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ABSTRACT

Normal urinary continence and micturition is produced by the reciprocal activity of the
detrusor and urethral sphincter muscles. Tonic urethral sphincter activity is in part evoked by

activify in sensory pudendal (SPud) and superficial perineal (SFP) afferents (innervation ofthe
ureth¡al wall, and cutaneous regions of the glans penis, scrofum and perineum) which, through
a chain

of interneurons, produces excitation of urethral sphincter motoneurons. During micturition,

sphincter reflexes are normally suppressed, however the mechanisms underlying this reflex

inhibition remain unclear. One possibility is a reduction of transmitter release from perineal
afferents via primary afferent depolarization (PAD).

It

is hypothesised that perineal afferents are subject to PAD from extensive segmental

systems and that during micturition, central neuronal mechanisms act to produce PAD of perineal

afferents. This reduction of transmitter release would likely contribute to the suppression of

excitatory sphincter reflexes during micturition and thus facilitate the passage

of

urine.

Experiments were performed on fifteen decerebrate and th¡ee cr-chloralose anaesthetized cats.

Micturition was induced by distension of the bladder with saline through a surgically implanted
suprapubic bladder catheter. The level

of perineal afferent

depolarization was assessed via

excitability tests. Antidromic action potentials were evoked by computer-controlled intraspinal
current injection (2 ¡rA-10 pA) and were recorded and discriminated in the SPud and SFP
peripheral nerves. Following each injection of current, the computer either decreased or increased
the subsequent amount of current injected depending on whether the afferent fired or failed to fire

respectively. This maintained a single afferent firing probability

of 0.5 as observed in

the

peripheral nerve recordings. Transient reductions in the amount of current required to maintain

this probability caused by either electrical stimulation of segmental nerves or by inducing

micturition, indicated an increase in excitability and thus PAD.

All

cutaneous and certain muscle afferents can produce significant PAD of many of the

104 perineal afferents tested. Cutaneous nerves caudal cutaneous sural (CCS), superficial perineal

(SFP), long saphenous (Saph) and the mixed posterior tibial (Tib) nerve evoked the most powerful

PAD of perineal afferents. With respect to muscle-nerves, group II afferents from posterior bicepssemitendinosus (PBSI), quadriceps (Q) and medial and lateral gastrocnemius and soleus (G-S)
were more effective than group I or group

III afferents.

This segmentalpattern of PAD is different

from that of other cutaneous nerves previously tested (Schmidt, l97l). Of the 28 fibres tested
during micturition, 10 received PAD, 13 displayed no changes in excitability and 4 received
primary afferent hyperpolarization, (PAH). The presence of PAH suggest inhibition of tonically
active PAD intemeurons. Results of the present study thus support the hypothesis that PAD

of

perineal is one of the mechanisms that contributes to the suppression of sphincter reflexes during

micturition.
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INTRODUCTION

The control of transmission through spinal segmental reflex systems has been an area

intense investigation over the last 100 years. Postsynaptic inhibition
presynaptic inhibition

of primary

of

of

spinal neurons and

afferents make up two fundamental inhibitory processes that

modulate synaptic transmission. Postsynaptic inhibition is characterised by the inactivation of
target neuron by membrane hyperpolarization, rendering

inputs (Coombs, Eccles
depolarization

& Fatt, 1955);

1959). This introduction

will

synaptic

presynaptic inhibition, on the other hand, is caused by

of a presynaptic terminal (primary

smaller terminal action potential and

it less responsive to excitatory

a

afferent depolarization, PAD) resulting in a

a reduced amount

of transmitter release (Eccles & Krnjevic,

provide a brief summary of the historical development of an

understanding of PAD, the distribution and the mechanisms underlying PAD, current views on
the contribution of postsynaptic inhibition to PAD, and the suggested functional implications

of

PAD in motor control.

Ballit Fulton & Liddell (1925)

observed in the cat that single shocks delivered to mixed

ipsilateral hindlimb nerves produced a long lasting inhibition (100 msec) of the knee-jerk reflex.
The phenomenon v/as described as an inhibition of unknown mechanism but thought to involve

a liberation of an "inhibitory

substance." Barron

&

Matthews (1938) also showed that the

amplitude of the ventral root discharge evoked by stimulating a dorsal root was reduced following

the stimulation of a neighbouring dorsal root. An interesting observation was the presence of

a

wave of negative potential recorded in the dorsal root accompanying the reduction of ventral root
discharges. These were termed dorsal root potentials (DRPs). Following systematic analysis of the

DRPs in the cat lumbar spinal cord, Barron and Matthews concluded that the DRP is the spread

I

of depolarization from depolarized primary afferents and is evoked by current spread from nearby
discharging afferents and interneurons. They hypothesized that the relation

of DRPs to reflex

inhibition was atLributed to the increase in afferent branchpoint failure @arron

&

Matthews,

1938). Branchpoint failure in primary afferents is the failure of an afferent impulseto invade all
branches

of its dividing axon. This results in a decreased number of synaptic boutons activated

by action potentials and thus reduces afflerent input to spinalneurons. Barron & Matthews (1938)
suggested that spinal inhibition occurred at the level

of primary afferents. Howland, Letlvin,

McCulloch, Pitts & Wall (1955) posed the question: if the afferent volley is being reduced, where

along its path does this reduction take place? Using the technique

of

isopotential mapping,

Howland et al. (1955) performed the condition-test paradigm used to evoke DRPs and observed
a reduction

area

of neuronal activity in the medial dorsal horn of the spinal cord corresponding to the

of afferent terminals. This was interpreted

as a decrease

in neuronal conduction occurring in

and around primary afferent terminal arborizations and rvas a result the conditioning stimuli to the

neighbouring dorsal root. They hypothesized that the observed reflex inhibition may be due to a
blockage of afferent impulses around afferent branchpoints. Early investigators proposed that the
mechanism of primary afferent depolarization was a non-specific afferent-afferent or interneuron-

afferent interaction via liberation of potassium ions @anon & Matthews 1938; Eccles & Malcolm,
1946; Howland et

al.

1955).

Up until 1957, all inferences of presynaptic inhibition

'ø/ere based

on extracellula¡

recordings from entire dorsal and ventral roots of unidentified reflex pathways. Frank & Fuortes

(1957) in their landmark experiment, observed that the amplitude
monosynaptic excitatory postsynaptic potential (EPSP) was reduced

stimulated prior

if

of the evoked G-S Ia
hamstring afferents were

to a test stimulation of the G-S nerve. Since they could not

detect any

postsynaptic excitability changes in G-S motoneurons and stimulation of hamstrings alone caused

2

,

no hyperpolarization of G-S motoneurons, their initial conclusions were that this reduction
due to presynaptic inhibition

\ryas

of G-S afferent terminals. Frank and Fuortes were the first to use

the term presynaptic inhibition and the first to demonstrate EPSP depression in an identified
monosynaptic pathway.
depression was a result

By ruling out postsynaptic inhibition they concluded that the EPSP

of inhibition of the presynaptic fibres.

Work in Eccles' lab extended the initial investigations of Frank and Fuortes and developed

many of the present concepts about the mechanisms of primary afferent depolarization and
presynaptic inhibition. One of the first inhacellular recordings of primary afferents during PAD
was performed by Eccles

& Krnjevic

(1959). Their analysis of potentials recorded

in afferent

fibres supported the hypothesis that PAD resulted in a reduced amplitude of the afferent terminal
spike and a subsequent reduction in transmitter release. In addition they gave further evidence that

PAD is not a result of direct afferent-afferent interaction but rather, specialised interneurons
receiving disynaptic input from afferents release

a chemical

transmitter on other primary afferents

inducing PAD (Eccles & Krnjevic,l959a,b; Eccles Schmidt & V/illis, 1963).
Eccles and his colleagues then examined the distribution of PAD. Figure 1 summarizes

our current understanding of PAD produced by stimulating different afferent systems. "Fibres
giving" represents the source of the afferent fibres whose activation evokes PAD of "afferents
receiving." In general, stimulation of cutaneous afferents evoked the largest PAD of cutaneous
afferents, flexor Ib afferents evoke the most powerfi:l PAD of both flexors and extensors group

I

afferents, extensor group Ib afferents evoke powerful PAD of other extensors Ib afferents, and

no PAD is evoked in flexors Ia afferents from extensor Ia afferents (for review see Schmidt,
1971).

Thus considerable information is now available on the sources of PAD of cutaneous
afferents (e.g. Schmidt,

l97I;

Baldissera et

al. l98l), group

J

I

(see Baldissera

et al.

1981,

Rudomín, 1990), group

II

muscle afferents ftIarrison

fibres (Jankowska, Riddell

& McCrea,

& Jankowska" 1989), interosseous

1993), and C-fibres (Woolf

& Fitzgerald,

and

joint

1981; Hu

&

Sessle, 1988).

