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Abstract

Tonic activity of the extemal urethral and anal sphincter muscles is necessary to

maintain urinary and fecal continence. Excitatory descending and segmental synaptic inputs
facilitate the activity of the sphincters during continence. However, intrinsic properties of
the sphincter motoneurons rnay also contribute to the tonic activity of the sphincters.
Prolonged activation of sphincter efferents in response to afferent excitatory input would
decrease the need for a constant synaptic drive to maintain tonic sphincter activity. It is
hypothesized that sphincter motoneurons will have the ability to arnplify synaptic input and
respond with prolonged firing or rnaintained depolarizations (non-linear responses) to
excitatory afferent stimulation and depolarizing current injection
Intraceliular recordings with QX-314showed that halfof the sphincter and hindlimb
motoneurons in the fnst sacral segment of the decerebrate cat displayed non-linear responses
to current ramp injection andor sustained depolarization following depolarizing current
pulses. The average voltage threshold for the non-hear response in sphincter and hindlimb
motoneurons was -42 & 3 mV and -43

* 3 mV respectively. During the non-linear response,

an increase in membrane conductance, dong with an increase in synaptic noise, was
observed.
Prolonged firing of the sphincter efferents could be elicited by excitatory afferent
stimulationduring bladder filling. Phasic increases in activitywere observed in the sphincter
electroneurogmms dong with an increase in the tonic activity and prolonged firing of

individual units. The prolonged activity following afferent stimulation was not observed
during michuition. Intravenous 5-hydroxytryptophan, a serotonin precursor, increased the
occurrence of non-linear responses of the motoneurons, but was not always necessary for the
responses.

It is proposed that the non-linear membrane response observed in sphincter
motoneurons may be a mechanism to promote tonic activity of the sphincter efferents and
help to maintain continence. Although many excitatory pathways to the sphincter
motoneurons exist, inhibition of the urethral sphincter motoneurons occurs only during

micturition and may be a mechanism of himing off the non-linear responses and inhibithg

the tonic firing and non-linear responses apparent during urinary continence.
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Introduction

The lower urinary tract has two functions, the storage of urine or continence and
expulsion of urine or micturition. The system is comprised of the smooth muscle of the

urinary bladder and urethra and the striated muscle of the extemal urethral sphincter (EUS).
The smooth muscle is innervated by the autonomie nervous system (sympathetic and
parasympathetic) and the striated muscle of the external urethral sphincter is innervated by
ventral hom somatic motoneurons. Continent behaviour relies on the tonic activity of the

(EUS), strength of the pelvic floor muscles (Papa Petroos & Ulmsten, 1997), internai urethral
sphincter smooth muscle tone (L,angworthy et. ai.,1940) and relaxation of the urinary bladder

(Kuru, 1965).
When the bladder fills, af5erents (A6 and C ) in the pelvic nerve relay impulses f?om
tension receptors in the bladder wall (de Groat & Kawatani, 1985) to the spinal cord and

supra spinal centres (see de Groat, 1975). The EUS is tonically active during continence

(Garry et.& 1959) and an increase in signals fiom stretch receptors in the bladder wall can
activate the sphincter as a guarding reflex to prevent the escape of urine (Garry et. al., 1959).
Sympathetic activity to the bladder (via the hypogastric nerves) increases during f i g
(Satchell & Vaughan, 1988) and helps to maintain continence by contracting the smooth
muscle in the bladder neck and relaxing the smooth muscle of the bladder body (Lmgworthy
et. al., 1940). Activation of sympathetics also decreases parasympathetic transmissionto the
bladder (de Groat and Saum, 1971).
For efficient micturition, an intact spinobulbospinal loop is necessary to coordinate

EUS relaxation and bladder contraction (Barrington, 1914). Severing of this connection to
supraspinal centres in the pons can cause dysynergia between the bladder and sphincter
which prevents the bladder fiom ernptying completely due to activation of the sphincter

during voiding (see de Groat, 1975). In an intact nervous system, signais fiom the pontine
micturition centre (PMC) activate pelvic parasympathetic efferents which cause the bladder
to contract (see Ku-

1965). At the time of voiding, activity in the EUS ceases (Garry, et&

1959), sympathetic outfIow of the bladder and urethra is decreased and urine is evacuated

through the urethral meatus.
Extemal Urethral S~hincter
The EUS is part of the pelvic diaphragm (Martin et. al., 1974). The EUS and EAS

(extemal anal sphincter) are innervated by motor axons travelling in the pudendal nerve
@artin et.al. 1974b). The EUS and EAS muscles in human have been described as slow-

twitch (Schmder & Reske-Nielsen, 1983). While contractile properties of the EUS muscle

in the cat have not been characterized, the EAS in cat has been described as a fast-twitch
muscle by Krier and colleagues (1988). Motonewons that innervate the striated sacral
sphincters are located in the ventral hom of S 1 and S2 in the cat spinal cord (Macke1,l 979;

Sasaki,199l), an area corresponding to Onuf's nucleus in humans (Schrrader,1981).

In the cat, sphinctermotoneurons are small motoneurons (1g.'?-SOpm;Sasaki, 1994)

with slow conduction velocities and smail rheobases (Sasaki, 1990: 16-80ds; Hochman
et&, 1991:48 d s and 3.3 nA). The motoneurons of the EUS have been characterized as
slow in cat (Hochman et.&

1991). The smdl rheobase described by Hochman and

colleagues (1 99 1) wodd make the sphincter motoneurons easily recruitable by excitatory
afXerent inputs during continence. However, the firing fequency adaptation and spike
accommodation of sphincter motoneurons to constant stimuli have not been examined.
Slower spike accommodation to depolarking stimuli and a reduced slowing of firing
fiequency with constant depolarization would help maintain tonic sphincter rnotoneuron
activity. This has been demonstrated for motoneurons innervating slow muscles of the cat
hindlirnb (Burke & Nelson, 1971; Kernell & Monster, 1982a,b).

The dendrites of sphincter motoneurons were shown to project fiom Onuf s nucleus

in bundles oriented in dorsal, medial, Iateral and rostrocaudai directions with rostrocaudal
projections more prominent in the EUS motoneurons (Sasaki,1994). Sasaki (1994) also
showed that b o t . the ratio of dendritic surface area to dendritic volume and the large
dendritic-to-soma surface ratio are comparable to that described for hindlimb motoneurons.
Beattie and colleagues (1990) described bundling of dendrites and proposed that bundling

may permit dendrites to depolarize neighbouring dendrites of EUS motoneurons. However,

the presence of gap junctions has not been established in EUS motoneurons.

About half of the EUS and EAS motoneurons have axon collaterals (Sasaki, 1994).

which terminate within Onufs nucleus. In the phrenic motoneuron nuclei, it is thought that
recurrent axon collaterals returning to the phrenic motoneuron pool evoke excitation in
neighbouring motoneurons and synchronize their activity (Khatib et. al., 1986). Similarly,

EUS and EAS axon collaterals may terminate directly on other sphincter motoneurons.
While direct evidence of recurrent excitation is lacking, no recurrent inhibition to the EUS
and EAS motoneurons has been found (Mackel, 1979; Jankowska et.al., 1978). This is one
marked difference between sphincter and most h i n d h b motoneurons and could contribute
to an excitatory rather than an inhibitory recurrent feedback.
Control of Sacrai Sphincter Activit,
Descending Input
Mackel (1979) described descending excitatory and inhïbitory pathways fiom the

medullary reticular formation to the EUS and EAS motoneurons. Sphincter motoneurons
receive monosynaptic and polysynaptic postsynaptic potentials (PSPs) fiom supraspinal
centres with direct monosynaptic descending excitatory pathway to the sphincter
motoneurons travelling in the ventromedial reticulospinal tract (Mackel, 1979). Blok and
Holstege (1998) have shown a projection to sphincter motoneurons fiorn the ventrolateral
portion of the donolateral pontine tegmentum (L, region) a site lateral to the pontine
micturition centre (PMC). In rats, Ding and colleagues (1995) found a similar location in

the pontine tegmentum which had fibresprojecting bilateraily to the sacral EUS rnotoneurons
with a contralateral dominance. Blok et. al. (1997) demonstrated that the micturition region

projected to GAE3Aergic cells in the dorsal grey commissure and proposed that these
intemeurons projected to the sphinctermotoneurons. In dogs, stimulationof the pons to elicit
straining behaviour in the hindlimb, also increased the EUS and EAS efferent activity

(Fwkuda & Fukai, 1986).

Sementai Input
Segmental af5erents also have large excitatory actions on sphincter motoneurons.
Stimulating the dorsal root of the second sacrai segment, Macke1 (1979) produced small
monosynaptic and large polysynaptic excitatory PSPs in EUS and EAS motoneurons. It is
thought that excitatory segmental reflexes to sphincter motoneurons could help to maintain

urinary and rectal continence. Fedirchuk et.ai.(1992)showed that stimulation of pudendal
and superficial perineal nerve affierents have strong excitatory actions on the sphincter
motoneurons. Shefchyk and Buss (1997) demonstrated that both the urethral and cutaneous
branches of the sensory pudendal nerve (urSPud and cutSPud) excited EUS and EAS

motoneurons.

