sphincter motoneurones (Fedirchuk et al. 1992). This was done
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to decrease the possibility that the sphincter motoneurones received
sufficient ongoing synaptic excitation to elevate them into a region
of altered excitability and non-linearity as has been described for
hindlimb motoneurones (Bennett et al. 1998a). Likewise, to remove
any excitation originating from bladder distension afferents, a
cannula was inserted into the dome of the bladder and allowed to
drain freely throughout the experiment. The animals had been
fasted for at least 12 h prior to the experiment and no cats defecated
at any time during the experiment. A laminectomy exposed the
caudal lumbar and sacral spinal segments. The animals were
mechanically decerebrated at the pre-collicular, post-mammillary
level and the cerebral cortices and all tissue rostral to the transection
were removed. The anaesthetic was then discontinued and gallamine
triethiodide (Flaxedil; 2—-3 mg kg™ h™) was administered. The
animals were artificially ventilated such that expired CO, was
maintained between 3 and 5%. A femoral venous cannula was used
to provide a continuous infusion of a glucose buffer solution and if
necessary, a high molecular weight dextran solution was given
intravenously to maintain blood pressure levels above 80 mmHg
after the decerebration. At the termination of the experiment the
animal was Kkilled with an overdose of anaesthetic or an intravenous
injection of potassium chloride solution and the artificial ventilation
discontinued.

Intracellular recordings were obtained from antidromically
activated EUS and EAS motoneurones within the ventral horn of
the first sacral spinal segment. Recordings were made using sharp
microelectrodes filled with either a 2 M potassium acetate solution
or a 2M potassium acetate solution with the lidocaine derivative
QX-314 (50 mm). Lidocaine derivatives such as QX-314 have been
shown to block sodium action potentials in motoneurones and
although they may have actions on other ionic currents (Engberg et
al. 1984; Nathan et al. 1990; Talbot & Sayer, 1996), QX-314 has
been used previously to examine non-linear membrane properties
in cat spinal motoneurones (see Brownstone et al. 1994; Bennett et
al. 1998a,b). Discontinuous current clamp (DCC; 3—6 kHz sampling
rate; Axoclamp 2A) was used to record membrane potential while
delivering continuous DC bias current, triangular ramp (ascending
arm of ramp normally 5 s long) or square-wave depolarizing current
injections of varying durations. The ability to inject current via the
microelectrode with the selected DCC parameters was continually
monitored during the intracellular recording and confirmed in the
extracellular fluid outside the cell. Trials in which the electrode
appeared to block during current injection were discarded.

The cutSPud and/or urSPud branch of the left sensory pudendal
nerve was stimulated at 5 or 10 times threshold (7'; defined as the
lowest stimulus strength that produced a response on the cord
dorsum recording). Short (< 5 s) or longer (5—10 s) trains of stimuli
(2—10 Hz) were used. In six animals, micturition was evoked by
distension of the bladder with saline at room temperature infused
at a rate of 2 ml min™. The pontine micturition centre (PMC) was
electrically stimulated in one animal using a monopolar steel
electrode with stimulation parameters of 150—200 yA (0-5 or
1-0 ms square-wave pulses) at 20 Hz (for details refer to Fedirchuk
& Shefchyk, 1991, 1993). The electroneurograms (high pass 300 Hz
and low pass 10 kHz) were rectified and integrated (cut-off
frequency 1-30 Hz) and both the raw and integrated ENG (Int
ENQ) records were digitized (10—15 kHz and 5 kHz, respectively).
The microelectrode signal (10 kHz), cord dorsum (5 kHz), micro-
electrode current monitor (5 kHz), and stimulus markers (5 kHz)
were digitized and stored on a Pentium PC running QNIX for later
analysis using software developed within the Winnipeg Spinal
Cord Research Centre. In some animals the serotonin precursor
5-hydroxytryptophan (5-HTP; 2:5-20 mg kg ™) was administered
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intravenously to facilitate the expression of non-linear properties
(Bennett et al. 1998a,b). In one animal a solution of 50 mm
methoxamine was delivered to the ventral surface of the spinal cord
via a cannula (PE10 silicone tubing) threaded under the cord (see
Lee & Heckman, 1998a,b). In two animals in which the systemic
blood pressure was below 80 mmHg, a dilute solution of
noradrenaline (2 mg in 100 ml saline) and etilefrine hydrochloride
(Effortil, Beohringer Ingelheim, 10 mg in 20 ml saline) was added
to the 80—100 ml reservoir of glucose buffer and infused to elevate
the blood pressure. Results are presented as means and standard
deviations (£ s.p). Comparisons were made using a Mann-Whitney
rank sum test or Student’s ¢ test (paired or unpaired) as indicated
in the text.