Presynaptic versus postsynaptic inhib ition

In

1959, Frank proposed an alternative explanation for the cause

of EPSP

depression.

Instead of a presynaptic inhibition, which was his initial hypothesis, Frank suggested that perhaps

the locus of inhibition was postsynaptic, sifuated far from the somaon the distal dendrites of the
motoneurons, This new hypothesis was proposed because
indicating

a presynaptic mechanism stemmed

it

was believed that

all

evidence

largely from the inability of investigators to explain

EPSP depression via postsynaptic mechanisms. Based on the assumption that the electrotonic
length of motoneurons was large, Frank suggested that if postsynaptic inhibition occurred on distal
dendrites, potential changes recorded in the soma may be undetectable. This was termed remote

inhibition. With the theoretical possibility of remote inhibition, a possible contribution of
postsynaptic inhibition to group I EPSP depression raised the question of what proportion of EPSP

depression could be explained

by presynaptic inhibition? Granit et al. (1964) showed that

conditioning stimulation producing EPSP depression also reduced repetitive discharges in
motoneurons. Since repetitive discharge properties

of

motoneurons are influenced

by intrinsic

membrane properties including postsynaptic conductance changes, the reduction of repetitive firing

provided funher evidence for the contribution of postsynaptic mechanisms to EPSP depression.
Carlen et al. (1980) also provided evidence for postsynaptic membrane changes during Ia-EPSP
depression by demonstrating an increase

in G-S motoneuron membrane conductance following

conditioning stimuli applied to PBSt nerve. Carlen et al. (1980) however, stated that postsynaptic
mechanisms probably do not account

for all of the inhibition during EPSP depression. These

4

studies were at odds with Eide et al. (1968) who argued that postsynaptic inhibition contributed

insignificantly to EPSP depression. More recently McCrea et al. (1990) by direct measurement
and modelled postsynaptic conductance changes, suggested that the reduction of monosynaptic Ia
EPSPs by conditioning stimuli is of presynaptic origin.

It

was previously believed that strychnine was a potent antagonist

for

postsynaptic

inhibition of motoneurons and picrotoxin was an antagonist for presynaptic inhibition (Eccles,
Schmidt

& Willis,

1963).

In an investigation of the pharmacology of postsynaptic inhibition

evoked by muscle stretch, Kellerth

&

Szumski (1966) observed that inhibitory postsynaptic

potentials (IPSPs) in some popliteal, hamstring and common peroneal motoneurons \¡/ere resistant

to the effects of strychnine, but were antagonized by intravenous picrotoxin. The time course of
the inhibitory effect of picrotoxin lasted over 100 ms resembling that of presynaptic inhibition.
These findings suggested that GABA or a GABA-like substance released by interneurons might
associate

with GABA receptors on afferent terminals thus producing PAD,

as

well

as

with GABA

receptors located on the motoneuron postsynaptic membrane producing postsynaptic inhibition.

Rudomín's group has provided convincing evidence that presynaptic and postsynaptic

inhibition are not mutually exclusive mechanisms for EPSP depression. Solodkin, Jimenez &
Rudomín (1984) found a population of interneurons located in the intermediate nucleus that
produce presynaptic inhibition
motoneurons. Thus

of Ib

afferents and simultaneous postsynaptic inhibition of

in the system from group Ib

afferents

to

motoneurons presynaptic, and

postsynaptic inhibitory mechanisms may be inextricable. Simila¡ actions between interneurons,
motoneurons and group

(1964).

In

Ia afferents may

account for the observations

of Kellerth & Szumski

summary, while postsynaptic conductances may accompany reduction

amplitudes, the presence

of DRPs and PAD clearly

in

EPSP

indicates that conditioning stimulation

produces large depolarization of presynaptic fibres. Thus, regardless of the relative contributions
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of pre- and postsynaptic mechanisms to EPSP reduction, an analysis of changes in the polarization

of primary afferents has given an accurate and detailed picture of the pattern and magnitude of
the reduction in synaptic effìcacy produced by conditioning stimulation of peripheral nerves. As

will be detailed

later, this thesis

will

determine

if

primary afferents in perineal nerves

are

depolarized by conditioning stimulation in a manner similar to that of limb afferents.

Mechanisms of PAD

There are two current theories conceming the mechanisms producing PAD: l)
accumulation of extracellular potassium produced by repetitive activation of interneurons in the

vicinity of primary afferent terminals (Krnjevic & Morris, 1974)

and 2)

GABAergic interneurons

depolarizing primary afferent terminal via axo-axonic synapses.

Using specialized potassium sensitive electrodes, Krnjevic

& Morris (1914)

observed a

positive correlation befween the amplitudes of DRPs evoked by afferent stimulation and focal K+
potentials. PAD produced by accumulation of extracellular potassium has been observed in the

frog Q.{icoll, 1979), and the cat (Krnjevic & Morris,1974; Bruggencate, Lux & Liebel, 1974;
Jiménez et al. 1984). Elevation in [K+]" depolarizes the terminals of nearby primary afferents and
has been described as a non-specific mechanism of PAD (Krnjevic

& Morris, 1974). The location

of maximal focal K+ potentials was in the dorsal horn, corresponding to the site of

cutaneous

afferent termination. On the other hand, focal K+ potentials around muscle afferents in the
intermediate nucleus are smaller than those in the dorsal horn (Jimenez et al. 1984). While K+
can produce PAD and may in fact be one of the mechanisms for PAD, several observations argue

against K+" being the primary mechanism of PAD:

I.

The onset of the DRP occurs several milliseconds before the detection of elevated K+
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(Krnjevic & Morris, 1972).

II.

Single afferent volleys can evoke powerful PAD @ccles & Magini, 1960) but only cause
a minor increase in extracellular K+

n.

(Nicoll,

1979).

Pharmacological agents can have opposite effects on the amplitude
extracellular

(+;

barbiturate causes

of PAD and

a slight prolongation of the DRP but

decreases

changes in the K+. signal, and picrotoxin abolishes the DRP but increases extracellular

K+ (Bruggencate et al.

rv.

Ventral root stimulation produces DRPs in the frog without an increase in extracellular

(+
V.

1974).

(Nicoll,

1979).

Electrical stimulation of group

II

and group

IiI muscle and high threshold cutaneous

I

muscle afferent stimulation, but does not

afferents inhibits the PAD evoked by group

cause a simultaneous reduction in the levels of extracellular

If

K*

(Bruggencate et al. 1974).

elevated K+e was the primary mechanism, it would be expected that removal of PAD

would be the result of decreased K*".

u.

PAD of group I afferents displays specificify. For example, flexor afferents evoke PAD

of extensor afferents, however,
(Schmidt,

I 97 I

extensor afferents do not give PAD to flexor afferents

; see Fig. I ). Another example of specificity is that stimulation of the sural

nerye evokes PAD of group Ib afferents but not of flexor Ia afferents. Instead, sural
stimulation inhibits the PAD evoked by stimulation of flexor group I afferents (R.udomín,
1990). These effects are appear uncharacteristic ofthe non-specific action ofextracellular

K+.

There is substantialevidence implicating chemical transmission in the production of PAD.
Perhaps the most convincing evidence comes from the effects
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of GABA^ and GABA" agonists

and antagonists on DRPs. Gamma-aminobutyric-acid (GABA) is an inhibitory amino acid
neurotransmitter found throughout the central nervous system. GABA released from nerve
terminals binds to either GABA^ or GABA, receptors on pre- or postsynaptic neurons. Activation

of GABA^ receptors

causes

Cl- to move down its electrochemical gradient. GABAB receptor

activation triggers the production of second messengers causing an influx of Ca+t. The effects

of GABA' have a longer time course and are believed to be involved in long term cell signalling.
Eccles Schmidt

& Willis (1963) demonstrated that GABA topically applied to the spinal

cord

evoked DRPs. In addition, PAD produced by GABA could be reversed by the GABAA antagonists

picrotoxin (Eccles, Schmidt & Willis, 1963; Barker & Nicoll, 1972) and bicuculline (Barker &

Nicoll, 1972). Other convulsive

agents which block postsynaptic

inhibition such as strychnine,

were not effective in inhibiting PAD (Barker & Nicoll, 1972).It was thus suggested that GABA

or a GABA-like substance was the chemical transmitter subserving PAD. Through iontophoretic
application of GABA near muscle afferent terminal arborizations, Rudomín et al. (1983) were able

to provide further evidence that GABA's site of action is likely on the terminal axons of primary
afferents. A reduction of the monosynaptic EPSP of group

I muscle

afferents can be produced by

iontophoretic intravenous administration of baclofen, an agonist of the GABAB receptor,

as shor¡.n

by Curtis et al. (1985). Similarly, Stuart & Redman (1992) have demonstrated that the GABAB
antagonist saclofen can inhibit PAD of some group I afferents.

