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ABSTRACT

Central neural control of micturition in the adult rat is organized at both supraspinal

and lumbosacral spinal levels. Micturition is evoked by bladder distension which activates

a vesicovesical reflex pathway. In the neonatal rat, micturition is mediated by a spinal

reflex pathway and is triggered by the mother licking the perineal arca of the pups. The

micturition reflex in neonatal rats is organized through a somatovesical reflex pathway

in which afferent information is carried in the pudendal sensory nerve and efferent ouþut

to the bladder travels in the pelvic nerve. Neurotransmitters involved in supraspinal and

spinal micturition circuits both in adult and neonatal rats have not yet been identified.

Recently, the development of neonatal rat in vitro spinal cord preparation has led to

successfully examine the neuropharmacological properties of locomotion, respiration and

some autonomic functions. The purpose of this study was to develop an in vitro neonatal

rat brainstem-spinal cord preparation with the urinary bladder intact and to use this new

experimental model to examine the neural control of micturition as well as other sacral

spinal reflexes.

Neonatal rats from day 1 to day 1.4 were anaesthetized with ether and decerebrated.

The brainstem and spinal cord were dissected in a chamber filled with oxygenated Krebs

solution. The urinary bladder, hindlimbs and perineal skin were left intact as were spinal

nerves caudal to the Ll segment. One or two needles were inserted into the dome of the

bladder and connected to a pressure transducer and/or infusion syringe. In some

preparations the pelvic nerve, the sensory and motor branches of the pudendal nerve

were dissected for recording of electroneurographic activity using suction electrodes.
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In this neonatal rat brainstem-spinal cord-urinary bladder in vitro preparation,

bladder contractions could be evoked by apptication of acetylcholine onto the surface of

the bladder or by electrical stimulation of the bladder efferent fibres in the pelvic nerve.

Micturition reflexes were evoked either by tactile stimulation of perineal skin or by

electrical stimulation of the pudendal sensory nerve. ENG activity in the pelvic nerve

increased during the bladder pressure increase evoked by perineal stimulation.

Transection of the spinal cord at upper cervical or lower thoracic level did not abolish

the perineal to bladder reflex indicating that the micturition reflex in neonatal rats is

mediated in the lumbosacral spinal cord.

In this study, pudendal to pudendal and pudendal to pelvic reflexes were also

examined. Electrical stimulation of one pudendal sensory nerve could evoke reflex

discharge in the ipsilateral and contralateral pudendal motor nerves. These reflex

discharges consisted of two components. Spinal cord transection abolished the later

component but not the earlier component. The pudendal to pelvic reflex was also evoked

by stimulation of the pudendal sensory nerve. This reflex is mediated in the spinal cord

since transection of the spinal cord did not eliminate the reflex discharge in the pelvic

nerve. The conduction velocities of the pudendal and pelvic nerves were calculated and

central delays of these sacral reflexes were estimated.

In conclusion, this study has demonstrated that the in vitro neonatal rat brainstem-

spinal cord preparation with the urinary bladder intact provides a novel animal model

with which to study the neural organization and pharmacological properties of micturition

and other sacral reflex pathways in the rat. It may also allow us to investigate the various

aspects of developmental changes in the neural control of lumbosacral reflexes.
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INTRODUCTION

General review

Central nervous control of pelvic visceral activities, such as lower urinary tract

function, distal colon function and sexual reflexes, involves neurons both in the brain and

in the lumbosacral spinal cord. The appropriate regulation of these functions requires the

coordination of both autonomic and somatic nervous systems. Some pelvic visceral

functions, such as micturition and sexual reflexes, undergo postnatal development. Of

clinical relevance is the fact that many neurological diseases, such as paraplegia, multiple

sclerosis, diabetic autonomic neuropathy and Parkinson's disease, result in functional

changes or disorders in pelvic visceral activities .

The major functions of pelvic organs inciude: (1) the lower urinary tract (bladder

and urethra) retains and evacuates urine (continence and micturition); (2) distal colon,

rectum and anus stores and evacuates feces (defecation); (3) internal and external

reproductive organs mediate the sexual reflexes and reproductive functions. The efferent

innervation of the pelvic organs originates from the lumbar and sacral segments of the

spinal cord. This neuroanatomic arrangement is similar in many mammalian species,

inciuding humans. The general review here will focus on the neural organization

associated with continence and micturition, defecation, and male sexual reflexes.

The efferent innervation of the pelvic organs inciudes three components:

thoracolumbar sympathetic, sacral parasympathetic and lumbosacral somatic neurons. The

sympathetic preganglionic neurons associated with pelvic viscera lie in the lower thoracic



and upper two lumbar spinal cord segments in humans, the 2nd to 5th lumbar segments

in cats, and the lst to 3rd lumbar segments in rats (for review, see Janig & Mclachlan,

1987). Most preganglionic fibres terminate in the mesenteric ganglion in which the

postganglionic neurons send axons into the hypogastric nerve. Some preganglionic fibres

pass through the hypogastric nerve and synapse with postganglionic neurons in the pelvic

ganglia close to the effector organs. The remaining preganglionic axons travel caudally

in the paravertebral chains and synapse with postganglionic neurons in the lumbosacral

ganglia; the postganglionic fibres terminate in the pelvic organs via the pelvic or

pudendal nerves (Langley & Andersson, 1895a; Kuo, et al. 1984). Sympathetic

preganglionic neurons are cholinergic and many also contain neuropeptides such as

enkephalin (EMO and substance P (SP). The majority of postganglionic neurons are

noradrenergic but most also contain one or several peptides such as neuropeptide Y

(NPY), vasoactive intestinal polypeptide (VIP) or somatostatin (SS) (for review, see

Burnstock, 1986; Janig & Mclachlan , I987).In general, excitation of sympathetic ouþut

produces (1) relaxation of colon and bladder smooth muscles; (2) constriction of the

internal anal sphincter, internal urethral sphincter and bladder neck smooth muscle; (3)

increase of motility in the vas deferens and seminal vesicles; (4) and constriction or

dilatation of vascular penis which is dependent on the release of various transmitters (for

review, see Langley & Andersson, 1895a & 1895b; Janig & Mclachlan, 1987).

The sacral parasympathetic preganglionic neurons are located in the Znd to 4th

sacral segments in the human and cat (Langley & Anderson, 1895a; de Groat & Ryall,

1968; Nadeihaft, et al. 1980), and the last lumbar (L6) and lst sacral segment in the rat
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( Hancock & Peveto, 1.979a). Preganglionic fibres project into the pelvic nerve and

synapse with postganglionic neurons either in the pelvic ganglia or in ganglia close to the

target organs. Generaily, parasympathetic pre- and postganglionic neurons are

cholinergic. The preganglionic neurons release ACh which binds to nicotinic receptors

in the autonomic ganglia; the postganglionic neurons release ACh which acts on

muscarinic receptors at the effector organs. However, many studies have demonstrated

that parasympathetic postganglionic neurons in the pelvic ganglia also contain

noncholinergic transmitters, such as NPY, VIP (I{east & de Groat, 1989; for review see

Burnstock, 1986) and most recently perhaps nitric oxide (NO) (Vizzard, et al. 1993).

Increase of sacral parasympathetic activities provides the excitatory input to the urinary

bladder and large intestine for facilitation of micturition and defecation. Excitation of

sacral parasympathetic fibres is also involved in erection of the penis and secretion from

reproductive giands (Langley & Andersson, 1895a and 1895b; de Groat, et al. 1981).

Somatic motoneurons which send axons into the pudendal nerve originate in Onuf's

nucleus in a circumscribed region of the sacral ventral horn. The motoneurons are

iocated in the 53 and 54 spinal segments in humans (Iæarmonth, t93L; Heimburger, et

al. 1948), S1 and 52 incats (Sato, et al. 1978; Thor, et al. 1989a), and L6 and 51 in rats

(Hulsebosch & Coggeshall, 1982). There are several groups of motoneurons in Onuf's

nucleus which have been identified in male cats (Thor, et al. 1989a) and male rats

(McKenna & Nadelhaft, 1986; Collins, et al. 1991). The dorsomedial nucleus gives rise

to axons which innervate the external anal sphincter and bulbospongiosus muscles. The

dorsolateral parts of the nucleus send efferent fibres to the external urethral sphincter and



ischiocavernosus muscles.

Afferent innervation of the pelvic organs travels in both the pelvic autonomic nerves

and somatic nerves. Pelvic sensory inputs travelling with the sympathetic outflow enter

the thoracolumbar segments of the spinal cord (Baron, et al. 1985). Afferent fibres

projecting from pelvic organs travel in the pelvic nerve and have cell bodies in sacral

dorsal root ganglia ( Morgan et al. 1981). Sensory information from the perineal and

genital skin and distal parts of the urethra and anus is carried in the pudendal nerve and

enters the sacral spinal cord (Walker,7959; Hellon, etal. 1975). Receptors of visceral

afferents include mechanoreceptors response to distension and contraction,

chemosensitive and thermosensitive receptors and those responsive to noxious stimuli (for

review, see Janig & Morrison, 1986). The mechanosensitive fibres traveliing in both

hypogastric and pelvic nerves have conduction velocities in Aô and C-fibre ranges

(Floyd, et al. 1.976; Coggeshall, et al. 1977). Afferents from the urinary bladder cont¿in

both Aô and C-fibres. Mechanoreceptors in the distal colon have the slowest conducting

fibres which are thought to be the unmyelinated C-fibres (Applebaum et aI. L976). Many

of the sensory neurons in the lumbar and sacral DRG contain substance P, but other

peptides O¿[P, ENK, cholecystokinin) have also been demonstrated in lumbar and sacral

DRG cells in the cat (for review, see Janig & Mclachlan, L987; Maggi, I99L).

Micturition in the rat

Micturition is defined as the process which expels urine from the bladder. This

process is characterised by a contraction of the bladder detrusor, an increase in bladder

4



pressure, and at the same time relaxation of internal and external urethral sphincters such

that urine can be released from the body. Neural control of micturition involves both

supraspinal and spinal neural organizations.