RESULTS

Afferent-evoked sustained sphincter responses

With the perineal and pudendal nerves cut and an empty
bladder, there was little or no tonic activity in the EUS
and EAS ENGs in the absence of electrical stimulation of
peripheral nerves in this sample of decerebrate cats.
Electrical stimulation of urethral and/or cutaneous sensory
pudendal afferents at 57 or 10T evoked a stimulus-locked
response in the EUS and EAS ENGs that was followed by a
period of sustained efferent activity (examples in Figs 1, 2,

3, 6 and 7). Figure 14 shows the EUS ENG recording from

A
EUS ENG

urSPud

B
EUS ENG

cutSPud
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one animal in which neither 5-HTP nor monoaminergic
drugs were administered. In this example, a number of
efferent units remained active for ~4 s after termination of
ipsilateral urSPud nerve stimulation. In the present sample
of 16 animals, stimulus trains lasting <5 s evoked activity
persisting for 3—30 s beyond the end of the stimulus train.
Longer duration stimulation (5—10 s) produced 15 to >50 s
of sustained activity. This sustained efferent activity was
observed in: 11 animals without administration of 5-HTP or
monoaminergic drugs; two animals after the administration
of 2:5-20 mg kg™' 5-HTP 1 h before recording; one animal
after methoxamine had been infused onto the spinal cord;
and two animals in which a dilute solution of noradrenaline
and/or Effortil had been administered intravenously
throughout the experiment to elevate a depressed blood
pressure. Figure 1B shows that when several trains of
stimuli were repeated at intervals of <10 s, the duration of
the sustained activity following a later train was longer
(20—60 s) compared with that following a single train of
stimuli. This was seen in all six animals examined suggesting
a ‘warm-up’ phenomenon similar to that described by
Bennett and coworkers (Bennett et al. 1998b; also see
Svirgkis & Hounsgaard, 1998). Two of the six animals
received 5-HTP prior to testing while the other four had not
received 5-HTP or monoaminergic drugs.

10s

Figure 1. Stimulus-locked and sustained EUS ENG activity evoked by stimulation of pudendal

afferents

A, a 10 Hz train of stimuli (57") to the urSPud nerve evoked multi-unit ENG activity during the period of
stimulation (indicated by bar below the ENG) that persisted for seconds after the stimulation. B, response
in another animal in which repeated trains (10 Hz, 57) of stimulation of the cutSPud nerve evoked
sustained responses that increased in duration with subsequent stimulation. Neither animal had been given

5-HTP, methoxamine or noradrenaline.
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The firing frequency of single sphincter efferents was
examined in six animals using either the ENG record or
microelectrode  recordings single
Figure 24 shows the instantaneous firing frequency of a
unit (indicated by #% and enlarged) discriminated from the
population ENG. It was not possible to isolate the unit
during the period of stimulation (hatched bar) because of
recruitment of units of similar amplitude. Immediately
after the train of afferent stimuli this unit fired at an average
rate of 13 Hz for 10 s, then at ~4 Hz for an additional 10 s
before returning to the pre-stimulus baseline firing rate of
1 Hz. Figure 2B shows the firing of an intracellularly
recorded EUS motoneurone which fired at ~20 Hz during
afferent stimulation and then maintained an average firing
rate of ~8 Hz for almost 5 after the stimulation. In the

from motoneurones.
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present sample of eight units, the firing frequencies during
steady, sustained firing occurring within the first 10 s after
the end of the stimulus train included 20 Hz (1 EAS, 3 EUS),
13 Hz (2 EUS) and 6—8 Hz (2 EUS).