It

is thus suggested that both types

of GABA receptors contribute to the generation of presynaptic inhibition, however the mechanism

of GABA^ and GABA" differ. GABAA receptor activation

produces an increased

GABAB receptor activation produces an increased Ca** influx.

It

is

Cl- while

still unclear if the presynaptic

inhibition produced by GABA" is via PAD or via a different mechanism that reduces transmitter
release (Rudomin, 1990).

Further evidence supporting the hypothesisthat PAD is mediated by chemical transmission
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is that both the latency and ionic components subserving PAD are similar to polysynaptic
pathways. DRPs can be evoked with a minimum latency

Rudomín

&

of 1.7-2.4 msec

(Jankowska, McCrea"

Sykova, 1981) resembling a di- or trisynaptic pathway. PAD in the frog can be

inhibited by application of ionic species which block synaptic transmission such as Mg+,

Mn#,

and Co+r. Rudomín and his colleagues have stimulated single interneurons which evoke PAD

group

I afferents (Rudomín et al. 1983) thus providing convincing

of

evidence that PAD is be

evoked by activation interneurons.

The perfi:sed frog spinal cord preparation has been used to investigate the ionic
mechanisms

of PAD

since the ionic concentrations

of the extracellular medium are easilv

manipulated. As previously described, activation of GABA receptors can lead to an increar.d
conductance.

It would

C;

appear that the net flux of Cl- should be out of the cell in order to cause

depolarization. Primary afferent terminals

in the frog have been shown to have a

higher

concentration of intracellular than extracellular C1- (Alverez-Leefmans, 1988). This supports the

theory of an outward flux of Cl- caused by activation of GABA receptors. Recent work by
Redman

&

Stuart

(I

99 I ) confirmed that PAD causes a decreased calcium

influx in the presynaptic

terminal during a subsequent action potential and this may be responsible for the diminution of
transmitter release during PAD in the cat. This observation is in accord with Katz

(1968) who hypothesized that the amount
concentration of

Ca#

&

Miledi

of synaptic facilitation is proportional to

the

in the terminal axon. Whether mechanisms producing PAD in frogs differs

from cats is unclear and will not be discussed in the present study.

In summary, it is agreed that both K+le and GABA produce PAD. Extracellular K+
produces PAD of cutaneous and muscle afferents by direct depolarization of afferent terminals and

GABA

causes

an increase Cl- conductance. These two mechanisms likely work in parallel

(Rudomín, 1990; Bruggencate et aL. 1974).

It

has been suggested that elevated
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K+ may

also

induce metabolic changes in the surrounding glial cells to adjust for the increased energy demands
caused by increased

primary afferent activity (Orkand et al. 1973). The present study concentrates

on the pattern of perineal afferent PAD. The relative contribution of K+ and GABA to PAD and

other ionic mechanisms implicated in producing PAD are issues for future investigations and

will

not be addressed here.

PAD of perineal afferents
So far, this introduction has illustrated the cunent concept that PAD is a central inhibitory
process that can be mediated by intemeurons having axo-axonic synapses

with primary afferents.

As previously detailed, patterns of PAD of hindlimb cutaneous and hindlimb muscle afferents
have been studied extensively.

In contrast little is k¡own about the pattern of PAD of perineal

afferents. These afferents innervate the extemal genitalia, perineum and the luminal portion of the
urethra and their activity has been implicated in micturition and continence. The present study

will

investigate the segmental systems which evoke PAD of perineal afferents and determine whether

the spinal neuronal network that produces micturition also produces PAD of perineal afferents
during micturition. Before discussing the specific research plans, current methods for measuring
PAD, and a brief synopsis of PAD during behaviours and the physiology of micturition will be
outlined.

Methods

for

measuring PAD

Of the many possible methods used to identiff PAD over the course of 30 years, five
techniques are

still in common practise. The following is a brief description of

these techniques

outlining their advantages and pitfalls.
Dorsal Root Potential: Popularised by Banon & Matthews (1938) the dorsal root potential
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recording or DRP results from antidromic electrotonic conduction originating

at the central

portion

of the primary afferents. This techniques uses extracellular recordings from the cut proximal end
of dorsal roots. A negative potential following a conditioning stimulus to neighbouring peripheral
nerves or from microstimulation of spinal neurons involved in the production of PAD, indicates

primary afferent depolarization. This would have limited value in the present study since the
potential recordings reflect the activity of an entire population of fibres in the dorsal root and give

little information about the type of fibre being depolarized (ie. cutaneous or muscular innervation).
Dorsal Root Reflex: Used by Eccles et al. (1946) the dorsal root reflex or DRR, is
technique where antidromic discharges are recorded
advantage

in the dissected peripheral nerve.

a

One

of this technique over the DRP is that the identity of the afferents' receptive field

is

known. However, it is very diffrcult to determine the amount of PAD of single afferents.

Wall Technique: Developed by Patrick Wall (1958) this is the first technique to measure
the relative excitability of a pool of primary afferent terminals.

It

is based on the assumption that

the number of afferent fibres activated by a given amount of extracellular current delivered from

an intraspinally located microelectrode is a function of the relative level of excitability of the
afferents.

If

the population of afferents becomes more excitable, then that current

more terminals and increase the antidromic discharges recorded
Conversely,

if

will

depolarize

in the peripheral

nerve.

the pool of afferent terminals are less excitable then the antidromic response

be smaller and indicates a reduction in PAD, This method is effective for measuring

will
the

excitability of a group of afferents but does not permit the measurement of a single afferents
excitability.

Intrafibre Recordine: Pioneered by Eccles' group, this is the definitive technique for
measuring primary afferent depolarization since the recordings are of single afferent membrane
potentials. Eccles & Krnjevic (1959) were one of the first to successfully impale primary afferents

1l

with intracellular microelectrodes. There are

several problems inherent

with

intracellular

recordings. First, impaling an afferent is technically very difficult since the axon diameter is small.
Second, when measuring PAD of Ia afferents the recording site must be situated in the dorsal horn

where the diameter

of the primary afferent a.xon is sufficiently large. This site is electrically

distant from the locus

of primary

afferent depolarization.

A

consequence

underestimation of the strength of PAD since electrotonic decay would occur
reached the microelectrode. Third, impalement

as the

of this is

an

depolarization

of the fibre may cause leakage of intracellular

contents and compromises the membrane stability of the fibre.

Continuous Excitabiliqv Test: Madrid et al. (1979) devised a method for continuous
monitoring of single primary afferent terminal excitabiliry. A modification of the Wall technique,
this method allows the single afferent terminals excitability to be continuously tested. The details
of this technique will be discussed in Methods. Briefly, this technique uses

a

window discriminator

to discriminate single antidromic afferent discharges in the peripheral nerve recordings which in
turn triggers an intraspinal extracellular stimulating microelectrode. A computer-feedback signal
decreases

or increases the amount of stimulating current depending on whether the afferent fired

or failed to fire respectively. The advantage of this technique is that one is are not only able to
test the excitability of single afferent terminals, but from the peripheral nerve recordings one can
calculate the conduction velocity of the afferents and thus determine its type (eg. group

group

II

I versus

muscle afferent). One problem associated with this technique is that primary afferent

terminal membrane potential is never recorded therefore
assumption,

of PAD. This

seems

it is an indirect

measurement,

or

an

to be a valid assumption since PAD brings the terminal

membrane potential closer to its threshold for firing. At this point, relatively less current would

fire the afferent than in the absence of PAD. PAD is thus inferred by transient reductions in the
amount of stimulus current required to activate the afferents. As a corollary to this,
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if

the terminal

is relatively hyperpolarized, the amount of stimulating current required to fire the afferents would
be higher.

PAD during vertebrate behavior

While PAD of many afferent systems is well characterised in the non-behaving animal,
the role of PAD during motor behaviour in vertebrates is still unclear. Some observations have
been made during fictive scratching (Baev

& Kostyuk,

1981) and fictive locomotion (Duenas et

al. 1988; Gossard et al. 1989) in the cat and during human voluntary movement (Hultborn et al.
1987). During fictive locomotion, intrafibre recordings (Gossard et al. 1989) show that flexor and

extensor group

I

and group

II muscle

afferents receive maximum PAD during flexion and less

PAD during the extension portion of the fictive step cycle. Thus, afferent input to the spinalcord
can be phasically inhibited indicating that there exists programmed windows
step cycle when sensory input is more or less desirable.

of time during

the

In addition to phasic PAD, Duenas &

Rudomin (1988) showed that G-S group Ia and Ib afferents are subject to a tonic PAD that is
believed to be produced by elevated extracellular K+. The precise functional role of PAD and the

reflex pathways under modulation during locomotion has not been elucidated. Compounding the

diffrculty of this task is the dynamic nature of reflexes during fictive locomotion such

as that

observed with the reversal of Ib inhibition to excitation from plantaris onto medial gastrocnemius

during extension in the cat (McCrea Shefchyk & Pearson, 1993). PAD during fictive scratching
also displays phasic modulation @aev et al. i981). Investigations of PAD in humans during
voluntary movement showed that prior to a voluntary muscle contraction, there is a decrease in
the level of PAD of agonist muscles and a concomitant increase in PAD of antagonist muscles

(Hultbom et al. 1987). It is believed that this modulation of PAD increases the excitatory drive

to

muscles appropriate

for the planned

movement, as

t3

well as reduces excitation to

muscles

opposing the movement. The production of PAD by the CNS before the onset of a movement
suggests that PAD is task specific and is used in motor planning. The presence of PAD of perineal

afferents during micturition has yet

to be investigated. PAD of perineal afferents

during

micturition is an attractive hypothesis since presynaptic inhibition of these afferents may contribute
to the rela.xation of the external urethral sphincter facilitating the passage of urine.