1. Afferent innervation:

The primary sensory endings have been found in each of the four layers of the

urinary bladder. The most important sensory receptors for initiating micturition are

tension receptors in the bladder wall. Kolzenburg'& McMahon (1986) indicated that in

rats, mechanoreceptor afferents are activated during distension of the bladder. Afferent

fibres that respond to stretch of the bladder pass through the pelvic and hypogastric

nerves and enter the T13 toL2 and L6 to S1 dorsal root ganglia (Applebaum,et al. 1980;

Nadelhaft & Booth,1984; Jancso & Maggi,1987). Distension of the urethra can evoke

discharge in the pelvic, hypogastric and pudendal nerves. Flow of saline through the

ureth¡a evokes impulses only in the pudendal nerves in dogs (Talaat, Lg37). Primary

sensory endings in bladder wall also respond to touch, temperature, chemical and pain

stimuli ( for review, see Kuru, 1965; Janig & Morrison, 1986).

According to anatomical studies of labelled neurons in the dorsal root ganglia

(Applebaum et al. 1980) and measurement of conduction velocities of afferent fibres in

the pelvic nerve in rat (Mallory, et al. 1989), the afferent fibres are thought to consist

of the unmyelinated C-fibres and myelinated Aô fibres. Small myelinated Aô fibres are

the dominant afferent innervation to the bladder in cats and rats, and respond to passive

distention as well as active contraction of the bladder (Mallory, et al. 1989). C fibres



have very high thresholds which respond to high levels of intravesical pressure and

chemical irritation (for review, see de Groat, 1990). Afferent input from the skin of the

perineal area to the spinal cord is carried in the pudendal nerve. According to the

investigation of the cutaneous receptive fields in the rat, the L5,L6 and 51 dorsal roots

respond to stimulation of these area (Kow and Pfaff,1975).

Several peptides, such as VIP, SP, ENK and SS are present in cell bodies of

primary sensory neurons innervating the cat urinary bladder. Further more, co-existence

of several peptides in the same cells has been demonstrated (Maggi, l99I).In rats, co-

existence of SP, neurokinin A (NKA) and calcitonin gene-related peptide (CGRP) in the

sensory ending at the urinary bladder has been demonstrated (Gibbins, et al. 1985;

Maggi, 1991). These peptides may be involved in the regulation of micturition.

2. Efferent innervation:

As mentioned earlier, the efferent innervation to the urinary bladder is from

parasympathetic and sympathetic fibres. Parasympathetic preganglionic neurons

innervating the bladder in rats are located in the intermediolateral grey matter of the L6

and 51 spinal segments and their axons travel in the pelvic nerve ( Hancock & Peveto,

L979a; Nadelhaft & Booth, 1984). Preganglionic parasympathetic fibres in rat are thought

to be unmyelinated C fibres (À4allory, et al.1989). This differs from the cat in which the

preganglionic fibres associated with the bladder are myelinated ( de Groat et al. 1981).

The postganglionic neurons which lie in the major pelvic ganglia send axons to the

bladder. Excit¿tion of parasympathetic postganglionic nerve causes a detrusor muscle

6



contraction and facilitates bladder empfying ( Bors, 1952; Baljet & Drukker, 1980).

The sympathetic preganglionic bladder and ureth¡a neurons are located in the L1 and

L2 spinal segments and send axons to paravertebral sympathetic chain ganglia and

prevertebral ganglia (inferior mesenteric gangiion). Postganglionic fïbres from these

ganglia project into the hypogastric and pelvic nerves (Hancock and Peveto, I979b;

Tabatabai, et al. 1986). Some of the preganglionic sympathetic axons also travel in the

hypogastric nerve and terminate in the major pelvic ganglion (Tabatabai, et al. 1936).

Generally, excitation of the lumbar sympathetic outflow relaxes the bladder detrusor

muscle, excites the smooth muscle of the bladder neck and modulates the cholinergic

transmission in the pelvic ganglia (Kuru, 1965; de Groat, 1990). Thus, sympathetic input

facilitates storage of the urine in the bladder.

The efferent innervation to the external urethral sphincter (EUS) muscle is carried

in the pudendal nerve. The somatic motoneurons are located at the I,5 and L6 spinal

segments (McKenna & Nadelhaft, 1986), or at the L6 and S1 segments (Hulsebosch &

Coggeshall, 1982). In the rat, EUS activity does not increase during bladder filling, but

increases only prior to and during micturition (Kruse, et a1.1990).

3. Central nervous control of micturition:

Central neural control of micturition in the adult rat is organized at both supraspinal

and lumbosacral spinal levels. Since the first description by Banington (1921) of a

"micturition centre" in dorsolateral pontine tegmentum in the cat, aconsiderable number

of studies have been performed to investigate the supraspinal control of bladder function.
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Bilateral destruction of the rostral pons in the region of the dorsolateral tegmental nucleus

in rats eliminates micturition (Satoh,et al. 1978). Electrical stimulation of the laterodorsal

tegmental nucieus (LDT) and the periaqueductal gray just dorsal to the LDT induces a

biadder contraction as well as efferent firing of bladder postganglionic nerves (Noto,et

al. 1989 and i991). It is hypothesized that these brainstem areas may be involved in the

basic micturition reflex pathway since anatomical studies reveal that brainstem areas

associated with micturition receive afferent input from the urinary bladder (Nadelhalf &

Devenyl, 1987) and in turn Send descending efferents to the sacral parasympathetic

neurons in the spinal cord (Saper & Loewy, 1980).

Electrophysiological studies in rats provide further support for a spinobulbospinal

micturition reflex but also demonstrate a spinal reflex mechanism (Mallory,et al.1989).

Electrical stimulation of afferent axons in the pelvic nerve evoked responses in vesical

postganglionic nerves which consist of a late reflex with a latency of 122 + 28 ms in

60% of rats and an early reflex with a latency of 56 + 5 ms in 25% of those animals in

which a late reflex was also identified. The estimated central delay was about 57 ms for

the late reflex and ( 5 ms for the early reflex. The late reflex was abolished by spinal

cord transection indicating its supraspinal organisation. However, the early reflex could

be elicited in 100% of chronic spinal rats.

External urethral sphincter (EUS) tonic activity in rats increases during reflex

micturition induced by bladder distension or during electrical stimulation at pontine sites

which also elicited bladder contractions ( Kruse, et al. 1990). When voiding occurs at

the peak of bladder contractions, the EUS abruptly switches from tonic activity to phasic



bursts. Supraspinal input modulates this bursting behavior since it is abolished by acute

or chronic spinal cord transection (Kruse, et al. 1992: Collins, et al. 1993). The evidence

of the correlation between bladder and EUS activity in the rat is different from others,

since in the cat and human, activation of the EUS is i¡hibited during voiding (Kuru,

1965: Holstege, et al. 1986).

4. Micturition reflex in the neonatal rat:

The micturition spinobulbosþinal pathway observed in adults is nonfunctional in

neonatal cats and rats. Micturition reflexes in cats and rats undergo developmental

changes during the first few days and weeks after birth. In the neonatal rat (Maggi, et

al. 7986a; Kruse & de Groat, 1990) and cat (de Groat, etal. 1975; Thor, et al. 1989b)

micturition is triggered by the mother licking the perineal area of the pup. In the neonatal

rat, the afferent information from the perineal area is carried in the pudendal sensory

nerve and enters the lumbosacral spinal cord through the L6-Si spinal dorsal roots.

Activated afferent fibres from the perineal skin excite pathways to the parasympathetic

preganglionic neurons in the L6 and 51 spinal segments and induce a bladder contraction.

This perineal to bladder contraction is maintained only with continuous perineal

stimulation. When stimulation is halted, the bladder pressure falls and urine release stops,

even if the bladder is not empty (Kruse & de Groat, i990). After a few weeks, this

reflex becomes progressively weaker and eventually disappears as the vesicovesical

(bladder to bladder) supraspinal reflex becomes the dominant regulator of the micturition

reflexes.
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It has been demonstrated in several studies that neonatal rat micturition reflex is

organized in the lumbosacral spinal level since transection of spinal cord at lower

thoracic level does not eliminate this reflex (Maggi, et al. 1986a; Kruse & de Groat,

1990). Furthermore, in adult animals in which this somatovesical reflex has disappeared,

spinal cord transection results in unmasking of this reflex (Maggi, et al. 1986b). The

mechanism of the developmental changes of the micturition reflex is not known. Several

investigations have demonstrated that the vesicovesical (bladder to bladder) reflex is

present at postnatal day 2 to day 6 (Kruse & de Groat, 1990) or day 10 rats (Maggi,et

al. 1986a), but it is suppressed functionally. One possible explanation for the

disappearance of the somatovesical reflex during postnatal development may be that it

is inhibited by supraspinal inputs that mature postnatally( Thor et al. 1990). Independent

of the maturify of the central nervous system, Maggi (1986a) demonstrated that

capsaicin-sensitive innervation of the bladder which initiates vesicovesical reflexes in

adults is not fully developed at the end organ level, in newborn rats.

Sexual reflexes in the male

Normal sexual function in the male is dependent on coordination of a series of

sexual reflexes, e.9., penile erection, glandular secretion, seminal emission and

ejaculation. The major nervous components of these sexual reflexes are similar in human

and in many mammalian species although considerable variation in the pattern of sexual

behaviour in different animals exists (for review, see Bell, L972; Sachs & Meisel, 1983).

The efferent innervation of the sexual organs includes the sacral parasympathetic,
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thoracolumbar sympathetic and sacral somatic nerves and has been reviewed in the

general review section. Afferent information from the sexual organs is carried in

pudendal, pelvic and hypogastric nerves. The neural mechanisms mediating sexual

reflexes have only been partially understood. This section will briefly review the nervous

system regulation of erection, emission and ejaculation.

l.Penile erection:

The erection of the penis refers to penile tuinescence.and rigidity brought by dilation

of arteries in the erectile tissue (corpora cavernosa). Penile erection is an involuntary

reflex which is elicited by reflexogenic or psychogenic mechanisms. Psychogenic

erections are initiated in supraspinal centres in response to auditory, visual, olfactory and

imaginative stimuli (Bors & Comarr, 1960; Weiss, 1,972). The efferent outflow is from

the sacral spinal cord.

Reflexogenic penile erection is evoked by tactile stimulation of the genital regions.