Intracellular recordings from three motoneurones showed
that persistent firing evoked by trains of pudendal afferent
stimulation could be terminated by intracellular hyper-
polarizing current injection. This is illustrated in Fig. 3
where a small sub-threshold depolarizing current was applied
before the stimulation. In Fig. 34, afferent stimulation
evoked persistent firing (18—20 Hz) that terminated when
the membrane potential was hyperpolarized by removal of
the intracellular current injection. Figure 3B shows that in
this same motoneurone, constant depolarizing current
injection initiated firing that showed no evidence of
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Figure 2. Sustained responses and increased firing frequency in EUS units following afferent

stimulation

A, a single unit (%, enlarged above trace) discriminated from the population ENG (upper panel) and the
instantaneous firing frequency of the unit following stimulation of the SPud nerve at 10 Hz (57, hatched
bar) (lower panel). No drugs had been given to this animal. B, intracellular recording from an EUS
motoneurone (MN, upper panel, resting membrane potential (V) —42 mV) revealed that this cell fired at
~20 Hz during stimulation of the urSPud nerve (57, 4 Hz) and that the firing continued at ~8 Hz for
almost 5 s after stimulation. In this animal, intravenous noradrenaline had been given to elevate the blood

pressure.
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adaptation; the cell fired at around 18 Hz until the
membrane potential was sufficiently hyperpolarized. A plot
of the instantaneous firing frequency versus injected current
(Fig. 3B, lower panel) shows a relationship similar to the
counter-clockwise hysteresis characteristic of bistable firing
properties (Hounsgaard et al. 1984, 1988; Bennett et al.
1998a,b; Gorassini et al. 1999).

Sphincter motoneurone responses to depolarizing
current injection

Persistent sphincter efferent discharge evoked by afferent
stimulation could result from continued activity of poly-
synaptic pathways or the activation and maintenance of

Non-linear properties of sphincter motoneurones 745

depolarizing conductances in the motoneurones. To address
the latter possibility we examined the responses of sphincter
motoneurones to intracellular ramp depolarizing current
injections. Other studies have examined persistent inward
currents (Lee & Heckman, 1998b) or plateau potentials and
bistability (see Introduction) and in the present study we
document non-linear responses defined by deviations in the
linear trajectory of the membrane voltage in response to
linear ramp depolarizing currents (refer to Fig. 4).

Depolarizing intracellular ramp currents were injected in
40 sphincter motoneurones. In 24 motoneurones the micro-
electrode recording solution included QX-314. Figure 44
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Figure 3. Effect of membrane potential on afferent-evoked persistent firing in an EAS

motoneurone

4, intracellular EAS motoneurone recording (upper panel, resting V,, —57 mV) shows that when the cell
was depolarized to —53 mV with 1-1 nA of bias current, persistent firing was evoked by cutSPud afferent
stimulation (107, 10 Hz). A plot of the instantaneous firing frequency of the motoneurone (lower panel)
revealed the persistent firing (~18 Hz) lasted several seconds then increased to 21 Hz. Reducing the
depolarizing bias current resulted in a drop off in the persistent firing of the cell. The hatched region
represents the period of stimulation when doublet and triplet firing was evoked by each stimulus but was
not included in this plot of instantaneous firing frequency. B, in this same cell, current injection alone
produced persistent 18 Hz firing that terminated when the membrane was hyperpolarized (i.e. depolarizing
bias current removed). Spikes have been truncated for illustration purposes. The plot of the instantaneous
firing versus current (lower panel) shows that firing started at 18 nA of current (a), accelerated (upward
arrow) then persisted as the current was decreased (downward arrow) to below (b) the initial current (a) that
activated the cell. This animal had been given 16 mg kg™ 5-HTP 2:5 h prior to the recording.
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shows two non-linear responses to current injection. Note
the sudden depolarization of the membrane potential that
occurs at about —47 mV in response to the first and third
current ramps illustrated.

In the presence of QX-314 it was possible to examine the
motoneurone membrane response in the absence of spiking
and thus identify the voltage threshold of observed non-
linear responses. The voltage threshold for the non-linear
response was determined by adjusting the intracellular DC
bias current and the magnitude of the depolarizing ramp
current. There was no systematic evaluation of the effect of
varying the interval between the ramps on possible ‘warm-
up’ of the non-linear response with the intracellular
recordings. Seventeen out of 24 motoneurones recorded
with QX-314 displayed a non-linear membrane response to
depolarizing ramp current injection. Because QX-314 can
have actions on currents other than the sodium current (see
Methods), the possibility existed that the presence of QX-314
could influence the ability to record non-linear responses.
There was no difference (P = 09, Mann-Whitney rank sum
test) in the resting V., in motoneurones recorded with
QX-314 included in the micropipette and those recorded

A
Intracellular
EUS MN
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with a potassium acetate solution alone. In a sample of six
motoneurones in which QX-314 was used, the membrane
input resistance was 3-1 + 1-2 M€; in seven motoneurones
recorded with only potassium acetate, it was 2-1 + 0-7 MQ.
These values were within the range previously reported in
pudendal motoneurones in decerebrate (Hochman et al. 1991)
and anaesthetized cats (Sasaki, 1991) using conventional
microelectrode solutions.