Micturition

Micturition is a unique motor behaviour displaying elegant coordination between
autonomic and somatic neryous systems. The principle muscles subserving micturition are the
detrusor and the external urethral sphincter (EUS). The detrusor, or urinary bladder consists of
a main urinary storage depot, the body, and a tapered portion leading to the urethra known as the

bladder neck. Both consist

of

layered smooth muscle innervated

by pelvic and

hypogastric

autonomic nerves (Evans, 1936). The extemal urethral sphincter (EUS) is located distal to the
bladder neck and is comprised of a band of striated muscle which envelopes the ureth¡a. The EUS
is under both voluntary and reflexive control via the motor branch of the pudendal nerve. Slightly

proximal to the EUS is the internal urethral sphincter. This band of smooth muscle is innervated
by the hypogastric nerve and together with the EUS, maintain the urethra closed thus ensuring
continence.

Bladder function can be separated into two components: 1) bladder filling or continence,
and 2) the expression

of bladder

contents, micturition.

Filling is facilitated by the sympathetic

innervation of the detrusor muscle via the hypogastric nerve and the somatic and sympathetic
innervation of the EUS and proximal urethra via the pudendal and hypogastric nerve respectively

@ownie and Bialik, 1988; Evans, 1936). Sympathetic noradrenergic innervation of the bladder

by the hypogastric nerve allows the detrusor to relax and the proximal urethra to contract thus
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accommodating the increased volume of urine with little to no changes in luminal pressure (for

review see Jänig, 1986). In addition, sympathetic systems are believed to inhibit parasympathetic
excitation of the bladder thus modulating the relative contributions of parasympathetic and
sympathetic systems

to detrusor activity (de Groat & Saum, 1971). Coincident with

bladder

external relaxation is sphincter contraction. Tonic reflex contraction of the EUS is maintained by

activity in both somatic and autonomic systems. Downie and Bialik (1988) showed that clonidine,
an a-2 adrenoreceptor antagonist, acts centrally causing inhibition of reflex activation of the
urethral branch of the pudendal nerve. This suggests that noradrenergic systems normally cause

excitation of sphincter reflexes and thus helps maintain continence. Tonic EUS activify is also
maintained by activity in the sensory pudendal (Spud) and superfìcial perineal (SFP) afferents.
These afferents travel in perineal nerves and innervate the luminal portion of the urethra, the glans

penis (Thor et al. 1989; Todd, 1964) and the skin of the perineum and scrotum (Bailey, Kitchell,

Johnson

&

Guinan, 1990). Sphincter reflexes evoked by activation of perineal afferents also

contribute to the prevention

of

undesirable bladder leakage and thus facilitates

filling

and

continence (Garry et al. 1959). Perineal afferents have also been implicated in sexual reflexes (for

review, see Sachs & Meisel, 1988).

Micturition is initiated when bladder volume reaches

in the bladder wall

a

critical level and tension receptors

become sufficiently activated (Barrington's first reflex). This sensory

information is encoded by afferents in the pelvic nerve and relayed to the sacral spinal cord where
the afferents either ascend or synapse on ascending interneurons. Some ofthese ascending neurons

travel in the dorsolateral fasciculus (DLF) and terminate in the pontine micturition centre (PMC)
located in the rostral pons (Barringfon,

micturition (Fedirchuk

&

Shefchyk,

l92l).

l99l),

Lesioning the DLF abolishes distension evoked

McMahon and Morrison (1982) recorded from a

population of long ascending spinal neurons which receive input from both pelvic and hypogastric
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afferents. These ascending neurons travel in the intermediolateral and venholateral columns and
have also been postulated as components of the afferent limb controlling the spinal-bulbar portion

of the micturition reflex. It is

hypothesised that when ascending impulses

from the bladder

suff,rciently activate brainstem structures, descending spinal systems are "turned on" and initiate
bladder contraction. These descending neurons travel within the ventrolateral fasciculus (VLF)

(Banington 1931; McMahon and Morrison 1982; deGroat 1975; Fedirchuk & Shefchyk, 1991)
and terminate on interneurons which activate pelvic efferents. The parasympathetic postganglionic

pelvic efferents are the final common pathway in the generation of bladder contraction. Release
of acetylcholine from the pelvic efferents bind to muscarinic receptors located on the detrusor and
cause bladder contraction. The identification of all neurotransmitters involved in the excitation-

contraction coupling of the bladder and inhibition of the sphincter muscles is incomplete and quite
controversial. There is accumulating evidence that postganglionic parasympathetic neurons release

several other classes of transmitters, including ATP and neuropeptide

Y

which may

have

synergistic effects with acelylcholine and noradrenaline (for review, see Burnstock, 1990).

Micturition has thus been regarded as a spino-bulbo-spinal reflex. The identification of
the ascending and descending spinal neurons involved in the afferent and efferent limb of this
spino-bulbo-spinal reflex are still uncertain. Future investigation

will require intracellular

records

from these spinal neurons during micturition in order to establish their relationship with
micturition.
Accompanying bladder contraction is EUS relaxation, as seen in both cats (Rampal &

Mignard, 1975; Fedirchuk et al. 1991) and in humans (Sethi et al. 1989). During normal
micturition, both tonic and phasic sphincter contractions are suppressed to allow complete
emptying of the bladder. The mechanisms underlying reflex suppression of the external urethral
are only partially understood. Recent works by Shimoda et al. (1991) and Fedirchuk and Shefchyk
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(1991) have shown that pudendal motoneurons hyperpolarize during micturition. This
hyperpolarization would contribute to the inhibition of excitatory sphincter reflexes. Another

possibility may be that during micturition, a reduction of transmitter release from perineal
afferents via PAD reduces tonic EUS activity. This presynaptic inhibition would add to the
postsynaptic inhibition of pudendal motoneurons and facilitate sphincter relaxation. V/ojcik et al.

(1983) have provided some information about PAD

of

SPud afferents derived using Wall

technique showing that SPud is subject to PAD from stimulation
nerves. Thus the pattern

of SP, G-S, PBSI and CCF

of PAD from the entire hindlimb and perineum remains unknown. In

addition nothing is known about the presynaptic control of perineal afferents during micturition.

This thesis addresses three principle questions:
1)

Are perineal aff,erents subject to PAD from other segmental sources?

2)

If perineal afferents

do receive PAD, are the effects from these segmental sources of PAD

similar to those described for other cutaneous afferents of the hindlimb?
3)

Are perineal afferents subject to PAD during distension-evoked micturition?

The present working hypothesis is that perineal afferents are subject to an extensive
segmental system of PAD and that during micturition, central mechanisms act to produce PAD

of perineal afferents. This PAD would

contribute

to the suppression of excitatory

urethral

sphincter reflexes during micturition. To investigate these possibilities, single Spud afferents were
isolated in peripheral nerve recordings. Extracellular cunent injection from an intraspinally located

microelectrode was used to assess changes in the excitability of SPud terminals from electrical

stimulation of peripheral nerves or during micturition. The presence of PAD was indicated by
increased afferent fibre excitability using the technique described by Madrid et al. (1979).
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METHODS

Experiments \¡/ere performed on 18 male cats(2.5-4.I kg). Data was collected from i5

precollicular postmammilary decerebrate preparations and three animals under cr-chloralose
anaesthesia (a0 mg/kg

initial dose with

supplements up

to about 100 mg/kg). A mixture of

halothane, nitrous oxide and oxygen was the anaesthetic for the dissection.

A tracheostomy was

performed, the externaljugular vein, a forelimb vein and a carotid artery were cannulated for fluid
and drug administration and blood pressure recording. A continuous infusion of a

bicarbonate solution

SYo

glucose and

(5 ml/hour) was given and was dextran administered as required.