In the anaesthetized cat, thermal or mechanical stimulation of the perineal skin or
skin of the chest and abdomen inhibits bladder contractions and increases activity in
sphincter efferents (Sato et al 1977). Perineal stimulation in neonatal cats (Thor & de Groat,
1989) and neonatal rats (Song etal., 1995) causes bladder contractions and uRne release.
Aowever, in the adult, perineai stimulation causes inhibition of bladder contractions and a
tonic increase in sphincter activity (Thor & de Groat, 1989; Kruse & de Groat, 1990).
Stimulation of the perineal area evokes an increase in pudendal efferent activity and is
referred to as the pudendal to puciendal or perineal to pudendal reflex. The correspondhg
pudendai to pudendal reflex in humans is the bulbocavernosus reflex. Stimulationof the skin
of the sex organs in humans evokes a sacral reflex loop which increases activity in the EUS

EMG (Sethi, 1989). The afEerents and efferents of this sacral reflex are in the pudendal
nerve.

Genital stimulation and activation of the bulbocavemosus reflex also causes

contraction of the pelvic floor which aids in maintaining continence (Sethi, 1989).
Sphincter activity also increases in response to bladder f i l h g (Garry et.al., 1959).
The neurons responsible for this reflex are in the spinal cord and are activated by bladder
aEerents travelling in the pelvic nerve. Espey and colleagues (1998) demonstrated that
stimulation of the pelvic nerve in decerebrate cats causes a reflex discharge in the pudendal
nerve. Filling of the bladder in intact rats also causes increased sphincter activity (Knise et.

al., 1993). This reflex has been refened to as the guarding reflex that permits filling of the

bladder without the escape of urine (see Garry e t ai., 1959).
Sphincter activitv during rnicturition
Micturition and defecation reflexes do not normally occur together. The EAS must
remab tonically active to maintain fecal continence and Bishop and coileagues (1956)
demolz~fratedthat distendhg the colon caused an inhibition of the tonic discharge of the EAS
and could promote the elimination of fecal waste. During michintion, EUS activity is
decreased and the EAS activity is unchanged (Garryet-al., 1959). Furthemore, Fedirchuk

and Shefchyk (1993) have shown that the hyperpolarization of EUS motoneurons during
mictuntion is accompanied with an increase in somatic input conductance suggestïng a
selective control of EUS motoneurons during micturition.
Continencemechanisms must be inhibited during micturition. While direct inhibition
of the motoneurons is one mechanism, another is prirnary afferent depolarization @AD) of

primary afEerents that are part of excitatory sphincter reflex pathways (Angel et. al., 1994;
also see Fedirchuk et&

1994). PAD decreases synaptic transmission fiom excitatory

afferents during micturition (see Angel et.& 1994). Fedirchuk et. aL(1994) and Buss and
Shefchyk (1999) observed a decrease in the urethral evoked EPSPs in cat lumbar and sacral
motoneurons during micturition.
Characteristics of Motoneurons
It was shown by Granit and colleagues (1966a) that iumbar motoneurons display a

linear increase in firing rate in response to intracellulady injected current. This was
descnbed as the 'primary range'. Larger amounts of intracelluladyinjected current result in
an increase in slope of the relationship between nring rate vs. injected current (FK) This was
defined as thecsecondary range'(ûranit et. al., l966b). Within the 'primary range', addition
of excitatoryor inhibitory synaptic inputs either increased or decreased the motoneuron firing
rate without changing the dope of the FII relation (Granit et. al ., 1966a). However, in the
'secondary range' the FII slope increased with excitatory, and decreased with inhibitory

stimulation. For a number of yens the study of motoneurons was concerned with the linear

input/output reiationships. Gustaffson (1984) demonstrated the iinear relationship between
firing rate and the surnmation of the afterhyperpolarization which predicted the repetitive

firing rate and adaptation of the neurons studied.
Hultbom and colleagues observed prolonged nring of hindlimb motoneurons to
afferent stimulation in the decerebrate cat preparation (Hultborn et. d.,1976; Hultborn &
Wigstrom, 1980). This initial observation of prolonged firing lead to studies of membrane
properties of motoneurons and analysis of the fixing of motoneurons that were able to
demonstrate this non-linear behaviour which did not display AHP summation or the firuig
fkequency adaptation described by Gustaffson (1984).
The ability of a motoneuron to react in a non-linear manner to synaptic inputs or
current injection has been attributed to intrinsic membrane properties of the motoneuron

(Hounsgaard et. al., 1984). Non-linear responses such as plateau potentials, bistable firing

and prolonged firing have been described in motoneurons of cat (Hounsgaard etal., l984),
rat (Eken & Kiehn, 1989), human (Kiehn & Eken, 1997) and turtle (Hounsgaard & Mintz,

1988), and in intemewons of rat, (Kiehn et.d.,1996; Russo & Hounsgaard, 1996a,b) and
turtle (Hounsgaard & Kjaenilff, 1992). Voltage dependent excitation of rnotoneurons during
fictive locomotion described by Brownstone and colleagues (1994) also attribute intrinsic
membrane properties for the non-linear responses observed in their study.
The property of bistability in a motoneuron c m be defined as the ability to have two
stable firing fiequencies to the same stimulus (Hounsgaard et& 1988a). This could ampli@
the output of the motoneuron that is able to fire at a higher fiequency (Hultbom &
Kiehn, 1992; Kiehn et. al., 1996; Lindsay & Feldman, 1993). Plateau potentials in neurons
can be defined as a maintained depoIarization beyond the removal of an excitatory stimulus

(Hounsgaard et. al., 1984). Tonically active muscles would have a functionallyappropriate
use for this prolonged activation and would not need a constant synaptic drive to maintain

their activity. The poshual muscle, soleus (Eken & Kiehn, 1989) is able to maintain
tonicaily active d e r shoa excitatory inputs in awake rats. The demonstration of such
characteristics in EUS motoneurons would reduce the need for a constant synaptic drive to
the motoneurons during continence.

In decerebrate cab, Hounsgaard and colleagues (1984) could evoke a prolonged
discharge in lateral gastrocnemius-soleus motoneurons with stimulation of the medial
gastrocnemius nerve. The maintained depolarizationand firing in the motoneuron could be
turned off by stimulating the peroneal nerve (inhibition). Prolonged nring was dependent
on the membrane potentiai of the motoneuron before the excitatory stimulus. When the
membrane potential was far below the nring threshold, the excitatorystimulusevoked phasic
but not prolonged firing. DepolanPng pulses could initiate sustained firing in the hindlimb
motoneuron which could be turned off by the short hyperpolanPng pulse (Hounsgaard et.

al., 1984;1986). With an excess of depolarizing stimuIus to the motoneuron, the spike
generatingmechanism was inactivated and a depolarking pulse was able to elicit a prolonged
depolarization of the membrane potential. In the same study, an increase in firing rate
occurred with triangular current ramp injection. Plots of instantaneous firing fkequency vs.
injected current for the ascending and descending aspects of the triangular current ramp
demonstrated an elevated firing rate on the descending aspect of the current ramp when plots
of the ascending vs. descending aspects of the m p were overlayed. This was characterized

as a counter-clockwise hysteresis. Thus, with the same amount of injected current, two
different nring fiequencies were possible. With QX-314 in the microelectrode to block
sodium spikes, current ramp injection into the motoneuron produced non-linear responses

and maintained depolarization (Bemett et. al., 19984b).
Decerebrate animals are an appropriate mode1 for studying non-linear
responses, as they are difncult to observe in spinal preparations unless neuromodulators are
administered (Hounsgaard et-aI., 1988a) or in anaesthetized preparations unless potassium
conductances are blocked with intracellular tetraethylarnmonium (TEA)(Powers & Binder,
1998). M e n serotoninprecursors are administered to spinal animals, plateau potentials can
be observed in motoneurons (Crone e t al., 1988; Hounsgaard et. al., 1984, 1987621988a).
Tonic activity of the serotonergic raphe spinal projections in cats seems to control the
intrinsic properties of the a-motonewons (Hounsgaard et. al., l988a). Thus, the activation
of non-linear properties in vivo is promoted by the integrity of descending serotonergic (5-

HT) pathways (Crone et.al, 1988; Hounsgaard et.al., 1984, l988a). In decerebrate animais

smaller doses of serotoninp r e c w s can facilitate plateau potentials (Bennett et.al., l998a).
Serotonergic fibres project fiom the raphe neurons in the brain stem to the spinal cord
(ventrd horn) (Dahlstrom and Fuxe, 1964) and immunohistochemical studies have shown
serotonergic axonal boutons in the L7 and S1 spinal cord segments of cats (Ulfhake et&
1987). Arvidsson and colleagues (1990) demonstrated dense innervation of serotonin
immunoreactive(5-HT-IR) fibres inthe venM hom of L7 in cats, which disappeared about

6 weeks after spinal transection.
Serotonincan mod* excitability of rnotoneurons via a number of mechanisms. Bath
application of 5-HT depolarizes neomtai rat motoneurons (Takahashi & Berger, 1990).