Somatic afferent innervation to the penis and surrounding area is present in a terminal

branch of the pudendal nerve (Langley & Anderson, 1895b;). Efferents to the erectile

tissue are carried in two nerves; 1) the ,uu.ào.r, (penite) nerve which contains mainly

parasympathetic and some sympathetic postganglionic axons (Lue et aI. 1984; Dail, et

al. 1989) and 2) the pudendal nerve which contains maidy somatic fibres and some

autonomic fibres (Langley & Anderson, 1895b; Steers, et al. 1938). Excitation of

parasympathetic fibres in the cavernous nerve produces vasodilation of penile arteries

and leads to increases of blood flow in the corpus cavernosum and corpus spongiosum.
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The increase of the intracavernous pressure and expansion of the cavernous spaces

produces extension and rigidity of the penis. As a result, erection occurs. Acetylcholine

has been shown to be a major neurotransmitter in the vasodilatory pathway to other

organs, but has only a limited effect on the penis since atropine, a muscarinic cholinergic

antagonist, does not completely block penile erection (Henderson, 1933; for review, see

Bell, 1972). In many mammals, including humans, noncholinergic transmitters are

thought to play a major role in the parasympathetic vasodilatory pathway to the penis (for

review, see Bell, 1972). Vasoactive intestinal polypeptide (VIP), which has been

identified in the postganglionic nerves in the penis may produce vasodilation (Dail, et al.

1983). Sympathetic inputs to the erectile tissue can initiate either vasoconstriction or

vasodilation by release of different transmitters. Inputs from the caudal sympathetic

ganglia produce vasoconstriction by releasing noradrenaline and neuropeptide

Y(Newman,L964); inputs from the hypogastric nerve, passing through ganglia in the

pelvic plexus, induce vasodilation and penile erection which may be mediated by

acetylcholine and noncholinergic transmitters, such as VIP.

Neuroanatomical and physiological studies have indicated that reflexogenic penile

erection is mediated by a sacral spinal reflex pathway. Electrical stimulation of the dorsal

nerve of the penis in the rat can elicit long latency reflex discharges (50-150 msec) in the

cavernous nerve (Steers, et al. 1988). Since this pudendal to pelvic reflex is not affected

by acute or chronic spinal cord transection it is apparent that this reflex is mediated by

a spinal reflex pathway (Steers, et al. 1988; Chung et al. 1988).

Penile erection, in some species such as rat, dog and horse is not entirely under
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autonomic control. Contractions of pelvic striated muscles through a somatic reflex

mechanism, although not essential, appear to facilitate penile erection (Hart & Melese-

D'Hospital, 1983). In the rat, penile afferent neurons project into the ventral horn and

appear to make synaptic contacts with the soma and dendrites of motor neurons (Nunez,

et al. 1986). These connections could be involved in this somatic to somatic reflex.

2. Emission and ejaculation:

Emission is a process by which seminal and prostate fluid ejects into the urethra.

During this period, ejaculatory ducts contract to assist expulsion of fluid and the bladder

neck cioses to protect against the retrograde expulsion of fluid into the bladder. Emission

is a spinal reflex which is usually a response to genital stimulation. Efferent innervation

comes from the sympathetic preganglionic neurons located at the lower thoracic and

upper lumbar segments of the spinal cord. Excitation of the sympathetic components

travelling in the hypogastric and pelvic nerves mediates emission by producing

contractions of the epididymis, vas deferens and bladder neck smooth muscles (for

review, see Newman, et al. 1982).

Ejaculation refers to the very forceful expulsion of the seminal fluid from the

urethra to the outside. This action is accompanied by rþthmic contractions of striated

muscles in the perineal area, including the bulbospongiosus (BS), ischiocavernosus (IC)

and external anal sphincter. Ejaculation is normally a reflex reaction to the entrance of

semen into the urethra. The afferent i¡formation initiated by urethral dilation is carried

in the pudendal nerve. Excitation of these afferents triggers activation of the motoneurons

L3



in the sacral spinal cord which send efferent axons into the pudendal nerve and evoke IC

and BS contractions. This reflex pathway is organized in the lumbosacral spinal cord (

for review, see Bell, 1972).

In vitro spinal cord preparations

Since the development of an isolated spinal cord in vitro preparation using the

neonatal rat (Otsuka & Konishi,1974), many investigators have used the mammalian

brainstem-spinal cord preparations to examine central nervous system function. In these

preparations, the brain stem, spinal cord and peripheral target organs can be isolated and

placed in a chamber perfused continuously with an oxygenated solution. The nervous

system can retain functional circuitry for extended periods so that electrophysiological

properties and spinal circuitry can be examined and different pharmacological agents can

be added in the bath and then washed out. In addition, partitions can be built in the

chamber in order to expose various parts of the preparation to different pharmacological

conditions. By using this technique, neurotransmitters and the neural circuitry involved

in certain reflexes may be examined.

The neonatal rat in vitro brainstem-spinal cord preparation has been widely used to

investigate neural control of respiration and locomotion as well as the properties of the

spinal neurons and reflexes. In these neonatal rat preparations, the brainstem-spinal cord

networks producing the rhythmic motor patterns, along with their ascending and

descending control systems, are retained (Smith & Feldman, 1987). The rhythmis

respiratory motor output can generate and be recorded on the cranial (IX, X, XII) nerves,
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the cervical (C4,C5) and thoracic (T1-T13) ventral roots (Smith, et al. 1990). Locomotor

activity, on the other hand, can be initiated by either chemical stimulation of pattern

generating networks at the spinal and brainstem level (Smith, et al. 1988; Kudo &

Yamada,L987; Cazalets, et al. 1990; Atsuta, et al. 1991), or electrical stimulation of

sensory pathways and brainstem (mesencephalic) locomotor regions (Atsuta, et al.1990).

Selective application of certain excitatory and inhibitory amino acids, cholinergic, or

dopaminergic receptor agonists and antagonists in this preparation allows one to study

the modulation of pharmacologically-induced locomotor rhythmic activity. The neonatal

rat in vitro preparation has also been shown to be a useful model for investigation of the

electrophysiological and pharmacological properties of the spinal neurons and reflexes.

The extracellular and intracellular responses of the lumbar motoneurons to electrical

stimulation of the ventral or dorsal roots have been recorded and analyzed (Fulton &

Walton, 1986). The properties of synaptic transmission between dorsal root afferent and

motoneuron were studied intracellularly, in which the monosynaptic EPSPs exhibited a

prolonged, frequency-dependent synaptic depression (Iæv-Tov & Pinco, 1992). The

spinal reflexes, especially the monosynaptic reflex, and their developmental change can

be examined by stimulating the dorsal roots and recording from the ventral roots or from

the segmental motoneurons (otsuka & Konishi, 1974; Kudo & Yamada, 1985; Long, et

al. 1988). The neurotransmitters reiated to the spinal reflexes have also been investigated

in this preparation (Evans & Long, 1989; Yoshioka, et al. 1990). More recently, a few

preliminary studies have been reported using the in vitro rat pup to examine autonomic

function@arber, etal. 199i; Yuan, etal. 1991; Song, etal. j.992; Sugaya,etal. 1,992).
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Summary

Although the innervation of the pelvic organs has been well described and the

central nervous system control of micturition and sexual reflexes has been investigated

using in vivo preparations in several mammalian species, the interactions and

transmission properties of descending brainstem pathways and spinal neurons involved

in micturition and sexual reflexes are not well understood. Since in vivo preparations for

studying supraspinal and spinal micturition circuits have been shown to have some

limitations, especially in regard of the neurotransmitters, investigators have been looking

for an "ideal model" for examining the neuropharmacological properties of neural control

of micturition and other pelvic reflexes. In recent years, the novel model of the neonatal

rat spinai cord in vitro preparation has become availabie. The goal of this thesis work

was to develop an in vitro brainstem-spinal cord neonatal rat model with the urinary

bladder intact and to determine whether this new experimental model can be used to

examine central control of bladder function and other sacral reflexes.
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MATERTAL AND METHODS

Preparation

Seventy-one Sprague-Dawley neonatal rats of either sex were used. The date of birth

was designated as day 0 and animals 1-14 days old (D1-D14) were used. In order to

empty the bladder as well as to examine the micturition reflex prior to dissection, the

perineal to bladder reflex was evoked by continuous stroking of the perineal skin using

a moist coffon swab as described by Kruse and de Groat (1990).

The rats were anaesthetized with ether. An adequate ievel of anaesthesia was

confirmed by the absence of a withdrawal reflex in response to foot pinch. The skull was

opened and the animal was decerebrated at the precollicular level. The preparation was

moved into a dissection chamber filled with cold Krebs solution continuously bubbled

with 95% O, and 5% CO, The bath temperature was maintained befween 8 to 140C

during the dissection. The composition of the Krebs solution was: NaCl 128.OmM, KCI

3.0mM, NaHrPOo 0.5mM, CaCl, 1.5mM, MgSOo 1.0mM, NaHCO, 21.0mM, and

glucose 30.0mM. The pH of the solution was 7.45 following the oxygenation.

The dissection was accompiished using a surgical microscope. The animal was

positioned with the ventral side down and the dorsal half of the skull and vertebral

column rostral to the sacrum were removed. The bone of the neonate is soft so the

dissection can be done with iris scissors. The animal was then positioned with the dorsal

side down and the tissue, organs and bone overlying the brainstem and spinal cord were

removed. The urinary bladder was left int¿ct in those preparations in which
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cystometrograms were recorded. The cranial nerves and spinal nerves rostral to the first

lumbar segment were cut. At this point the remaining tissues of the chest and rib cage

were cut away leaving the spinal cord isolated. In some preparations the spinal cord was

transected at the first cervical or lower thoracic level.

In the basic in vitro preparation the brainstem and spinal cord were isolated and the

urinary bladder, perineal skin, hindlimbs, and spinal nerves caudal to Ll were left intact.

According to the requirements of each experiment the pelvic nerves, pudendal sensory

and motor nerves were carefully dissected, and were either cut or left intact. In some

preparations the urinary bladder was removed so that several suction electrodes could be

placed on nerves in the pelvis.

