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Abstract

1)

A method has been devised to enable visualisation of 5HT
neurons in the CNS of embryonic amphibians in

immunoreactive

wholemount.
The technique relies upon a rather long
incubation in primary antiserum to allow thorough access
antibodies to central neurons.

of

2)
Using this technique, the results of van Mier et al
(1986), using serially sectioned material, have largely been
substantiated.
5HTi neurons in Xenopus embryos (developmental
stage 37/38) comprise a cluster of some 60 cell bodies in the
raphe region of the rostral, ventral hindbrain.
A second,
smaller cluster, noted by van Mier, in the caudal midbrain
could not be detected in the present study until developmental
stage 42.
The descending axonal projections of raphe
interneurons are located exclusively in the dorsolateral
margins of the spinal cord of Xenopus embryos.
At stage 42
about 70 somata are now present in the brainstem and their
descending processes now also extend into the ventromedial
regions of the cord.
3)
Serotonergic neurons in Xenopus were succesfully ablated
during embryogenesis, following exposure to the specific 5HT
neurotoxin, 5,7 DHT, at ImM.
This procedure enabled a
preliminary physiological investigation of the effects of
serotonergic input to the spinal cord on the development of
spinal cord function.
The absence of raphe interneurons
appears to retard the normal development of neuronal
circuitry underlying swimming movements.
4)

A comparative study of serotonergic raphe-spinal
a related amphibian embryo,
Rana temporaria
undertaken.
In contrast to Xenopus embryos, the

interneurones in
was

descending projections of serotonergic raphe neurons in Rana
embryos at the time of hatching (stage 20; Gosner, 1960), are
exclusively located in the ventral aspect of the spinal cord.

5)

The results of raphe ablation studies in Xenopus larvae
suggest that a causal link may exist between raphe
projections and the developmental modulation of locomotor
output in postembryonic larvae.
The interspecific differences
observed in the development of 5HTi projections in Rana,

coupled with existing knowledge of the physiology of swimming
compared with Xenopus, lend further support to this
notion.
The hypothesis is now amenable to rigorous
experimental testing, using the techniques devised and
presented in this thesis.
in Rana

Abbreviations.

5,7 DHT
5-HIAA
5HT

5-hydroxytryptamine immunoreactive

5HTP

5-hydroxytryptophan
after hyperpolarisation

AHP

Ca++

Calcium ion

Potassium ion
central

CNS
ELISA

nervous

fluorescein isothiocyanite

lysergic acid diethylamide
monoamine oxidase inhibitor

MAO
ms

milliseconds

nm

nanometers

P.B.

Phosphate buffer

P.B.S.

Phosphate buffered saline

P.B.S-X.

p-CPA

Phosphate buffered saline with Triton-X

p-chlorophenylalanine

S.A.P.U.
VRH

system

Enzyme-linked immunoabsorbent assay

FITC

LSD

5-hydroxyindoleacetic acid

5-hydroxytryptamine

5HTi

K*"

5,7 dihydroxytryptamine

Scottish antibody production unit

ventral rostral hindbrain

pm

micrometer

pM

micromolar
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CHAPTER ONE

INTRODUCTION

HISTORICAL PERSPECTIVE

In

1948 Rapport and his colleagues isolated a

vasoconstrictor substance from bovine
serotonin.

serum

Also

5-hydroxytryptamine.

during this time Erspamer (1940: For review

Erspamer, 1954) had isolated

a

Since the main
Enteramine.
and

source

see

substance obtained from the

entero-chromaffin cells of the intestinal

of the substance

mucosa

was

of mammals.

the gut

he called it

Erspamer and his colleagues found Enteramine in the

salivary glands of many lower vertebrates and

invertebrates

glands of

they called

Rapport (1949) later established the active component

of the complex as

venom

which

(Erspamer and Boretti, 1951) and the cutaneous

many

amphibians (Erspamer and Vialli, 1951).

showed that it had

a

stimulatory action on the heart of molluscs

(Erspamer and GhirettL, 1951).
identified Enteramine

They also

as

In 1952 Erspamer and Asero

5-hydroxytryptamine.