Serotonin cm reduce the slow after-hyperpolarization (AHP)following an action potential

and cause a change in the inward and outward ionic cments (Hounsgaard & Kiehn, 1989)

In rat facial motoneurons serotonin induces slow depolarization and conductance changes
by producing a G protein mediated inward current (Aghajdan, 1990). In hypoglossal
neurons, serotonin augments a slow inward cationic current that prolongs depolarization
(Bobker & Williams, 1989).

The serotonin-induced bistability observed by Hounsgaard and Kiehn (1 985) was
examined to give insight as to the ionic currents and channels involved in maintaining
plateaus. Plateaus were blocked when calcium was replaced by manganese and cobalt in the
in vitro tuale preparation. However, the plateau potentials remained d e r the application of

tetrodotoxin (TTX), which blocks the fast sodium channels. They concluded that serotonin
controlled the induction of a calcium-dependent plateau potential and that the activation of
the bistability was voltage-dependent and did not require fast sodium channels in turtle

motoneurons. Hounsgaard and Kiehn (1989) found that the plateaus are blocked with
nifedipine indicating the involvement of the L-type calcium channel.

Goals for this studv
Bistable membrane properties in the sphincter motoneurons activated during
continence,dong with excitatory af5erentand descending input, would be an effective means
to achieve prolonged activity of sphincter muscle during bladder filling. It is expected that
the extemal urethral sphincter and extemal anal sphincter motoneurons have non-hem

membrane properties and will utilize these membrane properties in addition to excitatory

afïerent input to facilitate tonic activity of the sphincters for urinary and fecal continence.

The purpose of this study was to examine whether non-hear responses occur in sacral
sphincter motoneurons.

Materiais and Methods

Data for this investigation were obtained nom 18 cats (9 fernale and 9 male)
weighing between 2.1 and 4.1 kg. Surgery was performed under halothane anaesthesia (12.5%) in a mixture of nitrous oxide and oxygen. Artenai blood pressure was monitored via
a cannda inserted into the right fernord artery which was attached to a pressure transducer

via a t-comector. An infusion of sodium bicarbonate/ glucose b a e r was ad-stered

into

the artenal line (0.84g NaHCO, and 5g glucose in 100 ml distilled FIJI) at a rate of 5-8
mVhour throughout the experiment Level of anaesthesia was monitored by testing Iimb

withdrawal and pinna refiexes and monitoring blood pressure. Increases in blood pressure
in response to cutaneous stimulation and changes in respiration rates were an indication that
the level of anaesthesia was low. A decrease in blood pressure codd reflect a need for a
reduction in the level of anaesthesia. A tracheotomy was performed and the left extemal
jugular and right femoral veins were cannulated for administration of dnigs, dextran and

saline. The right carotid artery was looped Ioosely with a suture (to temporarily stop blood
flow during the decerebration) and the lefi carotid was tied off.
Nerve Dissection
An incision ficorn the base of the tail extending down the lateral aspect of the left

hindlimb exposed the ischiorectal cavity and hincilimb muscles. Branches of the pudendal
nerve innervating the extemal urethral (EUS) and extemal anal (EAS) sphincters and the
sensory branches of the pudendal nerve, (urethral sensory pudendai, urSPud; cutaneous
sensory pudendal,cutSPud) were dissected fkom surrounding tissue. The proximal ends of
these nerves were cut and colored threads were attached to the ends for later nerve
identification. Other nerves dissected and cut in preparation for placement on bipolar hook
electrodes included: postenor biceps and semitendinosus (PBSt), semimembranosus and
anterior biceps (SmAB), medial gastrocnemius (MG), lateral gastrocnemius and soleus

GGS),cornmon peroneal (CP) and tibid (Tib). The contralateral sensory pudendal was cut

to eliminate any sensory input fiom the contralateral side which could influence the activity

in the sphincter motoneurons. Nerves were hydrated with warmed saline (37 OC)throughout
the dissection.
Lamuiectom~and Decerebration
A laminectomy removing the L7 to L4 vertebrae exposed the sacral and lumbar

segments of the spinal cord. An incision in the thoracic region over the vertebral column
was made and muscle apposing the vertebral spinal processes was separated to allow

attachment of a rostd stabilizing clamp for the recording b e .

A caudai clamp was

attached over the last vertebral bone rostral to the exposed spinal cord. The animal was
transferred to a Transvertex spinal cord recording W e . The head was placed in a
stereotaxic head holder and the rostral and caudal vertebral clamps were secured in place
ensuring that the spine was stretched adequately. Hip pins secured the caudal end of the
animal. A craniotomy was performed to expose the cerebrd cortex. With the looped carotid

artery pulled to restrict blood flow, a precollicular-postmammi11ary decerebration was

performed with a blunt spatula (see Field and Taylor plate 55 for cat brain anatomy, 1969).

The cortex and al1 tissue rostrai to the transection were removed and the anaesthesia was
discontinued. The base of the cranium was packed with gauze and hemostatic agents
(surgicel and gelfoam) and covered with a Iayer of agar to prevent M e r bleeding and
dehydration of the brainstem. The level of decerebration left pontine areas involved in the
supraspinal activation of michirition intact.
After the decerebration the animal was paralyzed with the neuromuscular blocker
Flaxedil(2-3 mgkg hr-') and then placed on a respirator. Pneumothorax was performed
bilaterally and tubes were inserted into incisions on each side of the ribcage to prevent
movement artifacts. End tidai C0,was monitored and maintauied between 3 and 5%. Blood
pressure was maintained above 8OmmHg with i.v.dextran infusion. Noradrenalioe or
Effortü*(Boehringer, IngeIheim) (i.v. or added to the sodium bicarbonate/glucosebufEer) was
administered in 2 animais when dextran was unable to maintain the blood pressure
d g -

2 80

A pool was fashioned f?om the skin of the back and hindfirnb and fiiied with mineral

02. Nerves were mounted on bipolar silver, silver-chloride hook electrodes. The core
temperature of the animal and the mined oil pool were maintained at 37-38 OC with radiant
heat.
Bladder Surgew and Distension voids
-

-

An incision into the abdominal cavity exposed the urinary bladder and a suprapubic

catheter (size 3 L/z ,12 inch long infant feeding tube attached to a t-connecter) was inserted
into the bladder and secured with sutures into the bladder w d . Alternatively, the bladder
was cannuiated transurethrally. Bladder pressure was recorded with a pressure transducer
and displayed on a monitor and digitized in the computer and stored for later analysis.

Bladders were filled with saline (9g NaCVlL dH20; 22 OC) via the suprapubic or
transwethral catheter at 2-3 ml/&

to evoke voiding by distension of the bladder in 6

animals. Volumes of 10-47ml were sufficient to evoke a void which was defined as a large
increase in bladder pressure occurrhg with a cessation of activity in the EUS
electroneurogram and expulsion of a strearn of urine. During voiding there was an increase

in bladder pressure (22-60 mmHg).
Cord Dorsum
n i e dura of the spinal cord was cut and deflected to allow access to the cord and a

silver silver-chloride ball eiectrode was positioned on the cord in a location where PBSt
nerve stimulation was able to evoke a group II af3erent volley. Jankowska and Riddell
(1993) have shown that the sacral region with a large cord dorsum group II response evoked

£tom the PBSt nerve, correlates with the rostrai extent of the pudendal motoneurons.
Individual nerve thresholds (T) were set as the strength at which a volley was just visible on
the cord darsum recording and stimulus strengths were expressed as multiples of threshold.

Data Acquisition and Storage
The raw electroneurograms (ENGs; 1O kHz),microelectrode (ME) signals (10 kHz),
cument monitor (5 kHz), and stimulus tags (5 kHz) were digitized and stored on a Pentium

PC for analysis with custom software developed within the Winnipeg Spinal Cord Research
Centre.