Similar non-linear membrane responses were observed in
5/16 cells recorded with a potassium acetate solution alone.
In all but one cell the action potentials evoked by
depolarization failed at, or near, the top of the depolarizing
ramp making it impossible to examine the relationship
between firing frequency and current injection. It should be
noted that in almost all of these motoneurones subsequent
membrane hyperpolarization restored spiking in the cell.

Table 1 summarizes the sample of EUS, EAS and pudendal
motoneurones that displayed a linear or non-linear response
to depolarizing ramp current injection, the resting membrane
potentials of the motoneurones, and the voltage thresholds
for the non-linear response. The voltage threshold for the
non-linear response was 1-19 mV more depolarized than

10 mvV

-62 mV

A—MI 4 nA
Current

-66 mV
-52 nA
B
Intracellular
EUS MN
-63 mV

20 mv

Current MI 20 nA

0 nA

5s

Figure 4. Non-linear changes in membrane potential in response to current injection

A, changes in membrane potential (upper trace) in response to ramp current injections of varying sizes
(lower trace) are shown in EUS motoneurones recorded with QX-314 in the micropipette. Depolarizing
current sufficient to bring the V,, to approximately —47 mV resulted in an abrupt change in the slope of the
membrane trajectory (indicated by continuous diagonal line). The middle current ramp was not of suflicient
size to evoke this non-linear response. This animal had been given 4 mg kg™ 5-HTP prior to the recording.
B, another EUS motoneurone displayed a non-linear membrane response with longer ramp injections; no
5-HTP had been administered in this animal. In 4, the motoneurone resting V,, was —55 mV; in B it was

—61 mV.
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Table 1. Summary of incidence, resting V,, and non-linear voltage thresholds in sphincter
motoneurones examined with triangular ramp current injection

Resting 1V, of motoneurones

Voltage threshold

Motoneurone with linear ~ with non-linear for non-linear

identity response response membrane response
(mV) (mV) (mV)

EUS (17) —54 +9(7) —52 46 (10) —43+3

EAS (11) —52+6(8) —58+8(3) —45+4

Pudendal (12) —60 £+ 13 (3) —544+7(9) —43+3

The number of neurones is given in parentheses. Pudendal, EUS and EAS stimulated together.

the resting membrane potential. In several motoneurones in
which the V,, was more depolarized than —40mV,
continuous hyperpolarizing current injection upon which
large depolarizing ramp current injections were superimposed
failed to reveal a non-linear response. We considered it
likely that these motoneurones were injured by the micro-
electrode impalement and were excluded from Table 1.
Examination of the motoneurones included in the sample
failed to reveal a significant difference (P = 09, unpaired ¢
test) between the resting membrane potentials in the
motoneurones that displayed a non-linear response to ramp
current injection (resting V,, —54 + 6 mV; n = 22) and those
that did not ( resting V,, —54 + 9 mV; n = 18). Both EUS
and EAS motoneurones displayed a non-linear membrane
response and there was no difference in the voltage threshold
for the non-linear response between the two populations
(P =09, unpaired ¢ test). In five motoneurones (resting V,,
—56 + 10 mV), short hyperpolarizing pulses (1-2 nA, 20 ms)
revealed a 56 +10% reduction in the membrane input
resistance (13 + 0-5 MQ) during the non-linear membrane
response compared with the resting membrane input

Intracellular
PUD MN

43 mvREY

Current

resistance (3:0 +0-7 MQ; P<0:001, paired ¢ test). In
addition, during the non-linear response an increase in
synaptic activity was evident in most of the 22 cells.

A persistent depolarization of the membrane potential was
observed after depolarizing square-wave pulse injections in
three motoneurones, one of which is shown in Fig. 5. This
EUS motoneurone responded to depolarizing current steps
with a sustained 2-3 mV depolarization that could be
turned off' by hyperpolarizing current pulses longer than
200 ms (k). In each of these three motoneurones, when a
continuous bias current was used to depolarize the membrane
potential to a level more positive than the voltage threshold
for the non-linear response, additional depolarizing pulses
failed to produce a further depolarization of the membrane
potential (not shown).