The

following nerves were cut and dissected on the left side: sensory pudendal (SPud), superficial
perineal (SFP), caudal cutaneous sural (CCS), lateral cutaneous sural (LCS), caudal cutaneous
femoralis (CCF), posterior tibial (mixed muscle and cutaneous innervation of the plantar surface

of the foot, Tib), superficial peroneal (SP), posterior biceps and semitendinosus (PBSt), medial
and lateral gastrocnemius and soleus (G-S), ureth¡al sphincter motor branch of the pudendal nerve

(EUS), quadriceps (Q), saphenous (Saph), and the knee joint (the posterior articular nerve, J). In

all

experiments, the branch

of the pudendal nerve supplying motor innervation of the

anal

sphincter (EAS) was cut ipsilaterally. In one experiment the right (contralateral) sensory pudendal

(coSPud) and superfìcial perineal (coSFP) nerves were cut and mounted for stimulation.

Laminectomy from L7 to L4 exposed the lumbosacral spinal cord and the cat was
stabilized in a rigid frame. Skin from the left hindlimb was fashioned into a pool and filled with

warm mineral oil. Nerves were placed on bipolar hook electrodes except for Q and Saph which
were placed in electrode cuffs. Stimulus strengths were expressed in multiples of the threshold
current (T) that produced

a

barely detectable volley on the cord dorsum following constant current

stimulation of peripheral nerves using 0.2 ms duration pulses. The dura was cut along the entire
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extent

of the exposed spinal cord and small areas of pia \ryere removed in the 51 or 52 spinal

segment to allow entry of the microelectrode. Core and leg pool temperatures were monitored and

maintained between 36oC and 39oC.

A wide craniotomy allowed blunt

precollicular-

postmammilary decerebration with a spatula after which halothane anaesthesia was discontinued.

All

animals were paralysed with gallamine triethiodide (2-3 nslkglhr) and artificially respirated.

Respiration was adjusted to maintain end tidal CO, levels between3Yo and

A

5Yo.

single catheter was inserted suprapubically into the dome of the bladder to monitor

bladder pressure

or infuse saline into the bladder at 2

mVmin. Micturition reflexes were

characterizedby a phasic increase in bladder pressure accompanied by decreased activity recorded

in the EUS electroneurogram (ENG). In three animals the proximal urethra was ligated
bladder distension (usually about

l5 ml)

and

resulted in the production of rhythmic isometric bladder

contractions. The changes in bladder pressure and sphincter ENG activity that occurred during
these isometric micturition reflexes were comparable to those seen in preparations where actual

expulsion of fluid from the animal occurred. In both preparations tests were made for the presence

of sphincter reflex suppression during mictu¡ition. The SPud nerve was stimulated prior to
throughout micturition at 2T or 5T at a repetition rate

and

of 1-2 Hz. The suppression of EUS

excitation was evident upon visual inspection of the ra\¡/ or integrated ENG displayed on the
oscilloscope. Afferent-evoked sphincter discharge showed a full recovery following the micturition

reflex.

Es

timation of afferent

exc

itab

ility

Glass microelectrodes filled with 2M sodium citrate (tip diameters -2.5¡"rm, resistance 2

Mf))

were used for intraspinal stimulation and recording in the

Sl

and occasionally in the rostral

52 segment. The SPud nerve was stimulated and the microelectrode used to record short-latency
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field potentials in the dorsal horn (Fedirchuk et al. 1992b). Once an area with large f,reld potentials
was located, the microelectrode was connected to a constant current stimulator. The stimulator
delivered pulses (0.5 ms) from 0.2 ¡rA

to t0 ¡rA which

were used to excite terminals

of

SPud

afferents in the vicinity of the microelectrode. The bipolar electrode on the SPud nerve was then
connected to a differential amplifrer

for recording antidromic discharges evoked by intraspinal

microstimulation (see Fig. 2). A window discriminator with adjustable voltage levels and time
epoch permitted isolation

of the

discharge

of a single SPud afferent. The microelectrode

was

moved vertically until a position was found where discharges of a single afferent, evoked by low

current strength, could be reliably discriminated. In order to avoid stimulation of the dorsal
columns and the ventral horn, the position of the microelectrode was confined from about 0.8 mm
to 2 mm below the surface of the cord (Fedirchuk et al. 1992). Conduction velocity was calculated

directly from the antidromic latency without correction for activation time.

For trials in which the excitability of afferents was examined following electrical
stimulation of peripheral nerves, afferent fibre excitability was measured using the technique
described by Madrid et al. (1979). The threshold

of a f,ibre was first

determined by manual

adjustment of the current injected through the microelectrode. The computer then decreased or
increased the current in a stepwise fashion depending on whether the fibre fired or failed to fire

respectively. This maintained firing probability of the afferent at about 0.5. Current steps of 0.2

¡tA - 0.4 pA were routinely used (see also Riddell,

Jankowska

& Eide, 1993). Conditioning

stimuli of peripheral nerves (1 to 5 pulses,3.3 ms pulse interval) preceded the single intraspinal
stimulus by 15-20 ms and were delivered every 500 ms. The presence of PAD was indicated by
a decrease in amount of current required to maintain the fibre firing probability at 0.5.
During micturition, the excitability of a terminal was sampled and the current adjusted at
a rate of 5-7

Hz.In almost all

cases, the excitability
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of a terminal ì¡/as measured during at least

two micturition reflexes. In addition, another paradigm was used to
(Dueñas

& Rudomín,

assess

excitability changes

1988). The stimulating current used to activate the afferent terminals was

held constant at a level just below threshold for firing the afflerent. Changes in the f,ring of the

unit were monitored prior to, during, and after micturition. Depolarization of the afferent during
voiding was indicated by increased firing of the unit with a constant stimulating current. While
this method did not allow a quantifìcation of the excitability change, it often more easily revealed
changes

in excitability during distension-evoked micturition.

Blood and bladder pressures, intraspinal current and voltage as well

as the

firing of the

afferent were digitized, displayed and stored on a computer (386 PC, DOS operating system,

see

Riddell et al. 1993). Results were discarded if nerve stimulation caused large fluctuations in blood
pressure.
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The excitability

of 106

SPud fibres (conduction velocities

t8 m/s to 64 m/s) was tested

following electrical stimulation of peripheral nerves. As discussed by Rudomín, Engberg &
Jiménez (1981), the amount of PAD can be expressed as a percent change in the current required

to maintain a firing probability of 0.5 following peripheral nerve stimulation. Increased afferent
excitability and thus PAD, is indicated as a decrease in current and expressed as a negative
percentage change
repeatable and

2

from the original threshold current. Only excitability changes that

5%o

were

were considered to indicate PAD. Since there were no obvious differences

in the pattern of PAD obtained in the fifteen decerebrate and three cr-chloralose anesthestized cats,

their data were pooled. Only 4/106 SPud fibres examined were without eflect from any nerve.
Twenty-seven of the
changes in their

i06 fibres

were also examined during distension-evoked micturition and

firing index monitored.

PAD evoked from cutaneous afferents
Cutaneous stimulation was particularly effective in producing increased excitability and
hence PAD

of SPud afferents. While not all cutaneous nerves were tested for evoking PAD of

each SPud afferent, in 64 SPud afferents at leastthree cutaneous nerves were tested.

In 62 ofthese

afferents, PAD was produced from 3 or more cutaneous sources. Figure 3 illustrates the effects

of conditioning a variety of cutaneous nerves and the mixed cutaneous and muscle nerve (Tib)
on the excitability of one SPud afferent fibre with a conduction velocity of 45 m/s. In this fibre,

stimulation of CCF at I.4T produced a 36% decrease in the current required to produce a 0.5

firing probability. Increasing the CCF stimulation strength to 2T or 5T produced no further
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increase

in excitability. CCS and

Saph also produced considerable PAD

strengths. SP stimulation evoked less PAD (-9 %) and was equally effective

at low stimulation

at2T

and 5T. In this

fibre the amount of PAD produced by Tib stimulation was between that produced by SP and the
other cutaneous nerves tested.
Figure 4 summarizes the amount of PAD produced by peripheral nerve stimulation. Each

bin represents the number of SPud afferents that received maximal PAD following peripheral
nerve stimulation at the stimulus strengths indicated on the abscissa. The fraction in each panel
indicates the number of times a PAD >5%o was produced (numerator) and the number
afferents tested (denominator). The heights

of

SPud

of the bins in each panel show the incidence of

producing the maximum PAD at a particular stimulation strength. The negative integer(s) in each
panel indicate the mean percent decrease in current required to maintain the firing index at 0.5.

For example, SFP (Fig.4, top right) produced PAD 86 of the 104 timestested.In90%o of the 86
fibres with effects, stimulation

l2T

was maximally effective, producing a mean decrease

of ß%

of the current required to maintain the firing index. The mean PAD produced varied from a 6%o
change following

joint stimulation, to

16%o

or

77%o change

following SFP, coSFP, coSPud, Tib,

and Saph stimulation. Thus low strength stimulation of nerves innervating the perineum and most

of the hindlimb produced substantial PAD of SPud afferents. The incidence of cutaneous-evoked
PAD was greater than 80Yo for coSPud, Saph, CCS, coSFP, Tib, and SFP; and greater than 60%o

for CCF and SP. LCS stimulation produced PAD in only 43o/o of the SPud fibres tested.
The conduction velocities of all SPud afferents were calculated and values of the percent
change

in threshold current produced by SFP stimulation for 91 fibres are plotted along

the

abscissa in Fig. 5. The magnitude of PAD in individual SPud fibres varied greatly. There was no

correlation between the conduction velocities of SPud afferents (range: 18 to 64 m/s) and the
amount of PAD (range: +5o/o fo -39%) produced by 2T SFP stimulation. There was no obvious

ZJ

relationship between conduction velocity and the amount of PAD evoked by stimulation of other
peripheral nerves.