ENG Recordings
Pudendal afferents (urSPud and cutSPud) were stimulated at suprathreshold levels
(2T-ST+lO Hz) during voiding and continence. EUS and EAS ENGs were recorded and

wing custom software, individual units were discriminated fiorn the population ENG for
£king fiequency analysis. Great care was taken to discriminate individual units by setting

specific spike parameters with the analysis software. The resulting spikes were overlayed
to ensure that only one unit had been discriminated. Instantaneous firing fkequencies of
single units were plotted versus time. Rectified and integrated ENGs were rectified and
integrated and stimulus artifacts were removed using hardware before being digitized and
stored.
Intracellular Recordings

Srnall holes were cut through the pia mater to allow microelectrodes to enter the
spinal cord. Intracellukirrecordings were made fromantidromically identified motoneurons

in the L7 and S1 spinal cord segments. Recordings were obtained using sharp electrodes
(1.6-1.8 p,
2-6 MQ) m e d with 2 M potassium acetate alone or potassium acetate with
50mM QX-3 14. QX-3 14is a iidocaine derivative (LidocaineN-ethyl brornide) which is used

intracellularly to block sodium spikes (Narahashi et. aI.,1972;

also see Bennett et.

al.,1998a,b). The use of QX-3 14 in the microelectrode permitted the observation of the
motoneuron membrane potential in respome to current injection or a e r e n t stimulation.
Axoclamp 2A system (Axon Instruments)was used for discontinuouscurrent clamp
(sampling rate of 3-6 icHz). This ailowed monitoring of the membrane potential while
delivering conthuous DC bias current, current steps or symmetrical triangular current

(RJ

ramps. Current ramps had slopes of 2-10 nA/s and current pulses had amplitudes of 5-10 nA

with durations ranging upwards fiom 200 msec.
Constant bias currents were used to bring the membrane of the motoneuron to a level

where a depolarking current ramp or pulse could depolarize the membrane potential to a
voltage threshold for the non-linear response.

Input Resistance
Input resistance

of motoneurom was detennined by injecting short (20 ms)

hyperpolarizing pulses (in one case 150111swas used: see Figure 8A) of 1-2 UA (4-7 H z )
through the microelectrode during the intraceilular recordings. Measurements for R,,were
taken for the resting membrane potential and during ramp and depolarizing current injection
into the motoneurons.

Trace averages (4-60 tracedaverage) were made of the

hyperpolarizing pulses corresponding to membrane voltages for rest and during the nonlinear response region. The largest amplitude voltage deflectionusuallyoccurring 15ms after
the omet of the hyperpolarizing pulse of the average traces was measured. Using Ohms law,
the input resistance of the membrane was calculated fkom the amplitude of the voltage
deflection. The difference between the Et,,,at rest and in the non-linear region was calculated
and expressed as a percent (Oh).
Assessrnent of Non-linear Properties

When wing potassium acetate filled microelectrodes, bistable responses of
motoneurons to triangular current rarnps were defïned by prolonged and increased firing
causing a counter-clockwise hysteresis when firing fiequency was plotted against curent for

the ascending and descending phases of the triangular current ramp (Hounsgaard et. al,

l988a). Firing fkequency analysis hcluded cdculating the instantaneous firing fiequency of
the portion of the intracellular record obtained during the ascending portion of the current

injection was plotted against the current injected.

Firing on the descending slope was

plotted on the same graph. A counter-clockwise hysteresis occurred when the descending
slope had a firing fiequency greater than the ascending slope for any given amount of

injected current (Hounsgaard et.ai., 1988a). Sustained firing beyond the removal of
excitatory afferent stimuiation was ais0 defined as a non-linear response (Hounsgaard et.al.,
1988a).

With QX-3 14 in the microelectrode, non-hear responses were defïned when the
motoneuron membrane potential had a change in trajectory in response to an ascending
currentramp. The point at which this change in trajectory ofthe membrane potential occured
was taken as the voltage threshold for the non-linear response. M e r the peak of the curent

ramp, the repolarization of the membrane potential did not have a constant dope following

the current ramp but could remain depolarized for a short penod of time before retuming to

the resting membrane potential.
Motoneurom were also classified as non-linear when a short depolarizing pulse

caused a maintained depolarization. The membrane potential either retumed to the prepulse

membrane potentiai spontaneously after a short duration or with the application of a

hyperpolarizing pulse.
ln 7 animals, the serotoninprecursor 5-hydroxytryptophan(5-HTP; 2.5-1 Omgkg) was
administered intravenously to facilitate the expression of non-linear properties (see Bennett
et al., 1998a). With this low dose of 5-HTP very few side effects were seen.

Results
Merent stimulation caused increased and ~rolonnedEUS activitv and unit h

g

In 8/8 animals, prolonged EUS and EAS electroneurogram activity was observed
after urSPud and cutSPud afTerent stimulation.

Figure 1A shows raw and

rectifiecUintegrated EUS ENG records during urSPud stimulation (5 T, 2 Hz;indicated by the
green bars) in one of 2 animals given 5-HTP(7.5 mgkg). After the first stimulus an increase

in the baseline tonic activity was evident in the raw and rectifiedintegrated ENGs. The

increased ENG activity after the nIst stimulus period is readily visible in the
rectified/iitegrated ENG record which shows the baseline (red dotted line). Subsequent
stimulation of urSPud increased the ENG with a phasic response and the ENG activity
remains greater than that which preceded the initial urSPud stimulus.
Increased EUS unit firing was also noted without 5-HTP in 6/8 animais. In Figure

1B, a single unit was discriminated fiom the raw EUS ENG in such an animal. The unit is
identified in 1B (i) with the asterisk and is shown enlarged in Figure lB(ii). Firing
fiequency of this unit surroundhg the SPud stimulation (green bar) is shown as instantaneous

firing fiequency in Figure lB(iii). The unit fired at approximately 1 Hz before the stimulus,
fïred at an average of 13 Hz for the k t 10 seconds following the stimulus and then at 4 Hz
for an additional 10 seconds before retuming to its prestimulus £king rate. The instantaneous

firing fiequency of the unit is unknown during the stimulus (green bar) because it was not
possible to discriminate the unit in the presence of so many units firing.
Intracellular recordings were also used to examine the prolonged firing in
motoneurons. Figure 2 shows the intracellular recording of the EUS motoneuron (resting
membrane potential -42 mV) in which nling analysis was possible. The motoneuron fied
with the onset of the urSPud stimulation (5 T, 4 Hz) and continued firing for approxllnately

5 seconds beyond the end of the stimulation penod. The average firing fiequency durhg the
stimulation was 20 Hz and after the stimuli was, on average, 8 Hz. The iastantaneous firing
fiequency of the motoneuron is plotted below the intracellula. record in Figure 2.

Spontaneous bursts of activity in EUS and EAS ENGs after 5 -HTP

5-HTP administration in 4 animals produced spontaneous bursts of activity in EUS
and EAS electroneurograms in addition to enhanced responses to afEerent stimulation.

Illustrated in Figure 3, with the M e r addition of 2.5 mg/kg of 5-HTP (total 7.5 mgkg;
Figure 3B), the shoa bursts in Figure ?Achanged to a more prolonged discharge s h o w in

Figure 3B. The spontaneous discharges langed fiom relatively shori (40s) rhythmic bursts
(Figure 3A) to prolonged discharges (>1 minute) as shown in Figure 3B. In this case (Figure

3B) the discharge lasted longer than 5 minutes before retumùig to a baseline level of activity.
In another animal given 5 mgkg 5-KTP, synchronous rhythmic bursts (0.4 Hz) were
observed between EUS and the hindlimb flexor PBSt ENG for approximately4 minutes (not
5 lasted longer than 15 minutes in some animals with
illustrated). Rhythmic bursts ( ~ 0 . Hz)

the fiequency of the bursts decreasing after the first 1-2 minutes.
Bistable firing
Figure 4A shows the response of the tibid motoneuron to a ramp current injection;
the firing fiequency of the motoneuron after the peak of the current ramp increases. When

the instantaneous firing fiequency versus current was plotted for both the ascending and
descending portions of the ramp (Figure 4B), it can be seen that the descending slope had the
higher firing eequency for a given amount of injected current (counter-clockwise hysteresis).
In one sphincter motoneuron recorded with potassium acetate in which current ramp

injectioncould evoke spiking, spike accommodationprecluded firingfiequencyanalysis after
the peak of the current ramp (not iliustrated). Thus, QX-3 14 was used in the microelectrode

in majority of recordings and nring £kequencyand bistable firing analysis were not conducted
with the sphincter motoneurons. Two (Tib, PBSt) of eight hindlirnb motoneurons in which
firing fiequency analysis was conducted, displayed increased andior prolonged firing in

response to depolarizing current ramp injections.
Non-Iinear Res~onsesin the mesence of QX-3 14
Seventeenof 32 sphincter motoneurons and 19of 33 hindlirnb motoneurons recorded

with QX-3 14 in the microelectrode showed a non-linear response to depolarizatioa h
Figure 5A, the dope of the membrane potential correspondhg to the ascending portion of
the current ramp changes (see red lines on the ascending slope of each of the 3 ramps ki

Figure SA) at approxllnately -47 mV in this EUS motoneuron. With changes in the amount
of bias current, it was possible to produce ramps of varying sizes that were supra (1' and 3d

ramps) or subthreshold (2" ramp) to evoke the non-linear response. In Figure 5B,without
any bias current, the same motoneuron had a membrane potential of -47 mV. Note the
maintaineci depolarization after the curent ramp in Figure SB (red dashed Iine).