In order to recognize positions and origins of the pelvic nerve and the pudendal

nerve in the rat, the nerve dissections were performed fi¡st in the older animals (day 16

to day 20) anaesthetized with a lethal sodium pentobarbital (i.p.). The pelvic nerve arises

from the L6-S1 trunk and travels to the neck of the bladder where the pelvic nerve

terminates or passes through the pelvic ganglia. The L6-S1 trunk gives off the pelvic

nerve before it j oins into the sacral plexus . The sacral plex-us is composed of the L6-S 1

trunk and the lumbosacral trunk (L3-L5). The two branches of the pudendal nerve, the

pudendal sensory branch and the pudendal motor branch, leave the sacral plexus and

enter the ischiorectal fossa. Both travel with the internal pudendal vessels and then enter

the target organs. In neonatal rats the L6-S1 trunk was exposed by removing the ventral

lumbar muscles, and the pelvic nerve dissection was greatly facilitated by the removal

of the M. iliococcygeus. The pudendal nerve and its branches could be dissected from
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the ventral or dorsal side by removing the ilio-inguinal muscles or gluteal muscles,

respectively.

The preparation was pirured to a layer of silicone elastomer in the chamber with the

ventral surface up when recording cystometrograms and pelvic neurograms. It was placed

with the dorsal surface up in some experiments that examined pudendal to pudendal

reflexes. After completion of the dissection, the bath was wanned to 21 to 28oC. The

preparation was allowed to equilibrate in the bath for 20 minutes before stimulation and

recording commenced.

Micturition Reflex Measurements

A. Cystometrogram:

The bladder pressure was measured using one or two 27 ll2 gauge needles inserted

into the dome of the bladder. When one needle was used, a three-way stopcock was used

to connect the needle to an infrrsion syringe and a pressure transducer. When two needles

were inserted into the bladder, one was connected to the infusion syringe and the second

to the pressure transducer. The bladder pressure was expressed in mmHg.

The bladder was distended by slowly infusing Krebs solution through the catherer

in the dome of the bladder. In early experiments, food colouring was added to the

infusing solution to allow easy visualization of the fluid expulsion from the uretlra or

potential leakage at the site of puncture.

Bladder contractions were produced in this preparation by; (1) fast, light stroking

of the perineal skin with a cotton swab foliowing injection of 0.05 to 0.15 ml solution
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into the bladder; (2) slowly distending the bladder with fluid; (3) electrical stimularion

of the pelvic nerve; or (4) electrical stimulation of the pudendal sensory nerve. In order

to determine the maximum bladder pressure increase in a given preparation ,0.07-0.2 p.M

ACh (Acefylcholine chloride, Sigma) was applied to the surface of the bladder. This

allowed us to compare the magnitude of neurally-evoked bladder contractions and the

maximum ACh-evoked contractions. The ACh was then washed out and recovery of the

bladder responses to peripheral stimulation was tested.

Nerve StimulatÍon and Recording

Glass or polyethylene suction electrodes lvere placed on the intact or cut peripheral

nerves for either stimulation or recording. The diameters of the electrode tip were 120

to 400 ¡^rm. Various sizes were constructed and chosen based on the size of the target

nerve. Stimulationparameters were 50-500 pA,0.1to 0.2 ms pulse delivered at 0.4 to

2Hz, or100to500 pA,0.1,to0.2 mspulsedeliveredintrainsof 3toSshocks(rrain

frequency: 100 to 200 Hz) at a repetition rate of 1 to 3 Hz.

Data Collection

The bladder pressure was recorded on an Astro-Med strip chart recorder and/or

digitized and stored on a Masscomp computer at a 1. KÍIz sample rate for later display

and analysis.

The electroneurograms (ENG) were amplified 20,000 to 50,000 times and passed

through high pass (30 or 100 Hz) and low pass (3 KHz) filters. The raw and integrated
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ENG was digitized at 2.5 to 5 Hz sample rate and stored on the Masscomp computer.

The stimulation artifact recorded from the integrated trace looks bigger than that from

the unintegrated traces. This is due to the time constant associated with integration

parameters.

Fluorescent tracing studies

Ten neonatal rat brainstem-spinal cord in vitro preparations were used (D2, n:4;

D7, n:4; DL4, n:2). The. preparation was'pinned in a plastic chamber with ventral

surface up and was superfused with Krebs solution and continuously oxygenated.

Unilaterai pelvic or pudendal nerves was identified, dissected and cut. The preparation

was then fixed with 4% paraformaldehyde following withdrawal of the Krebs solution.

The crystals of the carbocyanine dye 1 , 1 '-dioctadecyr-

3,3,3',3'tetramethylindocarbocyanine perchlorate (Dil; Molecular Probes) were piaced

on the proximal end of the cut pelvic or pudendal nerve. The fixed tissue was kept in an

oven at 38oC for periods from 6 to 10 weeks during which time the DiI transport

occurred. After an adequate time interval the targeted peripheral nerve, the ipsilateral L5,

L6, 51 and 52 dorsal root ganglia (DRG), and the L5 to 52 segments of the spinal cord

were isolated. The spinal cord tissue was sectioned on a vibratome in the transverse plane

at 100 ¡^rm thick sections and placed on slides. The DRG's and peripheral nerve were also

mounted on slides. The tissue was examined under a Nikon Ortholux fluorescence

microscope using a standard rhodamine N2 fîlter cube (barrier filter: 530-560; excitation

filter: 580) for optimal Dil visuaiization. Suitable sections were photographed prior to
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placing cover slips.
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RESULTS

1. Bladder responses in decerebrate preparations

A. ACh-evoked bladder contractions

A bladder contraction could be produced by adding 0.01 to 0.2 p.M ACh onto the

surface of the bladder (Fig. 1A). Application of ACh produced a tonic bladder muscle

contraction which reached peak pressure within 10 seconds after ACh application and

resulted in the bladder emptying in about 20 seconds. The mean peak pressures, which

were thought to be the near maximal pressure produced by a bladder contraction

according to age group were: I2.7 + 4.8 mmHg :nrDZ and D3 preparations (n:5); and

13.8 + 4.2 mmHg in D4 to D6 preparations (n:6). There was no significant difference

in the mean peak pressures between theD2 to D3 and D4 to D6 groups (t-test, P > 0.05).

Following emptying of the bladder, the bladder pressure decreased but was maintained

above the baseline until the ACh was washed out of the bath. The bladder pressure then

returned to the baseline level seen before application of ACh. The peak bladder pressures

obtained by addition of ACh were comparable to peak pressures reached during perineal

to bladder reflexes which emptied the bladder (Fig.1B).

B. Bladder contractions evoked by pelvic nerve stimulation

Unilateral electrical stimulation of the intact pelvic nerye (n:5) or distal end of the

cut pelvic nerve (n:i) could evoke a bladder contraction (Fig.z). The amplitudes of
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bladder contractions ranged from 5 to 12 mmHg. When electricai stimulation was

stopped, the bladder pressure returned immediately to baseline. The stimulation

parameters were 50 to 500 !.A,0.1 or0.2 ms pulses, trains of 5 to 6 shocks (100 Hz)

repeated at 1 to 1..5 Hz.

C. Perineal to bladder reflexes

Bladder contractions were elicited in in vitro neonatal decerebrate rats (D1 to D10)

by fast, light stroking of the perineal skin with a cotton swab. This response is called the

perineal to bladder (P-Bld) reflex and has been described by Kruse and de Groat (1990)

in in vivo neonatal rats.

The bladder was filled with 0.05 to 0.15 ml Krebs solution, depending on the age

of the animal and the size of the bladder. Eight to twenty-five seconds following the

onset of perineal stimulation, the bladder pressure increased. The bladder pressure

required for expulsion of fluid from the urethra was about 7 mmHg. In those

preparations in which the bladder contractions emptied the bladder, the peak pressures

ranged from 9 to 25 mmHg (Fig.3A). The mean peak pressure for empfying of the

bladder in 7 preparations (D1 to D3) was Lz.l + 3.3 mmHg (Dl, n:2; D2, n:2; D3,

n:3) and 15.5 + 4.6 mmHg in 10 older animals (D4, n:4; D5, n:3; D6, n:3). There

was no significant difference in the mean peak pressures between Dl to D3 and D4 to

D6 preparations (t-test, P>0.05). It took 30 to 40 seconds ro empry the bladder

completely with perineal stimulation. In 9 preparations (6 of them were D7 to D10)

perineal stimulation was able to produce only partial emptying of the bladder. The
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bladder pressure increases in these preparations were about 7 mmHg (ranged from 5 to

13 mmHg ) and did not last longer than25 seconds (usually 10-20 seconds) even with

continuous perineal stimulation. In 7 of 33 preparations the bladder pressure increased

less than 4 mmHg and no decrease of the bladder volume occurred. Complete emptying

of the bladder was not obtained in any preparation from D7 to D10 (n:11).

In those preparations in which the bladder was emptied, bladder pressure remained

elevated as long as the perineum was stimulated and some volume remained in the

bladder. If the perineal stimulation stopped before the bladder emptied, the bladder

pressure immediately returned to baseline. Bladder contractions could be evoked

repeatedly for 2 to 4 hours, but after 60 to 90 minutes the contractions were often not

as strong as those recorded earlier.

Activity in the pelvic nerve was examined in 8 preparations during the P-Bld reflex.

ENG activity in the intact pelvic nerye, or in the proximal end of the cut pelvic nerve

increased during perineal stimulation which evoked an increase in bladder pressure

(Fig.4, A&B). The increased ENG activity continued during stimulation and returned to

baseline when stimulation was stopped.

In order to determine if stroking the perineal region produced a movement artifact

on the ENG recordings that might be interpreted as neural activity, we tested the pelvic

ENG discharge evoked by stroking the proximal thigh of the leg with a cotton swab or

by tonic pinch of the tail or foot. Tail or foot pinch could evoke discharges in the

proximal cut end of the pelvic nerve in the absence of gross movements (the legs were

securely pinned to the dish during experiments) or bladder pressure changes. Stroking

25



of the proximal leg, a stimulus similar to, and very near the perineum, did not produce

a bladder response or a pelvic ENG discharge (Fig.5).

In two animals, the P-Bld reflex was evoked using electrical stimulation of the

pudendal sensory nerves. As showed in Fig.6, electrical stimulation of the proximal end

of one cut pudendal sensory nerve evoked a bladder contraction (Fig.6A) which was

comparable to that obtained by stroking the perineal skin (Fig.6B). The stimulus

parameters for evoking a bladder pressure response were 0.2 ms pulses of 200 p.A

delivered in trains of 6 to 8 shocks (200 Hz) at a repetition rate of 3 Hz. Electrical

stimulation of the central end of one cut perineal cutaneous nerve was also able to evoke

a bladder contraction (not illustrated) which was comparabie to the response obtained by

unilateral sensory pudendal nerve stimulation using similar stimulation parameters.