While the intravenous administration of 5-HTP increased
the likelihood of non-linear membrane responses in the
motoneurones, non-linear responses were observed in five
motoneurones in the absence of 5-HTP or methoxamine.
Furthermore, 11 motoneurones with resting membrane

sk 5mV

............ . vy
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“ | 4nA
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Figure 5. Persistent membrane depolarization in response to depolarizing square wave pulses

In this pudendal motoneurone (resting V,, —43 mV), depolarizing pulses produced a persistent membrane
depolarization of several millivolts. The depolarization was terminated by a hyperpolarizing current
injection longer than 200 ms () but not by a very brief pulse of the same amplitude. QX-314 (50 mm) was
included in the recording micropipette solution. This animal had received 8 mg kg™ 5-HTP ~40 min prior

to the recording.
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potentials between —50 and —69 mV failed to display non-
linear responses during ramp injections (depolarization to
—30 mV) after the administration of between 25 and
20 mg kg™ of 5-HTP. Thus, the administration of 5-HTP
was not necessary for observing this non-linear membrane
response in all motoneurones nor did its presence at the
given doses ensure non-linear responses in all sphincter
motoneurones. Sustained afferent-evoked activity in the
ENGs and non-linear motoneurone membrane responses
were observed in one animal following application of a
solution of methoxamine to the ventral surface of the exposed
spinal cord. Due to the nature of this delivery method (see
Methods), the concentration of the drug within the ventral
spinal cord is unknown.

Suppression of sustained EUS activity during
micturition

Figure 3 shows that intracellular injection of hyperpolarizing
current could terminate persistent firing in sphincter
motoneurones. We wished to determine if synaptically
mediated membrane hyperpolarization could also terminate
persistent firing in these motoneurones. Unfortunately,
sphincter motoneurones do not receive significant segmental
reflex inhibition at rest (see Introduction). However, they
are phasically hyperpolarized during micturition evoked by
bladder distension, electrical stimulation of the pontine
micturition centre (Shimoda et al 1992; Fedirchuk &
Shefchyk, 1993) or by stimulation of urethral afferents
under certain conditions (Shefchyk & Buss, 1998). Thus, in

Bladder Pressure

Int EUS
ENG
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six experiments, EUS motoneurones were transiently hyper-
polarized by activation of the micturition circuitry and
afferent-evoked persistent firing in these motoneurones was
examined.

In one experiment, intracellular recordings from two EUS
motoneurones were obtained during synaptically evoked
motoneurone membrane hyperpolarization. In both cells,
hyperpolarization of the motoneurone membrane interrupted
afferent-evoked persistent firing in the motoneurone which
then resumed as the membrane repolarized. This is illustrated
in Fig. 6 in which both EUS ENG and intracellular moto-
neurone recordings are shown. Urethral stimulation (Fig. 6, i)
evoked stimulus-locked action potentials in the motoneurone.
This firing persisted after the afferent stimulation until
PMC stimulation resulted in a 6 mV hyperpolarization of
the membrane. As the membrane repolarized, several spikes
reappeared spontaneously. The second train of urethral
stimulation (Fig. 6, ii) initially evoked stimulus-locked firing
which was replaced by a membrane hyperpolarization that
again stopped the motoneurone firing. The membrane hyper-
polarization evoked by the urethral stimulation reflects the
activation of the micturition circuitry by the urethral afferent
stimulation when the bladder volume and pressure is close
to, or at, the micturition threshold (Shefchyk & Buss, 1998).
Following urethral nerve stimulation and repolarization of
the membrane potential, the motoneurone firing resumed
for several seconds before stopping spontaneously. It would
appear that the excitatory stimuli depolarized the moto-

20 mmHg ’
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Figure 6. Effects of synaptically evoked membrane hyperpolarization on persistent motoneurone

firing

Bladder pressure, integrated (Int) EUS ENG and intracellular EUS motoneurone records (resting V
—58 mV) during stimulation of the urSPud nerve and pontine micturition centre (PMC) are shown. Trains
of stimuli to the urSPud nerve (i; 107, 20 Hz) evoked EUS firing that persisted until the motoneurone
membrane was hyperpolarized by PMC stimulation (50 Hz, 200 gA). The second train of urethral
stimulation (ii) evoked stimulus-locked firing that stopped when the membrane hyperpolarized and
resumed after the stimulation and hyperpolarization was terminated. The final train (iii) of urSPud
stimulation (107, 10 Hz) evoked firing that persisted for several seconds before stopping spontaneously. The
dashed line indicates the level of ENG activity and the motoneurone membrane potential prior to any
stimulation. This animal had received 8-4 mg kg™ 5-HTP 30 min before the recording.
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neurone sufliciently to recruit the mechanisms underlying
the persistent firing while micturition-related inhibitory
pathways to the EUS motoneurones were able to suppress
these responses. Interestingly, changes in the membrane
potential of this motoneurone are similarly reflected in the
integrated ENG record from the EUS motoneurone
population (Fig. 6).