In 4 of the seven motoneurons displayhg non-linear responses (2 EAS and 2 Tib)
recorded with potassium acetate filled microelectrode, spike inactivation due to excess
depolarization permitted the examination of membrane potential changes in response to
curent injection and revealed non-linear responses to the ramp cunents (see Hounsgaard
et.al., 1984, for inactivation of spikes with depolarization).
Maintained depolarkations of varying durations were observed after short
depolarizing current pulses in 4 of 8 sphincter motoneurons tested. The EUS motoneuron
shown in Figure 6 responded to a 1 second, 5 nA depolarizing current pulse with a
maintained depolarization that was 2 mV positive to the resting membrane potential of the
motoneuron. This depolarization lasted 6 seconds at which time a hyperpolarizing pulse
retumed the membrane potential back to its prepulse level. The maintained depolarization

was reactivated with subsequent depolarizing puises. The second depolarizing pulse in
Figure 6 caused a more depolarized post pulse membrane potentid than the fist depolarizing

pulse. Although not systematicallyexamined, this could be a product of "warm-up" that has
been s h o w to reduce the current required to evoke the voltage dependent non-linear
responses when current injection trials have an inter trial intemal of 3-6 seconds (E3emett
etai.,1 998b).

Shorter persistent depolmizations after depolarizing puises also occurred. The EUS
motoneuron in Figure 7A was depolarized with bias current to a membrane potential of -40
mV and did not depolarize M e r following the 6 nA depolarking current pulse. The
membrane potential is then hyperpolarized to -47 mV by a reduction in the bias c w e n t at

which t h e two depolarizing current pulses are able to evoke maintained depolarizations of
less thm 2 seconds duration. The membrane potential was then once again depolarized
slightiy with bias current and the depolarizingpulse now enabled the motoneuron to maintain
a depolarization at -40 mV.

In Figure 7B, four 6 nA pulses are delivered at more

hyperpolarized membrane potentials. At -57 rnV, the motoneuron showed a very brief
depolarization after the k t pulse. When the motoneuron was depolarized to -50 mV (2.2

nA bias current), the membrane response after the third depolarizing pulse remained
depolarized at -40 mV and repolarized in 2-3 seconds d e r the end of the pulse. In this
motoneuron, "warm-up"does not seern to be evident as consecutive pulses delivered fiom
the same membrane potential did not prolong or enhance the rnaintained depolarization.
Voltage thresholds for the non-linear response in sphincter motoneurons occurred
between -37 mV to -47 mV and the voltage threshold for h d l i m b motoneurom was
between -3 5 mV to -49 mV. The averages and standard deviations for the voltage threshold
for the non-linear response are summarized in Table 1 for each of the motoneuron
populations examined. The values used for the non-linear voltage threshold averages in
Table 1 included 6 fiom rnaintained depolarizations as in Figure SB, 6 & 7B and 26
measurements from changes in slope of the membrane potentid such as in Figure 5A.
Intracellular Res~onsesof Motoneurons to Curent Injection
Forty-three of 86 motoneurons displayednon-linear or bistable properties in response
to afferent stimulationor current injection. Twenty out of 40 sphincter motoneurons and 23
hindlimb motoneurons (Tib 14; SmAB 3;Gastrocnemius including MG and LGS 5; PBSt 1)
out of 46 showed non-linear or bistable responses (see Table 1). Seven of twenty-one
motoneurons recorded with potassium acetate showed non-linear or bistable responses (3

with firing and 4 exhibiting non-linear membrane properties with no firing). 36/65
motoneurons recorded with QX-3 14 showed a non-hem response to depolarizing current
ramps andlor pulses.

I n ~ u resistance
t
changes
Figure 8 is an example of the decrease in membrane resistance in 2 sphincter
motoneurons beyond the voltage threshold for the non-linear region. In Figure 8A, a
decrease of input resistance ( ~ 5 5 %is) evident during the peak of the current ramp(indicated
in red). Also, the noise during the depolarized region of the ramp beyond threshold for the

non-hem reponse is more apparent. The EUS motoneuron shown in Figure 8B underwent

a 46% decrease in input resistance. The average resting membrane input resistances for the
sphincter and tibial motoneurons were 2.9 MO and 1-7 Mi2 respectively which were similar
to resting input resistances previously reported for sphincter (Sasaki, 1991; Hochman

et-d.,199 1) and tibial motoneurons (Hochman & McCrea, 1994). Furthemore, the average
resting membrane potential for the sphincter (-56

* 10 mV) and tibial (-57 * 8 mV)

motoneurons used for input resistance measurements were very similar. On average, the

* 5% decrease in input resistance in the voltage
region for the non-linear response while tibial motoneurons (n=5) had an average 41 * 9%
sphincter motoneurons (n=6) had a 54

decrease. Both the sphincter and tibial rnotoneuron input resistance changes showed a
greater decrease in input resistance with more depolarized membrane potentials. The
differences in input resistance changes may be a reflection of the actual membrane potential
range included in the input resistance average during the non-linear voltage (-32 mV for
sphincter and -38 mV for the tibial motoneurons). While there appears to be a difference in
the input resistance changes between the 2 populations, a larger sample is needed to
detemillie the significance if any of the clifferences in input resistance changes between the
hindlimb and sphincter motoneurons.
Afferent stimulation durinp voiding does not evoke ~rolongedremonse in EUS ENG

h Figure 9A, the bladder pressure record and rectifiedhtegrated EUS ENGs are
shown during voiding. Stimulation of urSPud (4 T, 5 Hz) evoked both a phasic and
prolonged response in the EUS ENG before (lnstimuius train) and d e r the the void (3" 8c
4" stimulus trains). However, during the void (2"dstimulus train), the EUS ENG response

to afferent stimulation was not prolonged. In Figure 9B,cutSPud stimulation (5 T, 5 HZ)

evoked a prolonged response in the EUS ENG before and after the void in the same animai.
During the void (2"d& 3"6stimulus trains), the response to cutSPud stimulation was Iimited
to the phasic response and the prolonged discharge seen during continence is not evident
during the void. In 3/3 animals examined during voiding, urSPud and cutSPud stimulation
was unable to evoke the prolonged responses in the EUS ENG that were seen dilring

continence.

Discussion
The results presented in this thesis have demonstrated that 50% of both sphincter and

hindlirnb motoneurons examined responded with non-linear membrane responses and the
hindlimb population responded also with bistable f h g to intracellular depolarizing current
injection. Sphincter efferents responded to perineal afEerent stimulation with both phasic as
weU as rnaintained firing that could last minutes beyond the end of the stimulus train.
Similarly, depolarizingramp and shortpulse current injection revealed non-linear responses.

The average voltage threshold for the non-linear response (approximately -43 mV) was
similar for the sphincter and hindimb motoneurons. The voltage threshold for the non-linear
responses was always more depolarized than the resting membrane potential. Additionally,

an increase in membrane conductance was evident during the non-hem region, as was an
increase in noise (also see figure 3C fiom Hounsgaard et. al., 1988a).
Although the underlying mechanisms for the non-linear responses of the sphincter
motoneurons were not examined in this study, they may be common to both hindiimb and
sphinctermotoneurons. The currents, channels and neuromoddators already known to affect
the non-Iinear responses of motoneurons will be discussed as well as the differences between
sphincter and hindlimb motoneurons. Findly the involvement of the non-linear response in

continence and rnicturition will be discussed.

Non-Linear Resoonses in Spinal Motoneurons
As reported in the Iiterature,plateau potentials and bistable properties in motoneurons

are dependent on multiple factors including neuromodulatorsreleased by descending systems
(Conway et. al., 1988; Crone et. al., 1988; Hounsgaard et. al., 1988a), persistent inward
currents including calcium (via L-type calcium channels: Hounsgaard & MintzJ988;
Hounsgaard & Kjaedff, 1992; Hsiao et.d.,1998; Lee & Heckman, lW8a) and sodium
(Hsiao etal., 1998; Schwindt & CriIl, 1995) and a decrease in potassium currents

(Hounsgaard et. ai., 1988b;Hounsgaard & Mintz, 1988; Powers & Binder, 1998).

L-Tme Calcium ChanneIs
It has been proposed that calcium channels, specifically the L-type channel, were
involved in the production of plateau potentials (Guertin & Hougaard, 1999; Hounsgaard
& Mintz, 1988;Hounsgaard & Kjaedff, 1992; Hsiao etal., 1998; Svirskis & Hounsgaard,

1998). Nifedipine, a selective blocker of L-type calcium channels was able to abolish the
plateau potential in turtle spinal motoneurons (Hounsgaard & Kiehn, 1989; Hounsgaard &

Mintz, 1988; SWskis Br Hounsgaard, 1998) and in guinea pig trigeminal motoneurons
(Hsiao et.al. 1998). Similarly, L-type calcium channels were involved in the generation of
plateau potentials of mouse lurnbar motoneurons (Carlin et. al., 1998) and developmental
increases in the nifedipine sensitive currents corresponded with the ability of the
motoneurons to display plateau potentials.