2. Effects of CNS lesions on P-Bld reflexes

In order to examine the afferent and efferent arms of the P-Bld reflex, bilateral

transections of the lumbosacral spinal dorsal or ventral roots were performed. Based on

anatomical reports (I(ow & Pfaff, 1.975: McKenna & Nadalhaft, 1986) the afferent fibres

from the perineal area in the rat travel in the pudendal sensory nerve and enter the spinal

cord through the L5, L6 and 51 dorsal roots. The parasympathetic efferent fibres exist

from the L6 and 51 ventral roots and travel in the pelvic nerve. Bilateral transections of

the lumbosacral dorsal roots from the rostral to caudal spinal segments were performed

in one preparation. Following transection of the Ll to L5 dorsal roots the P-Bld reflex

was unchanged. After transection of the L6 dorsal roots the perineal to bladder reflex
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could not be evoked. Bilateral transections of dorsal roots from the caudal to rostral end

were examined in a second preparation. Transection of 52 dorsal roots did not affect the

reflex. Following transection of the S1 dorsal roots, bladder contractions were reduced

but the reflex was still present. After the L6 dorsal roots were cut, the reflex was

abolished. The L6 dorsal roots appeared to be essential afferent arm for the P-Bld reflex.

Bilateral transections of the lumbosacral ventral roots from the rostral iumbar levels

caudally to the sacral levels were performed in two preparations. The P-Bld reflex was

not affected by cutting the L1 to L5 ventral roots. Following transection of the L6 ventral

roots, bladder contractions were reduced but could still be evoked. After transection of

51 ventral roots, bladder pressure changes could not be elicited.

Once the P-Bld reflex had been evoked in the precollicular decerebrate preparation,

the effects of the further CNS lesions were examined. Transection of the brainstem at the

intercollicular or postcollicular level in 5 preparations did not disrupt the P-Bld reflex.

Transection of the upper cervical (n:4) and iower thoracic (n:1) spinal cord in neonatal

rats did not prevent the P-Bld reflex ( Fig.3B). In 3 of 5 preparations, the amplitude of

bladder contractions were increased 109 to 150 % of the control level following spinal

transection, but there was no significant difference in amplitude of bladder contractions

between decerebrate and spinal preparations (paired t-test, n:5, P>0.05).

3. Electrical stimulation evoked reflexes

A. Pudendal to pudendal reflexes

Electrical stimulation of the proximal end of the pudendal sensory nerve could
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evoke both ipsilateral (n:1) and contralateral (n:12) discharges recorded in the

proximal end of the cut pudendal motor branch. Although the pudendal afferents and

efferents are largely separated into two distinct branches in the rat, the motor and sensory

pudendal branches come from a common nerve and are in close proximity to each other.

Because of this, electrical stimulation of the pudendal sensory nerve on the same side as

the recording eiectrode sometimes produced stimulation current spread to the motor

branch. This made recording ipsilateral reflexes very difficult. In order to avoid this

problem, we chose to examine crossed pudendal reflexes since it has been reported that

in the adult rat the crossed pudendal to pudendal reflex pathways are similar to the

ipsilateral pathways (McKenna & Nadelhaft, 1989).

The typical pudendal to pudendal reflexes consisted of 2 discharges (Fig.7A). The

threshold current for eliciting the first discernable discharge in the pudendal ENG ranged

from 20 to 200 ¡,cA (mean : 85.4 + 52.r pA) for single shock (0.6 or 0.8 Hz, 0.2 ms

pulses). Usually, the threshold of the earlier component of the reflex was 5 to 10 ¡zA

lower than that of the later component. At twice th¡eshold (2T) stimulation strengths the

latency of the earlier component ranged from 80 to I34 ms ( mean : 105.1 + 11.2 ms).

The latency of the later component at 2T ranged from 330 to 447 ms (mean = 382.9 +

35.6 ms ). As the stimulus intensity was increased to twice threshold, the latencies of

both the earlier and the later discharges usually decreased by 5 to 20 ms.

After transection of the spinal cord at either the upper cervical or lower thoracic

level, the latency of the first component of the crossed pudendal to pudendal reflexes did

not change. However, the current threshold required for evoking the reflex decreased
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54% to 9L% of control level in 7 of Ll preparations, was unchanged in the 3 of 11

animals and increased 2 times in 1 animal. There was no significant difference in the

current threshold for evoking pudendal to pudendal reflexes between spinal and

decerebrate preparations (n:11, pair t-test, P>0.05). In contrast, the second component

of the pudendal-pudendal reflexes was always abolished by spinal rransection (Fig.7B).

B. Pudendal to pelvic reflexes

A pelvic nerve discharge in response to electrical stimulation of the pudendal

sensory nerve could be recorded in either the intact or the central end of the cut

contralateral pelvic nerve. Effective stimulationparameters were 50 to 136 pA, 0.1 or

0.2 ms pulses delivered at 0.6 to 1.0 Hz. This pudendal to pelvic reflex could be evoked

in both decerebrated and acute spinalized preparations (D4 to D7; n:8) (Fig. 8). Single

shocks (2T) to the sensory pudendal nerve evoked a discharge at a latency of 72 to 136

ms (mean : 98.0 + 24.5) in 7 decerebrated preparations. The threshold current ranged

from 50 to 100 pA, 0.1 ms pulses repeated at 0.8 Hz. After transection of the spinal

cord at Cl or T10 level, the threshold current for evoking a discernable reflex was

decreased 45% to 88% of control level in 3 of6 preparations, did not change in 2 cases,

and increased 171 % of control level in one preparation. However, for the entire sample

there was no significant difference in current threshold between decerebrate and spinal

preparations (n:6, paired t-test, P>0.05). The reflex latency did not change following

spinal transection.
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C.Pelvic to pelvic reflexes

In adult rats, voiding is evoked by the bladder distension which excites a pelvic to

pelvic reflex pathway. In the present study, distension of the bladder failed to evoke a

bladder contraction in Dl to D10 preparations. In order to determine if electrical

stimuiation of the peivic afferent fibres could evoke a bladder reflex in the neonatal rat,

the proximal end of one cut pelvic nerve was electrically stimulated (300 ¡.r4, 0.2 ms

pulses,trains of 8 shocks at200 Hz repeated at2 Hz). This stimulation did not evoke a

bladder pressure increase. However, other permutations of the stimulation parameters

were not tested to any great extent. Pelvic nerve discharge in response to electrical

stimulation of the crossed pelvic nerve (pelvic to pelvic reflex) were teste d, in 2

preparations (D4, D5). ENG activity of the pelvic nerve did not increase during

electrical stimulation of the crossed central end of the pelvic nerye at 100 to 500 ¡rA, 0,8

to I Hz, 0.1 ms pulses; trains of 4 to 5 at 100 or 200 Hz. The absence of a bladder to

bladder reflex is in keeping with the observation that bladder distension usually failed to

evoke a bladder response in the neonatal rat (Kruse & de Groat, 1990).

In addition, afferent activity in the pelvic nerve was examined in 3 preparations (D5

to D6) by recording ENG activity of the distal end of the cut pelvic nerve. No pelvic

afferent ENG activiry was detected when the bladder was either passively distended or

when the bladder actively contracted by the application of ACh onto the surface of the

bladder.

4. Central delay of the sacral reflexes
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In 13 preparations the central delays ofpudendal to pudendal and pudendal to pelvic

reflexes were assessed at the end of each experiment. The conduction time of the

peripheral nerve was measured first. A stimulating electrode was placed on the sensory

or motor branch at the site used for stimulation or recording. The discharge of the

ipsilateral L6 dorsal or ventral root was recorded at a site as close as possible to the

spinal cord. The distance between the stimulation and recording sites was measured. The

conduction distance of the pudendal sensory nerves ranged form 9 to 15 mm. The

afferent conduction time from the sensory pudendal to ipsiiateralL6 dorsal root ranged

from 8 . 8 ms to 27 .0 ms in 13 preparations (D2 to D8, n: 13) with the mean conduction

time of I2.8 + 7.67 ms. The calculated mean conduction velocity was 0.9 + 0.3 m/sec

(0.47 to 1.36 misec) (Table 1). The conduction distance of the pelvic nerye ranged form

9 to L2 mm. The mean conduction time from the pelvic nerve to ipsilateral L6 ventral

root was 5.4 + 1.9 ms in 5 of 6 preparations (D4 to D7) and the calculated mean

conduction velocity was 1.90 + 0.7 m/sec (Table 2).Inone preparation, the conduction

time was much longer (32.0 ms) and hence the conduction velocity (0.4 m/sec) was much

lower than the other animals. The conduction distances from the pudendal motor nerve

to the ipsilateral L6 ventral root ranged from 9 to 17 mm and the mean conduction time

was 22.0 t 10.9 ms in 9 preparations (D4 to D8). The calculated mean conducrion

velocity was 0.8 + 0.5 m/sec (0.4 to 2.1 m/sec) in the pudendal motor nerve (Table 3).

The central delay of the reflex was assessed by subtracting both efferent and afferent

conduction times from the latency of the first component of the reflex. The central delay

of the pudendal to pelvic reflex ranged from 48.5 to 66.7 ms (mean central delay : 55.6

37



+ 8.2 ms; n:6). The mean central delay of the early component of the pudendal-

pudendal reflex was 67.4 + 18.9 ms (30.4 to 88.6 ms; n=g).

5. Fluorescent tracing studies

In two D7 preparations, crystals of Dil were placed onto the left pelvic nerve or the

left pudendal nerve and examined after 6 weeks. DiI was transported into the ipsilateral

DRGs in both preparations. Many fibres were traced to the IA to S1 DRGs but only a

few cells labelled in the L6 and 51 DRG. Another two D7 preparations (one left pelvic

and another left pudendal nerve injected) were examined after 8 weeks. Many well

labelled cells could be found in ipsiiater al L6 and 51 DRGs, and a few labelled cells

were found in L5 and/or 52 DRG. Very few labelled cells were seen in L¿| DRG. The

labelled afferent fibres from both pelvic and pudendal nerves were found to project into

the dorsal and lateral funiculi and terminate at the lateral and dorsal regions of the grey

matter in the spinai cord. Neurons could be found in the intermediolateral grey matter

following DiI application to the pelvic nerve, but pudendal motoneurons were not seen

following DiI application to the pudendal nerve at 8 weeks. The remaining 6 preparations

(D2, n:4; D1'4, n:2) were examined 10 weeks following DiI application to the nerves.