Figure 7 shows the firing in the EUS motoneurone population
during micturition evoked by continuous infusion of fluid
into the bladder. Afferent-evoked sustained responses in the
EUS ENG were abolished as fluid was expelled during the
micturition reflex. As voiding ended and the bladder pressure
began to decrease, the sustained afferent-evoked EUS ENG
responses reappeared in each animal. In contrast, the
afferent-evoked sustained response in the EAS ENGs could
be evoked throughout the void. In 5/6 animals, the afferent
stimulus-locked responses recorded in EUS efferents were
also attenuated during voiding (to < 10 % of pre-void control
values; Fig.74; also see Fedirchuk & Shefchyk, 1993;
Shefchyk & Buss, 1998). An increase in EUS ENG activity

after the void occurred spontaneously in 2/6 animals
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(Fig. 7 B). Regardless of whether trains of afferent stimulation
were delivered (Fig.74) or not (Fig. 7B), the suppression of
EUS activity during the period when the motoneurones are
inhibited was temporary. We suggest that during voiding the
micturition-mediated motoneurone inhibition illustrated in
Fig. 6 interfered with the mechanism(s) underlying the tonic
activity in the population of EUS motoneurones (Fig. 7).

DISCUSSION

Non-linear membrane properties in sphincter
motoneurones

Using intracellular triangular-wave current injections, a non-
linear membrane response to depolarization was revealed in
over half’ of the sample of sacral sphincter motoneurones
examined in unanaesthetized decerebrate cats. The threshold
for this non-linear membrane response was around —43 mV;
during the non-linear response the motoneurone membrane
conductance nearly doubled. We propose that a non-linear
membrane property in sacral sphincter motoneurones
contributes to the persistent activity of these motoneurones

A
Bladder pressure 20 mmHg
Int EUS ENG \! ~os
‘ e i
Int EAS ENG
T i i v v
SPud
B

Bladder pressure

Int EUS ENG

20s

Figure 7. Suppression of afferent-evoked sustained efferent responses during distension-evoked

micturition

A, distension of the bladder evoked a micturition reflex characterized by an increase in bladder pressure
(upper trace) during which time there was a suppression of EUS ENG activity (second trace, 1 Hz
integrated) that was not seen in the EAS ENG activity (third trace). The dashed line indicates the pre-void
level of ENG activity. SPud nerve stimulation (57, 10 Hz; indicated by bar below trace) evoked sustained
EUS activity prior to (i) and after (v) the void. During micturition (ii—iv), both stimulus-locked and
sustained EUS ENG responses evoked by afferent stimulation were attenuated while the evoked EAS ENG
responses were largely unchanged. As the bladder contraction ended, an increase in EUS ENG activity
(arrow) was evident. B, in this same animal, the post-void increase in EUS activity was also evident in the

absence of peripheral nerve stimulation.
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during continence and following brief trains of perineal
afferent stimulation. Given the present observations and the
lack of evidence to indicate otherwise at this time, we
propose that a non-linear membrane response similar to the
plateau potentials or bistability described in brainstem (Hsiao
et al. 1998) and spinal limb motoneurones (see Introduction)
is present in sacral sphincter motoneurones.