Further, Guertin and Hounsgaard (1999)

demonstrated the plateau potential facilitating role of L-type calcium channels in turtle
motoneurons was b locked with the application of non-volatile anaesthetics (see
Neuromodulators in this discussion). A depression of neuromodulator release fkom
descending systems was associated with the inability to evoke plateau potentials in
motoneurons f?om anaesthetized animals. However, these studies may have overlooked the
specifïc actions of anaestheticagents on channel activity. The voltage threshold for the nonlinear response observed in this study may reflect the activation voltage required for L-type
calcium channels (see Avery & Johnston, 1996; Mynlieff & Beam, 1992) which has been
shown to have a low voltage activated component that is sensitiveto L-type calcium channel
blockers (Avery & Johnston, 1996). A low voltage activated component of the nonnally
high voltage activated L-type calcium current has also been demonstrated in the

hypothalamic neurons (Fisher & Bourque, 1995).

Decreased Potassium

In addition to calcium currents, a decrease in potassium currents appears to facilitate
non-linear responses (Hounsgaard & Mintz, 1988; Svirskis & Hounsgaard 1998). The
selective blocker TEA (tetraethylamrnonium), which blocks the fast potassium current
responsible for the repolarization of the membrane potential, was able to facilitate the
calcium dependent plateau potential (Hounsgaard & Mintz, 1988). Other potassium blockers
such as cesium and 4-AP (4-aminopyridine) d s o promoted plateau potentials in turtle
motoneurons in vitro (Hounsgaard & Mintz, 1988). Recently, plateau potentials were
revealed in lumbar motoneurons in anaesthetized cats (Powers & Binder, 1998). Although
pentobarbital anaesthesia usually abolishes the ability to generate plateau potentials in
motoneurons (Hounsgaard et&, 1988a), reducing the potassium currents using TEA and
cesium in the recording electrode revealed plateau potentials in the motoneurons (Powers &
Binder, 1998). During spinal seizures induced by penicillin, there was a decrease in

potassium currents and a reduction in AHP amplitude in motoneurons (Schwindt & C d ,
1980a)and it is apparent from their study that underlying currents for the spinal seizures are
similar to currents involved in plateau potential production.

NMDA
The NMDA m-methyl-D-aspartate) receptor rnay also be involved in rnechanisms
underlying plateau potentials (di Prisco et.al., 1997; MacLean et&

1997; MacLean &

Schmidt, 1998). Activation and opening of the voltage dependent NMDA receptor pennits
a non-selective cation current. The voltage thresholds reported in this study, dong with that
reported by Bennett et.al. (1W8a) are similar to the voltage threshold necessary to enable

NMDA charnel opening (see Johnson & Asher, 1987; Mayer et. al., 1984). The NMDA
receptor mediated non-linear response in rat hindlimb motoneurons can also be enhanced by
5-HT as evidenced by an increase in amplitude of the region of negative slope conductance

during voltage clamp studies (MacLean & Schmidt, 1998). Voltage oscillations induced by

NMDA in hutle spinal rnotoneurons were nifedipine sensitive (Guertin & Hounsgaard,
1998).

Persistent Currents
Persistentinward currents involved in plateau potentials were investigatedand shown
to be carried by calcium which could be related to the influx of calcium via NMDA or L-type
calcium channels (Schwindt & C d , 1982) and sodium (neocortical neurons-Schwindt &
Crill, 1995; hypoglossal motoneurom-Hsiao et.al., 1998). The persistent inward current
countered the repolarkttion of the membrane and this current was also implicated in
producing the negative slope conductanceof the membrane (Schwindt & C a ,1980b; Hsiao
et-al.,1998). Schwindt and Crill (1995) demonstrated that a persistent sodium current was
involved in the amplincation of synaptic input of neocortical cells as TTX abolished the
ampification of the voltage sensitive response. Hsiao et. al. (1998) iilusû-ated that TTX
abolished the residual negative slope region after the application of nifedipine had blocked
the calcium currents involved in the region of negative dope conductance . Schwindt and

Cd1 (1980b) illustrated that the amplitude of the persistent inward current increased with
depolarization of the membrane (maximum amplitude at -50 to -40 mV). Blocking of
outward potassium currents with TEA also augmented the persistent inward current
(Schwindt & Crill, 1980b) and it was evident that the persistent inward curent could be
responsible for the maintained depolarization seen in cat motoneurons. Additionally, plateau
potentials in brain stem motoneurons in the neonatal mouse were calcium dependent and
relied on an inward current camied by sodium (Rekling & Feldman, 1997).

Neuromodulators
Neuromodulators were also implicated in the production of plateau potentials and

bistablility (see Introduction). Bistable properties codd not be observed in the spinal or

barbiturate-anaesthetizedanimal (Hounsgaard etal.,l988a) and new evidencehas shown that
application of non-volatile anaesthetics to spinal cord slices of the hirtle c m abolish plateau
potentials (Guertin & Hounsgaard, 1999). Kowever, prolonged and bistable firing in
response to afferent stimulation or current injection was observed in hindIimb motoneurons
in the decerebrate cat or in the spinal cat with the addition of neuromodulators ( B e ~ e î t

et& l998a,b; Conway et& 1988; Hounsgaard et. al., 1988a). Serotonin, which is likely
released fiom descendkg pathways, was s h o w to enable bistable properties in hindlimb
motoneurons in the spinal cat (Hounsgaard etal. 1988a). The addition of methysergide
(serotonergic receptor blocker) decreased the length of the plateau but did not eliminate it
(Crone et.al., 1988). It seems that serctonin may facilitate the non-linear responses but may
not be ent~ely
responsible for the activation of the plateaus or bistable membrane responses.

In addition to enhaochg plateau potentials, serotonin (5-HT) increases the excitability
of motoneurons (Takahashi & Berger, 1990) by inducing an inward cation current (low
voltage activated calcium current) in rat motoneurons (Berger & Takahashi, 1990). 5-HT
also increases the excitability of the motoneurons by decreasing the afterhyperpolarization

(AM')(Bayliss et.al. 1995) thus enabling higher firing fiequemies in response to injected
current (Berger et. al., 1992).
Administration of clonidine(adrenergic alpha receptor agonist) in spinal cats enables
plateaus and bistability as did intravenous L-DOPA (Conway etmal,1988). The addition of
methoxamine (adrenergic alpha-1 agonist) directly to the ventral aspect of the spinal cord in
decerebrate cats has also been used to facilitate plateaus in spinal motoneurons (Lee &
Heckman, l998b). Similar to serotonin, norepinephrine increases the excitability of
motoneurons by increasing firing fiequency and lowering the rheobase (Parkis et& 1995).
Other neuromodulators such as acetylcholine (Zieglghsberger & Reiter, 1974) and
thyrotropin releasing hormone (TRH) (JCow & Pfaff, 1996; Lacey et-al., 1989)also affect the

excitability of motoneurom. Activation of muscarinic receptors in hutle motoneurons
facilitated plateau potentials by ùicreasing the nifedipine sensitive inward current (Svirskis
& Hounsgaard, 1998) and TRH could produce prolonged depolarizations resulting fiom a

reduction in potassium conductance ( Fisher & Nistri, 1991; Kow & P f a , 1996; Rekling,
1990). An increase in the nifedipine sensitive current or a reduction in the potassium

conductanceby these neuromodulatorswill enhance the ability of the motoneuronto produce
plateau potentials.