PAD evoked from muscle afferents
The ability of muscle afferents to evoke PAD of SPud afferents was tested by stimulating
the PBSt, Q and G-S nerves. The incidence of PAD evoked from PBSI, Q and G-S stimulation
was 650/o, 61%o and 42Yo respectively (data in Fig. 4). Muscle afferent stimulation produced PAD

of SPud fibres less consistently than cutaneous stimulation; in the 72 fibres where more than one
muscle nerve was tested, 24 (32%)
stimulation failed to evoke PAD

in

of the SPud afferents were without effect. Cutaneous

only

41104

fibres.

All fibres receiving PAD from

muscle

afferent stimulation received PAD from cutaneous nerve stimulation. PAD evoked by muscle
nerve stimulation was often similar in magnitude to that following cutaneous nerve stimulation.

Figure 6 shows the effects of 2T and 5T stimulation of PBSt and G-S nerves on an SPud
afferent with a conduction velocity of 54 m/s. Note that 2T stimulation was inefflective while 5T
stimulation produced

a substantial increase in

excitability. Figure 4 also shows that higher strength

stimulation of muscle afferents was often more effective in producing PAD than stimulation

I

2.2T.For example, 81 SPud afferents were tested for PAD produced by PBSt stimulation. Of the
53 with PBSt-evoked PAD, maximal PAD was evoked in I 1 fibres at < 2.2T, in 22 fibres at 5T,
and in 20

at210T. Examples

such as those in Fig. 6 where 5T, but not 2T stimulation produces

PAD may indicate an effect evoked from group
Jankowska, 1987).

In

II

muscle spindle afferents (see Edgely &

some SPud fibres, however, low strength stimulation evoked substantial

PAD. The lowest stimulus strengths that evoked PAD were 1.4T for PBSt, 1.8T for G-S, and 2T

for Q nerves. There was no

correlation between conduction velocity

of

SPud fibres and the

amount of PAD evoked from PBSt, G-S or Q nerve stimulation (not illustrated).
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Since ventral roots were not cut in the present series of experiments, it was necessary to

consider

if

muscle nerve stimulation could evoke PAD through systems antidromically activated

from motor axon collaterals. This possibility is unlikely for two reasons. The first argument
against antidromically-activated PAD comes from the present observation that section of the L6

dorsal root abolishes dorsal root potentials recorded in S1 following Q stimulation. Thus PAD
produced by Q muscle nerve stimulation was evoked by afferents and not efferents in the nerve.

The second is that while dorsal root reflexes and hence PAD, can be evoked from ventral root
stimulation in the cat (Decima & Goldberg,1970), these effects are of short duration and do not
outlast the action potentials in the motoneurons (Rudomín, 1990).

PAD/PAH
Figure 7 illustrates afibre in which increasingthe stimulus strength of SP from 1.4Tto
1.8T, produced a transition from PAD to an uninterpretable change in excitability. Further
increasing the SP stimulation to 2T produced a clear decrease

in excitability of the fibre as

indicated by the increase current required to maintain a firing probability of 0.5. Tib stimulation

at 1.8T also produced a clear decrease in fibre excitability. This decrease in excitability indicates
a relative hyperpolarization of the afferent terminal (see Discussion).It is noteworthy that while

this observation of PADÆAH came from

a preparation where

substantial dorsal root reflexes, a possible indicator

peripheral nerve stimulation evoked

of a deteriorating preparation and thus

anomalous observations, decreased SPud excitability was seen several times during micturition in

other experiments. Thus

it

is believed that PAH is not artefactual (see below).

PAD of SFP fibres

PAD of SFP afferent terminals was investigated to a lesser extent than that of
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SPud.

Twenty-nine SFP afferents were tested and found to be maximally depolarizedby low threshold
cutaneous stimulation. The mean change

in excitability of SFP afferents produced by CCS

and

SPud stimulation was 77%o and 22%o respectively. This is similar to the magnitude of PAD

of

SPud afferents evoked by CCS and SFP stimulation (13% and 160Z respectively, see Fig. 4).

While small sample sizes preclude a complete description of the pattem of PAD of SFP fibres,

it

appeared similar to that

for SPud afferents. PAD of

SFP afferents could also be evoked by

stimulating G-S, PBSt, and G-S nerves.

Afferent

exc itab il

ity dur ing

dis tention- evoked mictur it ion

The excitability of SPud afferents was examined during distension-evoked micturition.
Examples
increase

of micturition

in bladder

are presented in Figs 8A and 94. Note the reciprocity between the

pressure and decrease

in EUS activify during both voiding (Fig. 8A)

and

during isometric (ligated urethra) contractions (Fig. 9A). Only those cases where the results were
repeated during
subthreshold

at least two voids are reported. Distension of the bladder with

volumes

for reflex micturition did not alter the excitability of any of the afferent fibre

terminals examined. Changes in excitability were only seen during actual micturition reflexes.
Rapid distension of the bladder with volumes greater than that required to evoke micturition did

not produce excitability changes until micturition was produced and urethral ENG activity
decreased.

Results from 27 SPud afferent fibres (conduction velocity 26-52 mls) are summarized in

Table

I. The excitability of

10 fibres increased during micturition and returned to baseline levels

at the termination of micturition. Excitability changes of the same fibre were examined with both

the threshold current hunting technique (Fig. 8A) and the constant current technique (Fig. 8B).

While the threshold current changes of the fibre illustrated in Fig. 8A are small, the changes in
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excitability as assessed by increased firing during micturition are clear in Figs 88 and C.
Figure 9A shows bladder and EUS activity patterns during a micturition reflex in a
preparation with the urethra ligated. Figure 98 shows one of 3 fibres that displayed a biphasic
change in excitability during the micturition reflex. In each of these fibres there was a period

of

decreased excitability just prior to the bladder pressure increase which was immediately followed

by increased excitability during the bladder contraction. Figure 9C illustrates a fibre in which
excitability decreased during the micturition reflex. This pattern of decreased excitability without
evidence of any increased excitability was seen in 4 fibres. Thirteen of the27 SPud fibres showed

no change in excitability during micturition.

All27

fibres examined during micturition received

PAD upon electrical stimulation of peripheral afferents. There was no relationship
afferent fibre conduction velocity and the pattern
micturition.

27

of excitability

between

changes occurring during
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Figure 1: Pattern of segmentally evoked PAD of A) primary muscle spindle
afferents (Ia), B) Golgi tendon organ afferents (Ib) and C) cutaneous afferents.
Line thickness represents the relative strengths of primary afferent depolarization.

Ia, Ib,

II

and

III

a¡e the respective muscle afferent types and Cut. are myelinated

cutaneous afferents; Mn, motoneurons. (Adapted from Schmidt, 1971).
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Figure 2: Stimulation-recording technique used in the present study. Single
perineal afferent action potentials were discriminated in the peripheral nerve
recordings. Excitability changes of SPud or SFP was evoked by either electrically

stimulating (conditioning) limb nerves or by distension-evoked micturition.
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Figure 3: PAD of a SPud afferent terminal evoked by stimulation of

several

hindlimb cutaneous nerves with 3 shocks at different stimulus strengths. The solid

horizontal bars indicate the delivery

of

peripheral nerve stimulation. The

magnitude of the current delivered by the intraspinal microelectrode is indicated
in the top trace. The vertical bars below the current trace indicate action potentials
recorded in the SPud afferent. The third trace is the blood pressure record and the

bottom trace is the firing index. A decrease in the injected current indicates an
increase in afferent terminal excitability and hence, PAD.
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Figure 4: The incidence of PAD observed in SPud fibres and the lowest stimulus
strength evoking the maximum amount

of PAD. The

mean percent change in

current at a given stimulus strength is indicated by the negative integer within the
histogram. The fraction in each panel indicates the number of times PAD was
produced (numerator) and the number of SPud afferents tested (denominator). Bin

height indicates the incidence of maximum PAD produced at a particular
stimulation strength.
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Figure

5:

The relationship between the conduction velocity of the SPud afferent

fibres and threshold current reduction.
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Figure 6: Example of PAD of SPud evoked by muscle nerve stimulation
comparing the effectiveness of 5 shocks at 2T and 5T stimulation strengths.
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Figure 8: Excitability changes in trvo SPud fibres during distension-evoked
micturition. Panel A shows bladder pressure (upper trace) and EUS ENG activify

(middle trace) during voiding in a preparation in which the ureth¡a was not
ligated. The changes in the amount of current required to fire the afferent 50%

of the time are shown in the lower lrace in this panel. Panel B shows the changes
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Figure 9: Excitability changes in two fibres recorded in one experiment during
isometric bladder contractions (ie. urethra ligated). Note the coordinated decrease

in EUS activity during bladder contraction in panel A.