Plateau potentials and bistability can amplify and/or prolong
hindlimb motoneurone reflex output in decerebrate (for
example Bennett et al. 1998a,b; Crone et al. 1988) and awake
animals (Eken & Kiehn, 1989; Gorassini et al. 1999), as well
as in humans (Kiehn & Eken, 1997). Studies examining
turtle and cat motoneurones suggest that serotonergic and
adrenergic agonists are necessary for the production of
motoneurone plateau potentials. Sphincter motoneurones
receive a descending serotonergic input (Kojima & Sano,
1983) and recently 5-HTP has been shown to enhance
pudendal efferent reflex output via unidentified spinal
mechanisms (Espey et al. 1998). We have shown that the
administration of 5-HTP or adrenergic agonists increased
the likelihood of observing a non-linear membrane response
in sphincter motoneurones. The decerebrate preparation used
in the present study may have variable levels of activity in
the descending pathways that release serotonin and
noradrenaline within the sacral spinal cord. In the present
study, this may have been reflected in the fact that non-
linear membrane responses and persistent motoneurone
firing were observed in the absence of 5-HTP or adrenergic
agonists in some animals while in other animals, modest
doses of 5-HTP or adrenergic agonists were required to
facilitate these responses (see current results and also
Bennett et al. 1998a,b). Acetylcholine has also been shown to
facilitate plateau potentials (Svirskis & Hounsgaard, 1998)
and may contribute to the expression of a non-linear response
in sphincter motoneurones. Interestingly, a potential
cholinergic input to sphincter motoneurones may come from
their own axon collaterals (Sasaki, 1994). Recordings from
sphincter efferents have demonstrated that there may be a
‘warm-up’ phenomenon similar to that reported in both
turtle and cat limb motoneurones. In a few sphincter
motoneurones examined in the current study, non-linear
membrane responses were not observed during initial
current ramps but appeared with subsequent ramps even
though the baseline membrane potential, bias currents and
ramp sizes were unchanged. In several other motoneurones,
the voltage threshold for the non-linear response shifted by
1-3 mV to a more hyperpolarized value after several current
ramps were injected at intervals of <10 s (also see Bennett
et al. 1998b). Our use of inter-ramp intervals of >10 s in the
majority of cells precluded an examination of possible
warm-up phenomenon during intracellular current ramps;
however, population EUS and EAS ENG recordings did
reveal a facilitation of afferent-evoked sustained responses
when trains of afferent stimulation were repeated in rapid
succession. Unfortunately, like Bennett and coworkers
(1998b), we can offer no judgement as to the mechanism
responsible for the possible ‘warm-up’ observed.
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The increase in membrane conductance observed in a sample
of motoneurones examined in the present study may be a
reflection of the persistent inward currents that Lee &
Heckman (19985) have described in cat hindlimb
motoneurones. Furthermore, the mean voltage threshold
for the non-linear membrane response in the sphincter
motoneurones sampled was —43 mV. This voltage is similar
to the voltage reported by Lee & Heckman (1998b) for the
onset of the persistent inward current in what they called
partially bistable motoneurones, and is slightly more
depolarized than the onset voltage in fully bistable cells
(about —50 mV).

In several motoneurones the injection of depolarizing square-
wave pulses produced a persistent membrane depolarization
after the pulse. Depending upon the membrane holding
potential, the prolonged depolarization was brief (1) or
seconds long. Similar observations have been made on
stretch-activated plateaus in cat hindlimb motoneurones
(Fig. 6 in Bennett et al. 1998a). Because the sphincter
motoneurone membrane time constant is <12 ms (Hochman
et al. 1991; Sasaki, 1991), it is unlikely that the time
constant of the cell could explain the persistent membrane
depolarization. A more likely explanation is that variations
in the duration of the prolonged sphincter membrane
depolarization reflect varying degrees of activation of the
voltage-sensitive current underlying the response.

There was a higher incidence of non-linear responses to
ramp injections in the sample of motoneurones recorded
with QX-314 included in the micropipette. One can suggest
that the actions of QX-314, perhaps by reducing potassium
currents, facilitated the expression of the non-linear
responses (however, see Lee & Heckman, 1999). Since we did
not measure the input resistance of all the cells recorded
with the QX-314 solution wersus potassium acetate alone,
we cannot exclude differences in the health of the cells as an
explanation for the difference in the incidence of non-linear
responses.

Implications for urethral sphincter function during
continence and micturition

In the present study we began by removing the major sources
of segmental excitation to the sphincter motoneurones. This
was achieved by cutting perineal afferents bilaterally,
ipsilateral leg afferents and maintaining the bladder empty
between micturition trials. Under these conditions, little
(1-3 Hz) or no activity was seen in the sphincter efferents
and this is similar to the 1-2 Hz firing reported in human
sphincter EMG units when the bladder is empty (Blaivas et
al. 1977). Tonic activity in sphincter efferents has been
described in both humans (Blaivas et al. 1977) and animals
(Krier, 1985; S. J. Shefchyk, unpublished observations) and it
is generally accepted that polysynaptic pathways originating
with viscera and perineal afferents are largely responsible
for producing and maintaining sphincter activity (Bishop et
al. 1956; Garry et al. 1959; Mackel, 1979; Fedirchuk et al.
1992; Buss & Shefchyk, 1999). EUS efferent firing rates of
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20 Hz have been reported in the cat when the bladder is
distended just prior to micturition (Shimoda et al. 1992) and
8—35 Hz firing rates have been documented in cat anal
sphincter units in response to electrical or mechanical
stimulation of the rectum and perineum (Krier, 1985). These
firing rates are similar to the 6—21 Hz observed in urethral
and anal sphincter efferents during the persistent firing
evoked by afferent stimulation in the present study. A
discussion of afferent-evoked tonic activity in the sphincter
efferents must acknowledge the potential contribution of the
interneurones interposed in these pathways. However, until
these interneurones are identified and examined, their
contribution to sustained motoneurone output remains
unknown.