Factors influencing Sphincter Motoneuron Firing

In this study, sustained W g of a sphincter motoneuron &er a stimulus

was

simiIar to that observed in cat hindlimb motoneurons (see Conway et-al., 1988 ;also fi1& 4C fiom Hounsgaard et.& l 988a). Although an acceleration in the firing fiequency was

not observed in this sphincter motoneuron, it nonetheless maintained firing for a duration
after the stimulus period which was characteristic of non-linear responses previously
recorded in hindimb motoneurons. The firing observed in sphincter motoneurons in
response to p e ~ e aafferent
l
stimulation was mediated by polysynaptic excitatory pathways
(see Introduction) and perhaps non-linear responses of intemewons (see Russo &
Hounsgaard, 1996a) could contribute to the prolonged firing of the sphincter motoneurons
dong with intrinsic membrane properties of the sphincter motoneurons themselves.
Similar tothe excitatory effects of 5-HTon spinal motoneurons in rat (Takahashi &
Berger, 1990), the increase in EUS activity (spontaneous) after 5-HTP in Figure 3 is
indicative of the excitatory effects of serotonin in our preparation, the decerebrate cat. The
observation of increased activity in the hindlimb flexor PBSt ENG (not illustrated) dong
with the sphincter ENG could indicate a general increase in excitation withh the sacral

spinal cord &er 5-HTPadministration. Espey et. al. (1998) demonstmted the excitatory
effects of serotonin agonists on the peivic to pudendal reflex (continence reflex) in chloralose
anaesthetized cats. Furthemore, prolonged firing of an EUS motoneuron was observed in
one animal in the presence of noradrenergic agonists signifjmg non-linear responses may
also be moddated by noradrenaline in the EUS similar to actions seen in hindlimb
motoneurons by Conway etal. (1988).
Interestingly, another neuromoddator,

TRH has differential effects within Onuf's

nucleus. Holmes et. al. (1 997) observed an increase in EAS activity and no change in the
activity ofthe bulbospongiosiswith discreteintraspinai application of TRH. This is evidence
of the excitatory effects of TRH on the sphincter motoneurons that could enhance firing and

also the selectivity of TRH within Onuf's nucleus.
Additionally, NMDA couid play a role in plateau formation and bistability in
sphincter motoneurons. NMDA receptor antagonists have been shown to decrease EUS

activity (see Yoshiyama et.ai, 1993a,b) and recently NMDA receptor subunits have been
localized in the dorsolateral region of Onuf's nucleus (Shibata et.al., 1999). The voltage
threshold for the non-linear response observed in this thesis (-43rnV) may reflect the opening
of the voltage dependent NMDA channel and the prolonged depolarization created by
enhancing inward cation currents (see MacLean & Schmidt, 1998).In this study, an increased
membrane conductance (measured as a decrease in input resistance) observed during the
depolarizationof the motoneurons in the non-linear region was evident in both the sphincter

and hindlimb motonewons and could reflect the persistent inward current descnbed by
Schwindt and Crill(1982) and Lee and Heckman (1998a).
Similar to the plateaus obsewed in hindlirnb motoneurons (Hounsgaard et. al.,
1988a),the maintained plateau of the sphincter motoneuron in Figure 6 was easily tumed off

with a hyperpolarking puise. The easy initiation and termination of the non-linear response
would be an effective way of excitingthe sphincter motoneurons to maintain continence and
then inhibit the motoneurons to facilitate micturition. The small rheobase for sphincter
motoneurons as descnbed by Hochman and colleagues (1991) suggests that sphincter
motoneurons are easily recruited. This may be a reason why the firing fiequency jump that

was Obvious for hindlimb motoneurons (see figure 4C fiom Hounsgaard et.al.,1998a) may
not be apparent for the EUS motoneurons that are recruited in a less graded marner (see
Figure lB(iii) and Figure 2).

In Figure 7, the depolarizingpulses uçed to evoke the non-linear response were larger
than necessary to evoke the prolonged depolarization in the sphincter motoneuron. When
evoked fiom a more hyperpolarized level, the maintained depolarization was of a s m d e r
amplitude and duration. One suggestion is that fiom such a hyperpolarized level, rectifying

potassium currents (I,; see McLamonJ995) may be activated that are inactivated at a more
depolarized resting membrane potential. These rectifyingpotassium currents would uiterfere

with plateau potential production- Another possibiIity is the depolarkation of the soma by
current injection did not refiect the membrane potentid of the dendrites and activation of
only a percentage of the channels in the proximal dendrites could be o c c e g when the
soma is depolarized. However, the electrotonic attenuation from the dendrites to the soma

or initial segment of sphincter motonewons is smdl (Sasaki, 1994). B e ~ e îet.
t al. (1998a)
have shown that the non-linear response to current injection into the soma of hindlimb
motoneurons is facilitated with the addition of excitatory synaptic activity and is decreased
when inhibitory afferent stimulation is delivered with the current ramps. Thus? the
differences in the amplitude of the maintained depolarizations (see Figure 7B) could reflect
background activity to the sphincter motoneuron affecthg the voltage potential of the
dendrites.

EUS Activity during Continence
1hypothesize that the characteristics of the urethrd sphincter motoneurons, such as

dendritc bundling (Beattie et.al., 1 WO), recurrent axon col1aterals (Sasaki, 1994) and the
absence of recurrent inhibition (Macke1,1979), codd facilitate the excitation of sphincter
motoneurons. Intrinsic membrane properties that are involved in the production of non-

linear responses could enhance the activw of sphincter motoneurons and promote
continence. Although non-linear responses of anal sphincter motoneurons were observed in
this study and rnay promote fecd continence, defecationrenexes involving the EAS (Bishop

et. al., 1956) have not been subject to as extensive and investigationas the EUS and will not
be discussed M e r .

In an intact animal, phasic and tonic activity in EUS c m be observed (Garv
et.al.,1959; Kruse & de Groat, 1994; K

M & de Groat, 1997; Sackman & Sims, 1990;

Shefchyk & BUSS,1998). A phasic reflex occurs in response to excitatory inputs that may
be fkom a segmentai or descendhg origin (see Introduction). In addition to synaptic input,

intrinsic membraneproperties dong with the unique characteristicsof sphinctermotoneurons
could play a role in the tonic activity of the EUS.

Sasaki (1 994) investigated the morphology of O n d s nucleus in cats and observed
large motoneurons with rectment axon collateralsthat retumed to the sphincternucleus. The
phasic motoneurons may be the large motoneurons that Sasaki (1994) observed which could
be excited during the stimulus and then excite the smaller motoneurons in Onuf's nucleus.

The smaller motoneurons may be able to fire in a self-sustained manner similar to the nonIinear hindlirnb motoneurons during curent injection or to afferent stimulation. The
percentage of the sphincter motoneurons that did display non-linear properties in this thesis

(50%) may reflect the composition of 'phasic' and 'tonic' motoneurons in Onuf's nucleus.
Ifthe non-linear response is in part dependent on the activity of the recurrent axon collaterals
causing the 'tonic' motoneurons to fire, acetylcholine could be considered a s a modulator
involved in the non-linear response. Alternatively, the inability to observe non-linear
responses in 50% of the motoneurons may reflect that the conditions in the preparation were
not optimal for the expression of the non-linear responses in al1 of the neurons tested.
Spinal cord transection or anaesthesia abolished the tonic activity of the EUS in cats
but activity retumed shortly after transection or with the removal of anaesthesia (Garry et
alJ959). Downie and Awad (1979) also observed the rapid retum of EUS activity after
spinal transection. Similarly in humans, the bulbocavernosus reflex is the first activity to
retum d e r acute spinal injury (Nanninga & Meyer, 1980). If intrinsic membrane properties
are involved in the earlier recovery of tonic activity of the sphincter, it could be assumed that

different mechanisms underlie the non-linear response between the hindlimb and sphincter
motoneurons. Thus, with the faster resumption of tonic activity of the sphincter, it is possible
that spinal mechanisms facilitate sphincter activity in absence of supraspinalinfluences such

as the descending serotonergic pathway. Investigations in chronic spinal animais have not
been conducted tu see if rnechanisms not requiring descending input could be responsible
for initiation of non-linear responses of motoneurons. With dendritic bundhg (Beattie
et.d., 1WO), recurrent axon collaterals (Sasaki, 1994)and rapid recruitment evidenced by the
srnaIl rheobase of EUS motoneurons (see Hochman et.& 1991), the sphincter motoneurons

may have the ability to respond non-linearly in spinal animals. E other mechanisms of
inducing non-linear activity in Onufs nucleus exist that do not require descending input (ie.

recurrent excitation causing tonic activity), it is possible that non-linear properties could
facilitate activity of the sphincter in the spinal animal and aid in maintaining continence.
Furthemore, the ability to express non-iinear responses in spinal animais may also contribute
to dyssynergiaby enhancing the excitabilityof the sphincter during micturition. The patterns
of bladder-sphincter dyssynergia have been documented by Blaivas et.d.(198 1) and an
increase in the tonic activity of the sphincter motoneurons is usually concurrent with the rise

in bladder pressure.
It has not been investigated if the Ioss of the ability to produce non-linear responses
brings about incontinence. Perhapç changes in the motoneuron membrane and decreases in
the responsiveness of the cells to neurotransmitters may also affect the ability of the
motoneurons to produce non-linearresponses.

EUS Activitv during; Micturition
Inhibition of the sphincter motoneurons occurs in the intact animal during micturition
via primary afTerent depolarization of excitatorypathways to the sphincter (Buss & Shefchyk,
1999) hyperpolarization of the motoneuron membrane (Shimoda et& 1992; Fedirchuk &
Shefchyk, 1993) and inhibitory intemeurons (Blok et. al., 1999). GABA immunoreactive
boutons surround the ceIl bodies and dendrites of motoneurons in Onuf's nucleus (RamirezLeon & Ulfhake, 1993) and postsynaptic inhibition of the sphincter motoneurons via

GABAergic intemeuronsmay dso relate to the hyperpolarization of the motoneurons during
micturition (see Fedirchuk & Shefchyk, 1993). Glycine receptors have been localized on
EUS motoneurons and is M e r support for a direct inhibition of the motoneurons during
micturition (Shefchyk etal. 1998). Inhibitory synaptic activation was shown to increase the
injected current requkd to evoke the non-linear response in hindlimb motoneurons (Bennett
et.&. 1998a). The depression of excitatorypathways and the direct inhibition of the sphincter
motoneurons durhg micturition in the intact animal likely contribute to the suppression of
tonic activity of the sphincter even after a large phasic discharge is evoked during the void

(Figure 9A; second stimulus train). Bennett et.al. (1998a) have shown that inhibitory
stimulation raises the voltage threshold and the injected current required for the non-linear
response in hindlimb motoneurons and it is possible that the inhibition of the sphincter
motoneurons during micturition is sufncient to increase the threshold for the non-linear
response to a Ievel that cannot be attained even with further addition of current.