The labelled cells found in DRGs in these 6 preparations rvere similar to that found in

D7 preparations with 8 weeks of transport time. Well labelled neurons in the

intermediolateral grey matter of the L5 to 51 spinal cord could be found in both D2

preparations in which DiI was applied to the pelvic nerve (n=2). Some of the afferent

dendrites clearly projected into the intermediolateral region and terminated around
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labelled neurons (Fig.9A). Labelled motoneurons were also found in the ventral horn

following DiI application onto the common pudendal nerve in D2 preparations. The

labelled motoneurons were sent dendrites to dorsal lateral and medial regions in the

ventral horn (Fig.9B). No labelled cells in the spinal cord were found in the two D14

preparations after ten weeks of Dil transport.
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Table 1. Sensory pudendal nerve conduction velocify

n.

1

2

3

4

5

6

7

8

9

10

11

12

13

,{g9

D2

D4

D4

D4

D4

D5

D5

D5

D6

D6

D7

D7

D8

Conduction time (ms)

13.0

9.4

9.6

20.4

2t.0

10.8

27.0

20.4

8.8

12.2

13.6

13.4

12.8

Conduction dist. (mm)

9.0

9.0

10.0

10.0

12.0

10.0

15.0

15.0

12.0

12.0

r 3.0

12.0

1s.0

Conduction velocity (m/sec)

0.7

1.0

1.0

0.5

0.6

1.0

0.6

0.7

t.4

1.0

1.0

0.9

t.2

n:13 x:14.8+5.6 x:72.0Ð..0 x:0.9+0.3
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Table 2. Pelvic efferent nerve

n.

1

2

3

4

5

6

4c9

D4

D5

D6

D6

D7

D7

Conduction time (ms)

8.2

32.0

4.2

6.5

3.6

4.5

Conduction dist. (mm)

9.0

12.0

9.0

10.0

10.0

10.0

Conduction sneed fm./secl

1.1

0.4

2.1

1.5

2.8

2.2

n:6 x:9.8+11.0 x=10.0+1.1 x=|.7t0.7
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Table 3. Pudendal motor nele conduction velocity

n.

I

2

J

4

5

6

7

8

9

A.S

D4

D4

D4

D4

D5

D5

D5

D6

D8

Conduction time (ms)

9.4

14.0

15.6

34.0

31.4

J¿.J

33.8

19.6

7.6

Conduction dist. (mm)

9.0

13.0

12.0

13.0

12.0

17.0

17.0

12.0

16.0

Conduction velocity (m,/sec)

1.0

0.9

0.8

0.4

0.4

0.5

0.5

0.6

2.1

n:9 x:22.0+10.9 x:13.4X2.7 x=0.8+0.5
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DISCUSSION

The contents of this thesis describe a neonatal rat brainstem-spinal cord-urinary

bladder in vitro preparation for the study of micturition and perineal reflexes. In this in

vitro preparation, bladder contractions were induced by application of acetylcholine onto

the surface of the bladder, or by electrical stimulation of bladder efferent fibres in the

pelvic nerve. Micturition was elicited either by tactile stimulation of perineal skin or by

electrical stimulation of the pudendal sensory.nerve. In addition, the neonatal rat in vitro

brainstem-spinal cord preparation was also used to examine pudendal to pudendal and

pudendal to pelvic reflexes.

1. Bladder and peripheral nerve viabilify

It has been shown in numerous physiological and pharmacological studies (Brading

& Williams, 1990 and Saito, et al. 1991) that a healthy bladder smooth muscle preparation

can be maintained in a modified Krebs solutions. In the present in vitro preparation,

application of 0.0i to 0.2 ¡rM ACh onto the surface of the bladder produced a tonic

smooth muscle contraction which resulted in emptying of the bladder and confirmed the

viability of the smooth muscle in an oxygenated Krebs solution.

Unilateral electrical stimulation of an intact or distal cut end of the pelvic nerve

cenkal to the pelvic ganglia evoked a bladder contraction. This response is likely due to

direct excitation of parasympathetic preganglionic fibres in the pelvic nerve. Since

electrical stimulation of peripheral tissue ciose to the urinary bladder could not produce
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bladder contractions, thus, contractions evoked by electrical stimulation of the pelvic nerye

were unlikely to be a result of current spread to the smooth muscle itself. These results

confirmed our identif,rcation of the pelvic nerve and demonstrated that basic peripheral

autonomic nerve and ganglion function is maintained in the in vitro preparation, and that

the smooth muscle responds to endogenously released newotransmitters. Many studies

have already demonstrated that the functional circuitry of the centrai nervous system can

be retained in an in vitro isolated brainstem-spinal cord preparation ( Otsuka & Komishi,

1974; Smith & Feldman, 1987). The extension of this basic preparation to one having a

viable pelvic nerve and ganglion with peripheral end organ will allow us to further

examine the neural control of bladder function.

2. Perineal to bladder reflexes

Normally, micturition in the intact neonatal rat is induced by the mother licking the

perineal area of the pup (Maggi, et al. 1986a; Kruse & de Groat,l99O).In the in vitro

preparation, light stroking of the perineal skin can also evoke bladder contractions which

empty the bladder. The mean peak pressures reached during contractions which emptied

the bladder were not significantly different (t-test, P>0.05) in animals 1-3 days old (12.1

+ 3.3 mmHg) and those 4-6 days old (15.5 t 4.6 mmHg). Perineal-evoked bladder

pressure changes were not statistically different from pressure increases produced by bath

application of ACh. In addition, peak bladder pressue changes produced by perineal

stimulation in the in vitro decerebrate neonatal rat preparation are similar to pressures

reported in the in vivo neonatal preparation (Kruse & de Groat, 1990). These resuits
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demonstrated that perineal stimulation in an in vitro preparation can effectively evoke a

micturition reflex. However, mean peak pressures produced by perineal stimulation in the

neonatal rat are obviously smalier than those obtained from the in vivo adult rat in which

the meanpeakpressures are reported tobe25 + 0.2 mmHg (Maggi, et al. 19g6b), and

27.8 cmHro in female rats and 33.9 cmH'o in male rats (Mallory et al. 1989).

It has been mentioned that voiding in the neonatal rat is triggered by excitation of

afferents travelling in the pudendal sensory nerve and the subsequent activation of

parasympathetic pelvic efferénts. Results in the present study demonstrate that both tactile

stimulation of the perineal area and electrical stimulation of perineal afferents in the in

vitro preparation effectively activate the micturition reflex. Pelvic nerve ENG activity

increases during the bladder pressure increase evoked by perineal stimulation. ENG

activity recorded from the central end of the cut pelvic nerve indicates that this ENG

activity is due to pelvic efferents. Bilateral transection of either L6 e. S1 dorsal roots or

L6 &. 51 ventral roots abolished the P-Bld reflex. This evidence is consistent with the

anatomical observation that the pudendal sensory afferents mediating the P-Bld reflex

travel in L6 and Sl dorsal roots and pelvic efferent fibres travel in L6 and 51 ventral

roots.

Micturition reflexes in many species undergo developmental changes during the first

few weeks and months after birth (de Groat, et al. 1975). In neonatal rats, micturition is

organized in the spinal cord th¡ough a somatovisceral reflex. In adult rats and cats,

micturition is evoked by bladder distension which triggers a vesicovesical reflex organized

in a spinobulbospinal reflex loop. The rostral pontine tegmentum is thought to have an
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important role in controlling micturition in the adult cat (Barrington , l92I) and rat (Satoh,

et al. 1978). The laterodorsal tegmental nucleus and the periaqueducta| gray in the rat

appeff to be involved in normal bladder-distension evoked micturition Qrloto, et al. 1989;

Kruse, et al. 1990).

Behavioral observations confirm that perineal-evoked bladder contractions are

necessary for survival of the neonatal rats in first few weeks after birth since there is

relatively little urine released in pups isolated from their mothers (Kruse & de Groat,

1990). However, evidence that distension-evoked bladder contractions are present in some

day 2 and all day 6 in vivo pups but not in spinalized rats (Kruse & de Groat, 1990)

demonstrates the presence of functional afferents, efferents and supraspinal circuitry as

eariy as day 2 in the rat. Anatomical evidence suggests that descending projections from

the region of the pontine micturition centre to the lower spinal cord are present just before

bith (Kudo, et al. 1993). There are several possible explanations for the failure of the

bladder to bladder reflex to empty the bladder. Firstly, the P-Bld reflex may suppress

bladder to bladder reflexes perhaps via primary afferent depolarization of bladder afferents

or through postsynaptic inhibition of segmental interneurons or tract cells interposed in

the bladder to bladder reflex pathway. Secondly, descending pathways may inhibit the p-

Bld reflex in adult animals (Thor, et al. 1990) and may not be fully developed in the

neonatal rat. In the present study, bladder contractions were not evoked in decerebrate

preparations either by bladder distension or by electrical stimulation of proximal end of

the cut pelvic nerve (presumable afferent stimulation), nor was contralateral pelvic ENG

activity increased by electrical stimulation of central end of the other cut peivic nerve.
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The failure to evoke a bladder to bladder reflex in the neonatal rat could be due to a

supraspinal inhibition of the weak bladder to bladder reflex. In the in vitro preparation

there is the possibility that the rostral brainstem including the region of the pMC is

damaged during dissection or is quite susceptible to ischemia since it is deeper in the

brainstem.