The sphincter motoneurones a number of
characteristics that may predispose them to tonic activity.
Membrane input resistance and rheobase values reported for
sphincter motoneurones are low (Hochman et al. 1991,
Sasaki, 1991), akin to slow hindlimb motoneurones. However,
the duration of their after-hyperpolarizations are shorter
than those reported in slow hindlimb motoneurones (for
review of hindlimb properties see Burke, 1981). Further-
more, the presence of dendritic bundling (Beattie et al.
1990; Ramirez-Leon & Ulfake, 1993) and sphincter motor
axon collaterals terminating within the area of the sphincter
motor nucleus (Sasaki, 1994) suggests the possibility of
electrical coupling and recurrent excitation between
sphincter motoneurones. The presence of a non-linear
membrane property such as plateau potentials would
compliment these features and help to amplify and maintain
output from the motoneurones. We suggest that the lack
of recurrent and reciprocal inhibition, together with these
other motoneurone features and the presence of a non-linear
response to membrane depolarization would produce a pool
of motoneurones recruited easily, synchronously, and
tonically — a set of characteristics suitable for activation of
sphincter motor units as demanded by continence.

possess

The present study, as well as many previous observations in
human and cat models, show that tonic activity and
afferent-evoked sustained responses in EUS efferents are
suppressed during micturition. The suppression of continence
mechanisms (see Shefchyk, 1998) is vital to efficient bladder
emptying in humans and cats. It has been shown previously
that cat urethral sphincter motoneurones undergo membrane
hyperpolarization during micturition (Shimoda et al. 1992;
Fedirchuk & Shefchyk, 1993; Fedirchuk et al. 1994). This
hyperpolarization could prevent the motoneurone membrane
from reaching the critical voltage threshold for the non-
linear response described in the present work, regardless of
whether the plateau potential is generated in the soma or
the dendrites of the neurone (Bennett et al. 1998a,b).

In the absence of pathology, the lower urinary tract remains
in continence mode for much of the time and we propose
that a non-linear motoneurone membrane property such as
described here may be expressed most of the time in EUS
motoneurones. Periodic voids would then require the central
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micturition circuitry to transiently prevent expression of
this membrane response. Furthermore, the micturition-
related postsynaptic inhibition of sphincter motoneurones
may be self-limiting due to the presence of anomalous
rectifying currents in the motoneurone that would
counteract any membrane hyperpolarization (for discussion
see Sasaki, 1991). These rectifying currents could function
to re-establish conditions in the motoneurone that would be
conducive for the expression of a non-linear membrane
response and sustained motoneurone activity. We have
shown that both EUS and EAS motoneurones display
similar afferent-evoked sustained responses and non-linear
membrane responses to depolarizing current injection. The
central micturition circuitry, with its selective inhibitory
action on EUS motoneurones, may exert a unique control
over EUS motoneurone properties. Presumably, the neural
circuitry coordinating defecation would have a similar
control over anal sphincter motoneurone properties. Although
we cannot as yet define the mechanism(s) underlying the
non-linear membrane response to depolarization reported in
the present study, this should not detract from the assertion
that the presence of this property in sphincter motoneurones
plays a role in the initiation and maintenance of sphincter
activity during continence.

Previous discussions about abnormal sphincter function
have focused on the descending and segmental reflex control
of sphincter motoneurones. The potential contribution of
intrinsic sphincter motoneurone membrane properties to
abnormal activity has not been addressed. Enhancement in
the expression of non-linear membrane responses in sphincter
motoneurones could contribute to the increased tonic
sphincter activity while at the other extreme, the loss of
plateau potentials or similar non-linear membrane responses
in sphincter motoneurones might contribute to diminished
motoneurone output and the striated sphincter muscle
weakness that is observed in some forms of incontinence.
Thus, the observations reported in the present study
introduce a new factor to be considered in the constellation
of elements that could contribute to altered striated sphincter
muscle function.
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