In the spinal animal during michintion, bladder-sphincter dyssynergia can arise

(Rudy et.al., 1988) that may cause urine retention and inefficient voiding. The absence of
inhibition to the EUS that would normally be present in the intactanimal during micturition

(as described above) may increase the relative excitability of the sphincter motoneurons to
spinal pathways involved in voiding (see Ko & Kim, 1997). Increased activity of the
sphincter during micturition in the spiaal anUnal, rnay in part be modulated by intrhsic
membrane properties of the EUS motoneurons and perhaps facilitated by non-linear
properties that could be active in the spinal animal.

Future Investigations

In this study, sphincter motoneurons were examined during bladder fiiling
(continence). The next step is to observe the response of individual sphincter motoneurons
to afEerent stimulation or to injected current during micturition to determine if non-linear

responses are maintained during voiding. With the absence of evoked tonic EUS activity

during the void, it is possible that the inhibition of the sphincter motoneurons during
micturition wili prevent the 'tonic' motoneurons fiom responding in a non-linear manner.

The hyperpolarization of EUS motoneurom duringmicturition could decrease the likelihood
that the membrane wiil reach a voltage at which the non-linear response can occur. At a
hyperpolarized membrane potentiai, even an excess of depolarization would be unable to
ensure a maintained depolarization.

It has not been investigated ifneuromodulators are released at the spinal level during
micturition or if they are affecting ail of the motoneurons in the sacral segment. It d l be
necessary to examine the membrane respomes of EAS and hindlimb motoneurons in S 1that
do not hyperpolarize during micturition to observe ifthey will lose the ability to display non-

linear responses. This would be evidence that a substance released during micturition is
non-selectively affecting the entire sacral segment. Utilizing spinal cord slices in vitro will
be an essential approach to determine the neuromodulators and environment required for the

non-linear membrane responses of the sphincter motoneurons.
Another question relates to the resurgence of EUS activity &er the void (see
Shirnoda et. al., 1992 and figure 4A fiom Buss & Shefchyk, 1999).Could the increase in EUS
activity be due to the re-establishment of plateau potentials of the motoneurons? If nonlinear responses are employed at this tirne, the activity of the EUS might then be inhibited
with a hyperpolarizing pulse delivered during the penod of increased activity.

It is Likely that the non-linear responses are involved in the maintenance of tonic
activity of the sphincter during continence. However, the fate of the non-linear responses of
the EUS motoneurons during micturition has yet to be investigated. There is obviously an

interaction between excitatorysegmentaland descending synaptic circuitry, neuromodulators
and intrinsic properties of the motoneurons and these may function together to determine the
output of sacral motor systems.

Figure 1. Sustained increase and prolonged activity in EUS after pudendal
afferent stimulation. The raw EUS electroneurogram in panel A shows a phasic response
to urSPud stimulation (5T,4Hz; green bars) followed by sustained activity in an animal

given 5-HTP(7.5 mgkg). The red dashed iine under the rectinedhtegrated ENG in panel
A shows that the increase in ENG activity after the fint stimulus period remains elevated

throughout the trial. Rectified and integrated ENG records are truncated. In a second

animal, in the absence of 5-HTP, a prolonged discharge following stimulation of Spud (ST,
4Hz; green bar) is shown in panel B. An asterik (*) over the EUS ENG in (i) identifies the
single unit discriminated. The singleunit is shown enlarged in (ii) and its instantaneous firing
fiequency is represented in (iii).
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Figure 2. UrSPud stimulation evoked prolonged firing in an EUS motoneuron. An
intracellular recording with potassium acetate shows the EUS motoneuron & k g with the
omet ofthe urSPud stimuli (green horizontal bar; ST,4 Hz) and after the stimulation stops.

Instantaneous firing fiequencies during and after the stimulus period are plotted below the
raw data. An unknown amount of anoradrenergicreceptor agonist had been aârninistered i.v.

to increase blood pressure in this animal.

Figure 2

Figure 3. Rectifiedhtegrated ENGs show spontaneous increases in activity with i.v.
administration of 5-HTP. In panel A, synchronous bursts of activity are seen in the
rectisedintegrated EUS and EAS ENGs in an animal after 5 mgkg 5-HTP. After a fürther

dose of 5-HTP (total 7.5 mgkg), a long duration burst of activity was observed (B). ENG
gain is the same in both trials.
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Figure 4. Bistable response of a Tibia1 Motoneuron. Panel A shows the intracellular
recording with a potassium acetate electrode during the curent injection ramp in a tibia1
motoneuron in an animal not given 5-HTP. The instantaneous firing fiequency is plotted in
panel B with black diamonds representing firing during the ascending portion of the ramp

and red diamonds for the descendkg portion. The counter-clockwise hysteresis is evident-
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Figure 5. EUS motoneuron response to dinerent sized current ramps at varying bias

currents. In panel A, non-linear responses are evidenced by a change in the membrane
potential trajectory on the ascendhg part of the ramp can be seen during the fïrst and third
ramps beginning at approximately 4 7 mV (red dashed Iine) and on the descending arm of
the ramp where the membrane potentid remained depolarized. Panel B shows the same
motoneuron without bias current and with a resthg membrane potential of -47 mV. The

membrane potential remained depolarized at about -42 mV &er the end of the current ramp
injection. Recordings were made with QX-3 14 inthe microelectrode. Bias currents used are
indicated under the current trace.
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Figure 6. Maintained depolarization after short depolarizing pulses. Depolarking
pulses evoked a maintained depolarkation that could be himed off with hyperpolarizing
pulses (indicated with asterisks).The resting potential was -43 mV (red dashed line) and the
maintained depolarizationwas approximately2-3 mV above this. N o bias current was used.
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Figure 7. Voltage threshold for the non-linear response in an EUS motoneuron. In
panel A, the 3.5 nA depolarizing bias current brought the motoneuron membrane potential
to -40 rnV (red dashed line). Additional short depolarizing pulses at this membrane potential
were unable to depolarize the ce11 M e r . With less bias current, the membrane potential
is brought to -47 mV and now the depolarizing pulses produced a short sustained
depolarkation. The last depolarizing pulse deliveredwith the membrane potential held at -45

mV enabled the motoneuron to express the maintained depolarization. In panel B, at a more
hyperpolarized membrane potential (-57 mV), a less sustained response after the nrst
depolarizing pulse is evident compared to the responses seen with depolarized membrane
potentials. With m e r depolariziog bias current holding the membrane potential at -50 mV
larger and longer depolarizations were seen (red dashed line).
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Figure 8. Input resistance changes during non-linear responses. Intracellular recording
fkom a pudendal motoneuron during 1 nA hyperpolarinog pulses (150ms;4 Hz) and ramp
current injection is shown in panel A The intraceilular trace at -35 mV is edarged above
the intracellukir record to show the membrane response to the 1 nA pulses (indicated by a

*). The intraceliular and current records in panel B are fiom an EUS motoneuroe The

pulses in B (ü; red) correspond to the top of the m e n t ramp (-33 mV) and (fi) are
edargements of the conductance pdses from the baseline membrane potentid (-58 mV).
The non-hear voltage threshold (red dashed Line) correspondhg to a change in the slope of
the membrane potentid during the ascending aspect of the current ramp is approximately-45

mVUibothAandI3.
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Figure 9. Anerent stimulation during micturition. In panel A, stimulation of urSFud (4T,
5 Hz; green bar) evoked a sustained response in the EUS ENG before and after voiding. The

same stimulus during micturition evoked o d y aphasic discharge. A second void in the same
animal is shown in panel B. Here the prolonged discharge in response to cutSPud

stimulation (5 T, 5 Hz; green bars) seen before and after the void is suppressed during the
micturition reflex.
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Table 1 : Sumrnarv of Motoneurons Tested for Non-linear Res~onse

1 EUS

(n=13)

1

AP*

Linear

amplitude

response

response

1

threshold (mv)

-42*7

+

EUS and EAS stimulated together

*

Antidromic action potential height measured prior to QX-3 14 spike inactivation.

Number of measurements used to calculate average voltage threshold for non-iinear
responses.

1
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