Observations from tJre present study confirm earlier work that demonstrated that

perineal-evoked micturition in the neonatal rat is mediated by a spinal reflex since acute

spinal cord transection does not abolish the reflex (Maggi, 1986a; Kruse and de Groat,

1990). A study of bladder-sphincter coordination during the P-Bld reflex in the intact

neonatal rat has recently been reported and concluded that spinal circuitry can generate

coordinated bladder and sphincter function (Kruse &. de Groat, 1993). This study

demonstrated that perineal stimulation evokes micnrition charucteúzed by sustained

bladder contractions associated with bursts of EUS EMG activity separated by periods of

EMG inhibition and ttris coordination of bladder and sphincter activity is present in both

non-spinai and spinal neonatal rats. However, in adult rats, cats and humans, coordination

of bladder-sphincter activity during micturition is thought to be mediated by supraspinal

structures because transection of the spinal cord produces bladder-sphincter dyssynergia.

In future studies, recordings of EUS activity either from the sphincter muscle or from the

pudendal motor nerve during P-Bld reflexes may be possible. With both pelvic and

pudendal sphincter recordings, the neuropharmacological and physiological basis of the

coordination of bladder and sphincter activity may be examined. This will provide useful

information for the study of bladderisphincter dyssynergia in paraplegia patients.
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It has been observed recently by other investigators (Sugaya, et al. 1992) that the

amplitude of perineal-evoked bladder contractions significantly increased after spinal cord.

transection. Sugaya et aI. (1992) hypothesize that the P-Bld reflex may be under a tonic

inhibition originating somewhere rostral to the lumbosacral spinal cord. In the present

study, following transection of the spinal cord, the amplitude of perineal-evoked bladder

contractions increased to 109% to I50 % of the control level in 3 of 5 in vitro

preparations, did not change in 1 case, and decreased 10% in another animal. Because of

our small sample, no significant difference of the peak bladder presswes was found

between decerebrate and spinal preparations (n:5, paired t-test).

Studies in adult cats (Kuru et al. 196I; McMahon & Spillane, 1982; Holstege, et al.

1986) and rats Qrloto, et al. 1989; Kruse, et al. 1990) have demonstrated that several

micturition inhibitory regions might be present in the midbrain and brainstem. In cats,

electrical stimulation of the dorsomedial reticular formation (bulbar vesico-relaxer centre)

in the medulla oblongata (Kuru, et al. 196i) or the ventrolate¡al reticular formation

(pontine wine-storage nucleus) in the rostral pons (Koyama et al. 1966) produced

relaxation of the urinary bladder. Anatomicai and physiological observations by Holstege

et al. (1986) showed ihat the lateral part of the pontine tegmental f,reld (L-region) in cats

sends f,rbres to Onuf s nucleus and elicits an increase in EUS activity. In rats, electrical

stimulation of the ventral area in the pontine reticular formation increases bladder capacity

(Kruse, et al. 1990). Noto et al. (1989) described that elect¡ical stimulation at a site

adjacent to the micturition excitatory area (dorsal pontine tegmentum) inhibited bladder

postganglionic nerve firing and bladder contractions. There may be several possible ways
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in which these brainstem areas can inhibit bladder function. The f,rrst possible mechanism

is that the midbrain ventrolateral bladder inhibitory area might inhibit the pMC (Kuru &

Iwanaga, 1966). A second explanation is that neurons in the supraspinal inhibitory area

send descending fibres to the sacral spinal cord to inhibit the parasympathetic pathway

(K,r.u &, Iwanaga, 1966; Noto, et al. 1989). A third possibility is that the supraspinal

bladder inhibitory area sends excitatory projections to Onufls nucleus which increases

EUS activity and indirectly inhibits bladder function (Holsrege, et al. 19g6).

Neuropharmacological studies in which drugs were administered intravenously,

intrathecally, or into the cerebroventricals have provided evidence that several types of

neurotransmitters may be involved in neural control of micturition. In cats, injection of

GABA agonists into the PMC decreases the amplitude of reflex bladder contractions and

increases bladder capacity (Mallory, et al. i991). This suggests that PMC newons are

under a tonic GABAergic inhibitory control. Endogenous opioid peptides have also been

reported to function as inhibitory transmitters in neural control of micturition (for review,

see Maggi, 1991). Intrathecal injection of enkephalins or opioid agonists depresses

micturition and sphincter reflexes (Dray et al. 1987; Thor, et al. i989a). Injections of

small doses of the opioid antagonist naloxone into the PMC of decerebrate cats also

lowered the micturition threshold (Roppolo, et al. 1986). Anatomical studies have shown

that the lumbosacral dorsal horn, sympathetic and parasympathetic preganglionic neurons

receive dense serotonergic input from the raphe nuclei in the caudal brainstem (for review,

see Jacobs &, Azmitia, 1992). Espey et al. (1992) suggested that a 5-HT descending

pathway might inlúbit micturition at a spinal level since intrathecal injection of 5-HT
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antagonist decreases volume threshold. Thor et al. (1990) showed that intravenous

administration of a serotonin agonist, 5-MeODNT at low doses inhibits fuing of brainstem

serotonergic neurons via activation of inhibitory autoreceptors and unmasks a P-Bld reflex

in adult cats. Sugaya et al. (1992) reported that bicuculline, a GABAA receptor antagonist,

enhanced perineal evoked bladder contractions. The non-NMDA antagonist CNQX, but

not the NMDA antagonist MK-801, decreased the amplitude of perineal-evoked

contractions. Sugaya and coworkers (1990) concluded that glutamic acid acting viaAMPA

receptors may act as a transmitter in the P-Bld reflex, while the GABAergic mechanism

may tonically inhibit this reflex pathway in the neonatal rat. It is not known whether the

supraspinal inhibitory mechanisms hypothesized to exist in the in vitro neonatal

preparation corresponds to the areas described in adult animals.

Nitric oxide (l{O) has recently been reported to act as a neurotransmitter or

neuromodulator in the central and peripheral nervous system. NO has been identified in

preganglionic neurons in the spinal cord (Dun, et al. 1992) and in pelvic afferent and

efferent pathways in rats (Yizzard, et al. 1993). Some experiments have shown that NO

is released by nerves in various tissues including the urethra (Andersson, et al. l9g2),

colon (Bult, et al. 1990) and penis (Ignarro, et al. 1990; Burnett, et al. 1992). However,

to date many reports regarding the neurotransmitters involved in supraspinal and spinal

organization of micturition are ambiguous with limited interpretations due to using an in

vivo preparation. Future studies using an in vitro preparation may clarify the roles of

putative neurotransmitters such as GABA, serotonin, opioids, nitric oxide and excitatory

amino acids at different sites (brainstem or spinal cord) in bladder reflexes. By making
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partitions within the chamber, the brainstem, spinal cord, peripheral ganglia and the

bladder can be separated into different isolated compartments and pharmacological agents

applied selectively to particular target tissues.

Spontaneous bladder contractions in the in vitro preparation have been observed in

the present studies in several preparations in which the perineal to bladder reflex could

not be evoked. In these preparations, hindlimb movements produced by pinching the foot

were very weak or absent suggesting that the CNS was not healthy. The amplitude of

spontaneous contractions ranged from 3 to 9 mmHg. Increases of the volume in the

bladder enhanced the amplitude of spontaneous contractions but did not affect the

frequency of contractions. Removal of the lumbosacral spinal cord did not abolish these

contractions. Spontaneous bladder contractions were commonly seen in Sugaya et al.

(1992) study in which the urethra was obstructed by stretching and pinning down the

perineal skin around the urethral orifice. In that study, removal of the lumbosacral spinal

cord also enhanced the spontaneous contractions. The difference in frequency of

occurrence of the spontaneous contractions in the present study and the work of Sugaya

and coworkers is not known. However, both studies are in agreement that the spontaneous

contractions produced by intrinsic properties of the smooth muscle may be under a tonic

inhibitory control originating in the CNS.

3. Electrical evoked sacral reflexes

Anatomical studies have shown that the pudendal sensory nerye in the rat carries

sensory information from the perineum, penis, and distal parts of the urethra and anus
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('Walker, 1959; Hellon, et al. 1975). The pudendal motoneurons are located in the L6 and

51 ventral horn in the rat and send axons to innervate the external anal and urethral

sphincters as well as ischiocavernosus (IC) and bulbospongiosus (BS) muscles (McKenna

& Nadelhaft., 1986; Collins, et al. 1 99 1 ). The sensory pudendal to motor pudendal reflexes

are involved in both external sphincter muscle activity and perineal sexual muscle

function. In males, the pudendal to pudendal reflexes facilitate erection and ejaculation

by activating the IC and BS muscles and increasing activity in the anal and wethral

sphincters. In the present study, electrical stimulation of one cut pudendal sensory nerye

induced reflex discharges in the pudendal motor nerve in the in vitro decerebrate

preparation. The reflex discharges contained two components, an early component (mean

latency : 105.1 + 11.2 ms) and a later component (mean latency :382.9 + 35.6 ms).

Transection of the spinal cord abolished the later component but not the early one.

Pudendal to pudendal reflexes have been studied previously in the in vivo anaesthetized

adult male and female rat (McKenna and Nadelhaft, 1989). The pudendal to pudendal

reflexes in intact adult rats consist of one early component with latency of 10 ms and two

later components with latencies of 25-30 ms and 100-140 ms. Spinal cord transection

abolished the two later components but did not affect the early one. McKenna and

Nadelhaft (1989) could not determine whether the late components of the reflex were due

to a supraspinal reflex loop or to descending facilitation of a segmental reflex circuitry.

There are several possible explanation for the difference in pudendal to pudendal reflexes

in the neonatal in vitro and adult in vivo preparations. First, the third component may not

be developed in the neonate. Alternatively, the third component may be organized in, or
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facilitated by, brain tissue rostral to the midbrain which is removed by the decerebration.

In addition, in the in vitro neonatal rat latencies of all reflex discharges are longer than

in the in vivo adult animals. V/e assumed that reflex discharges in both the neonatai and

adult rat may be organized by the same reflex pathways, but the difference in latency is

due to the longer central delay and.ior the immaturity of the peripheral nerves with slower

conduction velocities. Studies in the development of the monosynaptic stretch reflex in

the rat has demonstrated that the onset of monosynaptic transmission in day 3 neonatal

rats was 0.56 + 0.16 ms (Kudo & Yamada, 1985). The monosynaptic transmission of

stretch reflex in the adult cat is about 0.6 ms (Brock, et al. 1952) which is similar to that

in the neonatal rat. However, it has been reported that the diameter of myelinated axon

increased 55Yo in rats from 6 weeks to 16 weeks (Chen, et ai. 1992). So, major reasons

for longer reflex discharges in neonatal rats may be immaturity of the neuron axons with

slower conduction velocities, and the slower interneuron transmission in the spinal cord

since the pudendal to pudendal reflexes are polysynaptic reflexes. It is unlikely that

pudendal to pudendal reflex pathways are changed during the postnatal development since

in both in vitro neonatal and in vivo adult preparations the first reflex component is not

abolished by spinal transection, but the other later components are.