Panel

B illustrates a

biphasic change in fibre excitability during micturition. Panel C shows a fibre in

which there was a decrease in excitabilify throughout micturition.

4s

o\

Þ.

Perineal Cutaneous
Afferents
SFP, S. Pud

Hindlimb
Cutaneous &
Muscle Afferents

C

ICTU

R ITION
ENTRAL
CIRCU ITRY

M

pathways

other reflex

HÈT

FIGURE 10

EUS muscle
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sensory pudendal afferents and the control

sphincter reflex transmission during micturition.
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of

excitatory

Table I:

lncidence of excitabiiity changes in SPud afferent terminals
during micturition

Excitabiliqv

Open

Ligated

Total

change

ureth¡a

urethra

¿t

Increased

6

4

l0

3

+A

5

i3

Decreased

No Change

8
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DISCUSSION

The present results demonstrate that excitability changes in SPud afferent fibres can be
produced by electrical stimulation of perineal, limb cutaneous and muscle afferents and during

micturition in the decerebrate cat. The occurrence of large increases in the excitability, and thus
powerfül PAD of SPud afferents, was commonly observed with peripheral nerve stimulation. The
presence of PAD

of SPud afferents

suggests a reduction in the neurotransmitter released by the

primary perineal afferents. Because only clear and repeatable excitability changes were included

in the results, the incidence of PAD during micturition may be underestimated. The changes in
the excitability of several SPud afferents were uninterpretable immediately prior to and during
micturition. These fibres are not included in the present results.

No attempt was made to identifo the

mechanisms underlying the

afferents in these experiments. In this discussion

PAD of the

SPud

it is assumed that PAD is produced mainly by

the activity of specific interneurons making axo-axonal contacts on primary afferents (for review
see Rudomín, 1990). The contribution extracellular potassium accumulation

Jiménez, Rudomín, Solodkin

& Vyklicky,1984)

to PAD (see

e.g.

cannot be excluded or estimated in the present

study.

As with all decerebrate preparations, the removal of rostral neuronal structures may alter

spinal circuitry and reflex function. The decerebrate, paralyzed preparation used

to

study

micturition in the present study, however, displays appropriate coordination between the bladder
contraction and decreased sphincter activity. Since the postural changes normally accompanying

micturition are absent in this preparation, the influence of afferent feedback from limb a¡rd tn¡nk
cutaneous or muscle receptors on transmission from perineal afferents during micturition remains

unknown.
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In the present study, the mean conduction velocity of SPud afferents in which PAD was
evoked was 41 m/s (Aß and Aô types; Martin
conduction velocity

&

Jessell, 1991). This contrasts the mean

of l8 m/s reported by Johnsonet al. (1986) for

dissected fibres activated by

low strength electrical stimulation of the perineal skin in the cat (however, see Cottrell ,Iggo

&,

Kitchell, 1978). Our failure to record from very low conduction velocity afferents may result from
using large bipolar recording electrodes placed on the entire sensory branch ofthe pudendal nerve.

The present classification of afferents within the SPud nerve by conduction velocity prevents
distinguishing urethral from cutaneous afferent fibres. Since urethral and cutaneous afFerents have
different adequate stimuli (Todd, 1964) and likely have different roles in lower urinary tract reflex

function (Barrington, 1931; Garry, Roberts & Todd, 1959), the pattem of PAD evoked in them
may differ. Future experiments separating these afferent types

as

well as investigating sources of

PAD from contralateral segmental and descending systems would be useful.

PAD evoked by cutaneous and muscle nerve stimulation
The present results show that SPud and SFP afferents are subject to PAD from a wide

variely of peripheral afferents. In general, electrical stimulation of cutaneous nerves was more
effective in producing PAD than was muscle-nerve stimulation and joint-nerve stimulation was
the least effective. The wide variety of sources evoking strong PAD of SPud fibres contrasts with

earlier observations on cutaneous limb afferents. The skin areas evoking the strongest PAD of

limb cutaneous afferents are those adjacent to the fibres being tested (Schmidt, 1971). Perineal
afferents are not subject to such a pattem as evidenced by the ability
(cutaneous receptive

field being the sole of the foot) to evoke

of Tib nerve stimulation

as much

PAD as stimulation of

nerves innervating the scrotum. There was no obvious pattern of the magnitude of PAD evoked

by stimulating nerves which have receptive fields between the foot and the perineum. Of
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the

cutaneous nerves tested, LCS was the least effective and only produced PAD of 43% of the SPud

fibres. In contrast 93% of SPud afferents were depolarized by stimulation of CCS, a nerve
innervating skin a¡eas adjacent to the LCS receptive field.
Muscle-nerve-evoked PAD
cutaneous afferents.

of

perineal afferents differs from that evoked

other

As Fig. 4 shows, some SPud afferents were efflectively depolanzed by

electrical stimulation at group I strengfh. However, stimulation of G-S group
and Q group

in

II and III

II

afflerents and PBSt

afferents evoked PAD of SPud fibres more frequently, than did group

I

afferents. In contrast, hindlimb cutaneous afferents receive significantly more PAD from group

Ib and group III muscle afferents than from group II muscle afferents (Schmidt, l97l). Since the
synaptic actions of perineal afferents are strong on motoneurons innervating perineal muscles and
weak on limb motoneurons (Fedirchuk, Downie

& Shefchyk, unpublished

observations)

surprising that control of transmission from these afferents differs from that

of limb

it is not

cutaneous

afferents.

Function of PAD of perineal afferents during micturition

Activity in SPud afferents contributes to tonic urethral sphincter activity during continence
(see Introduction).

In the

present study, the excitability

of

14127 SPud

fibres changed during

micturition. Ten of the SPud fibres showed an increased excitability and hence PAD during

micturition. PAD could suppress ureth¡al sphincter activity during micturition by reducing
neurotransmitter release from SPud afferents.

It is clear, however, that PAD is not the sole

mechanism for decreasing urethral sphincter activity during micturition. Intracellular recordings

from sphincter motoneurons show that they are hyperpolarized during micturition (Shimoda"
Takakusaki, Nishizawa, Tsuchida

& Mori,

1992)

nd

postsynaptic inhibition of the motoneurons (Fedirchuk
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that this is due to a chloride-mediated

& Shefchyk, 1993). Since both presynaptic

inhibition of afferents and postsynaptic inhibition of pudendal motoneurons exists, it is attractive

to

hypothesize the presence

of

specialized interneurons capable

of mediating both types of

inhibition. These interneurons have not been identified in the sacral cord, however, Solodkin,
Jiménez

& Rudomin, (1984)

have located intemeurons that produce both pre- and postsynaptic

inhibition of other reflex systems in the lumbar cord.
Since coordination between bladder contraction and sphincter relaxation can occur in the
absence of afferent feedback, a central neuronal organization capable of producing micturition has

been hypothesised (Shefchyk, 1989). In the present study PAD

of SPud afferents did not occur

with bladder distension alone but only during coordinated bladder contraction and

sphincter

relaxation. Furthermore, PAD of SPud afferents can occur during micturition in the absence of

flow through the urethra (isometric contractions). Thus central micturition circuitry can produce
PAD in the absence of sensory feedback from the urethra.
While the present study shows that central neural micturition circuitry can produce PAD

of perineal afferents, no differentiation
possible.

It is however, hypothesised

between cutaneous and urethral SPud afferents was

that during micturition there should be a preferential

presynaptic inhibition of transmission from cutaneous and not urethral afferents. Reducing the
synaptic actions of perineal cutaneous afferents may be important because their activity inhibits
bladder contractions (Sundin, Carlsson & Kock, 1974; Kruse, Mallory, Noto, Roppolo & de Groat,

1992) and excites sphincter motoneurons (Fedirchuk et al. I992a). On the other hand, since
activity in urethral afferents may facilitate micturition @anington,1931), PAD of these afferents

would be inappropriate. In addition to the PAD evoked by the central micturition circuitry,
powerful PAD is evoked from perineal and limb afferents. The PAD produced by activation of
these afferents during micturition and the accompanying postural changes could add to the PAD

evoked by the central micturition circuitry. For instance, activation of pudendal urethral afferents
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(Todd, 1964) could evoke PAD of pudendal cutaneous afferents during micturition and reinforce
PAD produced by the central micturition circuitry. In the chronic spinal cat, hindlimb position can
facilitate bladder emptying presumably by inhibiting sphincter activity (Jolesz, Xu, Ruenzel &
Henneman, 1981). Inhibition of sphincter activity by PAD of perineal afferents may explain the
observation that in chronic spinal cats activation

facilitates bladder empfying (Drew

&

of limb afferents during treadmill locomotion

Rossignol, personal communication). During ejaculation,

PAD of ureth¡al SPud afferents could decrease transmission from urethral afferents and perhaps
decrease bladder reflexes.