In the present study. electrical stimulation of the cut pudendal sensory nerve evoked

reflex discharges in the pelvic nerve with a mean latency of 98.0 + 24.5 ms. Spinal cord

transection did not abolish this pudendal to pelvic reflex. Thus the pudendal to pelvic

reflex is mediated by neurons within the spinal cord. The current threshold for evoking

a reflex discharge decreased 45Yo to 88o/o of control level in 3 of 6 preparations, did not

47



change in 2 cases, and increasedto l7l%o of control in one animal. This suggests that the

pudendal to pelvic reflex is modulated by a descending inhibitory pathway originating at

the b¡ainstem which sometimes was removed or damaged during dissection or

decerebration. Pudendal to pelvic reflexes are associated with perineal to bladder reflexes.

Evidence that current threshold decreased following spinal transection could reflect a

mechanism similar to that responsible for the increase in bladder response to perineal

stimulation after spinalization.

The pudendal to pelvic reflexes are also associated with penile erection. The pelvic

nerye sends different branches to innervate the bladder and the erectile tissue, respectively.

However, it is very difficult to separate and record these two fine branches in the neonatal

rat. In an in vivo adult rat, electrical stimulation of the dorsal nerve of the penis (branch

of the sensory pudendal nerve) elicits a long latency reflex discharge (50 to 150 ms) in

the cavernous nerve ( a branch of the pelvic nerve) which is not affected by acute or

chronic spinai cord transection (Steers, et al. 1988). The coitus reflex, defined as rh¡hmic

movements of the skeletal and smooth muscles of the pelvis in maies and females

following prolonged genital stimulation, can be elicited by mechanical stimulation of the

distal urethra in acutely spinalized rats (Chung, et al.1988). The coitus reflex is thought

to involve both pudendal to pudendal reflexes and pudendal to pelvic reflex. Chung et al.

(1988) recorded rhythmic activity in the pudendal motor nerve, the cavernous nerve and

the BS muscle during the coitus reflex. Since the coitus reflex could not be evoked in an

intact anaesthetized rat, Chung and coworkers (1988) hypothesize that the brainstem exerts

a tonic descending inhibitory influence on spinal sexual reflex circuitry. Marson and
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McKenna (1990) suggested that a group of neurons in the paragigantocellular reticular

nucleus in the ventral medulla may mediate this descending inhibition and more recent

work showed that intrathecal injection of 5-HT abolished the coitus reflex (Marson &

McKenna, 1992). This hypothesis can be examined further in the in vitro preparation. A

partition can be set up in the chambe¡ to separate brainstem from the spinal co¡d and

intact tissue. Different 5-HT agonists can be administered to the spinal cord section and

changes in the pudendal to pudendal and pudendal to pelvic reflexes can be examined.

In this study the conduction times and conduction distances of the peripheral nerves

were measwed and conduction velocities were calculated. The mean conduction velocity

was 0.9 + 0.3 m/sec in the pudendal sensory nerve, 0.8 + 0.5 m/sec in the pudendal motor

nerve, and 1.9 + 0.7 m/sec in the pelvic efferent f,rbres. These f,ibres fall into the C-fibre

and Aô-fibre categories. It has been demonstrated that nerve conduction velocities change

with age, especially during early postnatal period. Increase in maximum conduction

velocities in axons has been found to match an increase in nerve lenglh (Hursh 1939;

Chen, et al. 1992). As a result, peripheral nerve conduction time remains the same and

this may contribute to the maintenance of stable motor performance during rapid growth

(Chen, et al. 1992). In the present study, obvious changes in conduction velocity of

peripheral nerves with age could not be easily estimated since the majority of tested

animals were 4 to 6 days old and the conduction times were varied (see Tables 1,2, 3).

The variation of conduction time in each nerve in different preparations maybe due to a

number of factors including developmental differences, bath temperature or the viability

of the preparation.
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SUMMARY

Since Otsuka and Konishi's pioneer work (1974) in the development of a neonatal

rat spinal cord in vitro preparation, this preparation has been used to study the properties

of spinal neurons and reflexes (Fulton & 'Walton, 
1986; Kudo & Yamada, 1985), the

newal control of locomotion (Smith & Feldman, 1987), respiration (Smith et al. 1990),

autonomic vagal function (Yuan, et at. 1991) and most recently lower urinary tract

function (Sugaya, et al. 1992; Song, et al. 7992) The in vitro brainstem-spinal cord

preparation has proven to have many advantages which may deal with some of the

limitations inherent in in vivo experiments. The neural organization and pharmacological

properties in certain reflex pathways or portions of the nervous system can more readily

be investigated in the in vitro preparation in the absence of anaesthetics. The concentration

of drugs delivered to the nervous system can be controlled more carefully and drugs can

be tested quickly and repeatedly. Various parts of the nervous system can be exposed to

the different pharmacological agents by making partitions within the chamber. However,

the CNS in the neonatal rat undergoes developmental changes during the first few weeks

after birth. Some structures and transmitters in the CNS are still immature at birth and the

changes within the first few days are particularly fast and dramatic. Neonatal-rats used for

in vitro studies are usually 1 to 10 days old, therefore, caution must be taken in using the

preparation. These changes can be turned into an advantage and used to study

deveiopmental changes in spinal reflexes. Factors, such as bath temperature, and the

environmental differences between the extracellular fluid in vivo and the Krebs solution
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used for in vitro preparation must always be kept in mind.

In conclusion, this sfudy has demonstrated that the in vitro neonatal rat brainstem-

spinal cord preparation with the urinary bladder intact provides a novel animal model

with which to examine the neural orgarnzation and phannacological properties of

micturition and other sacral reflex pathways in the rat. It may also allow us to investigate

the various aspects of developmental changes in the neural control of lumbosacral

reflexes.
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Figure 1. Comparison of bladder contractions evoked by ACh application and

perineal stimulation.

Peak pressure during a bladder contraction produced by adding ACh into the bath

shown in panel A is compared with that evoked by perineal stimulation (panei B) in the

. same animal (D5).
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Figure 2. Bladder contraction evoked by the pelvic nerye stimulation.

Panel A shows that electrical stimulation of the intact pelvic nerve in a D5

preparation can produce a bladder contraction. Panel B illustrates the bladder pressure

increase evoked by electrical stimulation of distal end of the cut pelvic nerve in another

D5 rat. Stimulation parameters in A were L60 p,A, trains of 5 shocks (200 Hz) @ I.5

Hz, and in B 200-500 ¡"r4, trains of 6 shocks (200 Hz) @ 2 Hz.
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Figure 3. Perineal to bladder reflexes evoked by perineal skin stimulation.

Bladder contractions evoked by perineal skin stimulus in a decerebrate (A) then after

C1 spinalization (B) preparation in the same animal (D5).
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Figure 4. Pelvic efferent discharges in response to perineal skin stimulation.

Perineal stimulation produces bladder pressure changes which are associated with

increased activily in the intact pelvic (A) or the proximal end of cut pelvic nerve (B)

throughout the stimulation period. (D5 neonatal rat)
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Figure 5. Noxious and non-noxious stimulation evoked pelvic nerye discharges.

Panel A shows that noxious stimuli in the form of tail or foot pinch could evoke

discharges in the proximal cut end of the pelvic nerve which were not associated with

bladder pressure changes. No bladder pressure change or pelvic ENG activity was

produced by stroking of the proximal leg, a stimulus similar to that which evoked a

perineal to bladder reflex.
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Figure 6. Perineal to bladder reflexes evoked by electrical stimulation of the

pudendal sensory nerYe.

Electrical stimulation of the proximal end of one cut pudendal sensory nerve could

evoke a bladder contraction (A) which was comparable to that evoked by perineal

stimulation (B) in the same preparation (neonatal day 3). Stimulus parameters showed in

panel A were 200 p.A, 0.2 ms pulses delivered in trains of 6 shocks (200 Hz) at a

repetition rate of 3 Hz.
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Figure 7. Crossed pudendal to pudendal reflexes.

Panel A shows the crossed pudendal to pudendal reflexes recorded in a decerebrate

D4 preparation. The upper trace represents the averaged integrated pudendal motor nerve

discharges in response to electrical stimulation of the contralateral central end of a cut

pudendal sensory nerve. The bottom trace illustrates the averaged raw pudendat ENG

activity during the pudendal to pudendal reflex. Two components to the reflex can be

seen in the decerebrate preparation (A). The second component of the pudendal to

pudendal reflex is absent in the spinal animal (B). Stimulus parameters were single pulse

of 120 pA,0.1 ms at 0.8 Hz in panel A, and single pulse of 70 p,A,0.L ms at 0,8 Hz

in panei B. (^ electrical stimulation )
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Fisure 8. Pudendal to pelvic reflex.

Panel A shows pelvic nerve discharges in response to electrical stimulation of the

central end of one cut pudendal sensory nerve (indicated by ^) in a D5 animal. Panel B

illustrates an expanded portion of panel A. Panel C shows the averaged integrated pelvic

ENG reflex response (10 sweepsiaverage). Reflex latencies were usually measured from

the integrated averages. Stimulationparameters were 100 ¡rA, 0.1 ms pulse delivered at

I Hz.
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Figure 9.

A. Fiuorescence photomicrograph of a 100 p,m transverse section of 51 spinal cord in

a D2 neonatal rat after 10 weeks of DiI application to the left pelvic nerye. Preganglionic

neurons (SPN) are labelled and located in the intermediolateral gray. Some of the

afferent dendrites project into the intermediolateral region and terminate around labetled

neurons.

B" Fluorescence photomicrograph shows labelled pudendal motoneurons (Pud Mn) in

a 100 pm transverse section of L6 spinal cord in a D2 neonatal rat after 10 weeks of Dil

application to the left common pudendal nerve. Labelled motoneurons send dendrites to

medial and dorsal lateral region in the ventral horn.
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