A

reduction

of PAD could facilitate transmission in pathways from

cutaneous SPud afferents during sexual reflexes and facilitate ejaculation
Four fibres in this study showed decreased excitability during voiding. In addition, several
examples of PAH following peripheral nerve stimulation were documented. The phenomenon

of

decreased excitability has been termed primary afferent hyperpolarization (PAH), and indicates
a facilitation of transmission from afferents to spinal neurons (Mendell, 1972). PAH may result

from a reduction in tonic activity of interneurons producing PAD (Mendell, 1972; Rudomín,
Nuñez & Burke, 1974). While the origin of the tonic PAD of SPud is unknown, Wojcik et al.
(1983) reported that PAD

of

SPud in the decerebrate cat was similar before and after acute

spinalization at Th13. This suggests that the origin of the tonic PAD of SPud is probably not
supraspinal. The presence of tonic PAD also suggests the existence of tonically active interneurons

in these decerebrate preparations. PAH followed by PAD during micturition may be produced by
the removal of tonic depolarization of SPud afferents immediately prior to micturition. This would

facilitate reflex activation of the urethral sphincter as seen during the guarding reflex (Garry et

al.

An

for PAH

that there may

be

interactions between the interneurons in pathways producing PAD. Figure 9 shows a mixture

of

1959).

interneuronally-mediated mechanism

suggests

PAD and PAH in a single afferent evoked by variations in stimulation strength. Increasing
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stimulation could activate subpopulations of interneurons resulting in inhibition of tonically active

PAD interneurons or intemeurons recruited at lower stimulation strengths.

Clinical significance
Understanding the reflex control
interest. One

of the external urethral sphincter is of great clinical

of the many complications arising from spinal cord injuries is bladder-sphincter

dyssynergia (Yalla et al. 1977). The loss of bladder-sphincter coordination can present itself

as

bladder contraction in the absence of sphincter relaxation. Inabiiity for the EUS to completely

relax produces very high resistance to flow and hypertrophy and overdistension of the detrusor
muscle. Spinal cord-injured patients also display excitatory sphincter hypeneflexia during voiding

(Yalla et al. 1977) and in addition, display uninhibited bulbocavemosal reflexes (Sethi et

al.

1989). The bulbocavemosal reflex causes contraction of the pelvic floor muscles, EUS and EAS

and is evoked by activify

in

pudendal and perineal afferents. Normally suppressed during

micturition, this reflex would hinder urine flow and its presence may be due to a loss of tonic
presynaptic inhibition of perineal afferents. The present data suggests that loss of perineal afferent

tonic PAD or postsynaptic inhibition of EUS motoneurons are factors to be considered in the
pathophysiology of sphincter hypeneflexia since the bulbocavernosal reflex may be a result

of

hyperexcitable pudendal motoneurons or an uninhibited barrage of afferent volleys.
Pharmacotherapy targeting the neurons which control the activity of the external urethral

sphincter is a relatively new strategy for managing bladder-sphincter dyssynergia. Drug therapy
is a more attractive treatment than catheters and sphincterotomies since it is a reversible process,

it is convenient

and there

is less risk of urethral infections. Clonidine, an a-2

adrenoceptor

antagonist has been used over the last decade in an attempt to reduce flow resistance through the
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urethra. Its action is to reduce the tone of the external urethral sphincter by blocking the
noradrenergic excitation of the neurons in the ureth¡al branch of the pudendal nerve (Downie et

al. 1988; Galeano, Corcos, Carmel& Jubelin 1989). Several studies have been performed, with
varying degrees of success, on spinal cord-injured patients where intravenous and oral clonidine
has produced a decrease in urethral pressure in some of the patients and facilitated the expulsion

of urine (Rao, Bapna, Vaidyanathan & Chary 1980). More recently, and more relevant to

the

present study, is the use of intrathecal baclofen to reduce bladder-sphincter dyssynergia in spinal

cord-injured patients (Talalla, Grundy

&

Macdonell, 1990). Initial studies have given mixed

results. Baclofen, a GABA' agonist, has been used in spinal cord-injured patients to alleviate
spasticity of the limbs by increasing presynaptic inhibition of muscle and cutaneous afferents.

It

is believed that baclofen-evoked decrease in urethral pressure during voiding may also be due to
an increase in PAD. The present data showing PAD of perineal afferents during micturition along

with preliminary data showing the

presence

of GABAergic neurons in the sacral spinal cord

(Ulfhake et al. 1992) are in accord with some of the effects of intrathecal baclofen.
Numerous complications arise from bladder sphincter dyssynergia; the most common

being bladder overdistension. Overdistension can exacerbate lower-limb spasticify (Evans &
McPherson 1959; Pedersen et al. 1986), cause reflux of urine into the prostate in males and reflux
urine into kidneys causing hydronephrosis. Bladder distension or activation of visceral pain fibres

from urinary tract infections (a common complication when using catheters), may

evoke

autonomic dysreflexia in patients with spinal lesions at or above the thoracic level (T6). This

debilitating condition is most frequently triggered by distension of the bladder (Head & Riddoch,
1917; Guttmann,

&

Whitteridge, 1947) causing paroxysmal hypertension due to sympathetic

vasoconstriction and can be fatal (McGuire, & Kumar, (1986).

It

seems evident that aberrant urethral sphincter reflexes predisposes spinal patients to the
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deleterious effects of bladder-sphincter dyssynergia and autonomic dysreflexia. The data presented

in this thesis show that perineal afferents controlling urethral sphincter activify are subject to tonic

PAD. Loss of this tonic inhibition may be an underlying mechanism that contributes to the
dyssynergia between bladder contraction and sphincter relaxation following spinal cord injury. In

addition to presynaptic inhibition of perineal afferents, loss of tonic PAD of autonomic afferents
innervating the bladder or colon could contribute to the exaggerated sympathetic reflexes causing
autonomic dysreflexia as seen in theses patients. This remains speculative since the descending
and segmental patterns of PAD of visceral afferents are unknown.

Organization of circuitry mediating PAD
Recently Jankowska & Riddell (1993) described a population of dorsal horn interneurons

in the sacral cord with convergent input from muscle and SPud afferents. These interneurons
receive monosynaptic input from group

II

afferents from PBSt, Q and G-S muscle nerves and are

in the same spinal segments as sphincter motoneurons. Jankowska & Riddell (1993) hypothesise
that information concerning muscle length may influence postural reflexes involved in micturition,

defecation

or grooming. In

accordance

with their suggestion that some of these interneurons

mediate PAD, the present results show that group

II

muscle afferent stimulation is a strong source

of PAD of perineal afferents.
The organization of the circuitry mediating the pattem of SPud PAD may be analogous

to that mediating PAD of joint and interosseous afferents (Jankowska et al. 1993). Thus both
perineal and joint and interosseous afferents receive PAD from stimulation of

types innervating much

a

variety of afferent

of the hindlimb. Two possible organizations supporting this

wide

convergence are: each SPud fibre receives input from many PAD interneurons whose input comes

from a limited number of afferent fibres;

or

alternatively, there may be convergence of many
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afferents on a few last order interneurons mediating PAD of SPud.

Figure

i0

is a schematic representation of the hypothesised organization of the PAD

pathways described in this thesis and the postulated and known inhibitory pathways controlling

sphincter function during micturition. During micturition PAD
contributes

to the reduced sphincter activity

pathways produce postsynaptic inhibition

necessary

of

of some perineal

afferents

for efficient bladder emptying. Other

sphincter motoneurons (Shimoda et

al.

1992;

Fedirchuk & Shefchyk,1993) and possibly inhibition of excitatory interneuronal pathways during

micturition. While there may be several interposed interneurons in these pathways, PAD and

inhibitory pathways are represented by single interneurons. In the lumbar spinal cord PAD
pathways are believed to be at least trisynaptic (Jankowska, McCrea, Rudomín

& Sykova, 1981)

but similar studies in the sacral cord have not been done. The present study demonstrates that
perineal afferents are also subject to PAD from stimulation of perineal afferents and hindlimb
cutaneous and muscle afferents. The convergence

of

perineal, segmental limb and central

micturition circuitry onto common interneurons depicted in Fig. 10 could be investigated by
spatial facilitation tests (e. g. Brink, Jankowska

&

Skoog, 1984). During micturition there is

parallel suppression of transmission from SPud afferents to intemeurons evoking postsynaptic
potentials

in

sphincter and limb motoneurons (Fedirchuk, Downie

observations). Future experiments

will

&

Shefchyk; unpublished

address the extent of common control of transmission from

perineal afferent terminals projecting to these different motor pathways.
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