5-hydroxytryptamine (Serotonin, 5HT) is a biogenic amine
which is derived from the amino acid precursor

tryptophan and

consequently classified as an Indoleamine or Indole-alkylamine

(figure 1.1).

DISTRIBUTION OF 5-HYDROXYTRYPTAMINE.

5HT appears to be
animal

kingdoms.

widely distributed in both the plant and

In the plant kingdom, it is a component of pain

1

FIGURE 1.1
serotonin.
The first

The

synthesis of 5-Hydroxytryptamine (5HT)

5HT is synthesised

or

from tryptophan, in two steps.

step is the hydroxylation of tryptophan to 5-

Hydroxytryptophan, which is catalysed by tryptophan-5hydroxylase and requires a number of co-factors (in brackets);
the second step

is the decarboxylation of 5-Hydroxtryptophan to

5-Hydroxytryptamine, which is catalysed by aromatic acid
decarboxylase and pyridoxal phosphate as a co-factor.

FIG

1.1

NHj
/

CH2—CH
\

Tryptophan

/

COOH

Tryptophan-5-hydroxylase
(Tetrahydrobiopterin, O 2
Fe 2_
NADPH)
,

NH,

/
Q(«| 2

5-Hydroxytryptophan (5-HTP)

^
COOH

decarboxylase
(Pyridoxal phosphate)

Aromatic add

CHZ

CHi—NHj
5-Hydroxytryptamine (5HT)
CO,

FIGURE 1.2

The reaction of

formaldehyde

vapour.

detect the presence

5-Hydroxytryptamine (5HT) with

The Falck Hillarp technique can be used to

of serotonergic neurons in the CNS.

FIG

+

5-Hydroxytryptamine +
Formaldehyde

3,4-Dihydxo-B-carboline + Water
(Yellow fluorescence)

H20

1.2

production from nettle sting (Brittain and Collier, 1956) and it is
also present in many edible

al, 1959).
Schacter
are

5HT

was

fruits and vegetables (Udenfriend et

identified in the

1954), but not that of bees.

venom

of wasps (Jacques and

High concentrations of 5HT

present in the intestinal tract of all vertebrate species

and in the blood

platelets of all mammals and mast cells of

mammalian species

(Folk and Long, 1988).

known to

specific

occur

in

areas

some

In addition 5HT is now

of the vertebrate central

system.

nervous

VISUALISATION OF CENTRAL 5HT.

It

was

not until 1962 that

visualise monoamines
central

nervous

a

method

was

developed to

(indoleamines and catecholamines) within the

system (CNS).

The Falck-Hillarp technique works

by condensation of the amine with formaldehyde to produce
fluorophore, which

can

a

be viewed by fluorescence microscopy

(Falck et al, 1962; figure 1.2).

Although this method makes it

possible to visualise serotonergic (indoleaminergic) cell bodies
and map

their projections, there are some difficulties with

interpretation.

5HT fluorophores develop less efficiently than

those yielded by condensation
observed in 5HT
unlike the

addition,

bright

nerve

green

cells is

with catecholamines.
a

weak

or

very

Fluorescence

weak yellow,

fluorescence of catecholamines.

In

5HT fluorophores fade rapidly on exposure to

ultraviolet

light.

This situation has now been greatly improved

by the application of immunohistochemical techniques using
antibodies directed

against 5HT.

because the molecule is too small,

5HT itself is not immunogenic
but by linking it to a carrier

protein like Bovine Thyroglobulin, antibodies can be produced

2

(Steinbusch et al, 1978 and 1983).
staining method
An

can

An indirect immunofluorescence

be used to localise the antigen (Coons, 1958):

unconjugated primary antibody is bound to the antigen in the

tissue and

fluorescein isothiocyanite (F. I. T. C.) labelled

a

secondary antibody is directed against the primary antibody

(figure 2.1).

DISTRIBUTION OF CENTRAL 5HT

In the invertebrate CNS.

5HT is

widely distributed in the

nervous

tissue of

invertebrates, the lowest level of 5HT being found in arthropods
and echinoderms and the

highest in molluscs and annelids.

A

large number of uniquely identifiable 5HT containing neurons are
found in the central
For

ganglia of gastropod molluscs and annelids.

example, in the central nervous system of the annelid Hirudo

medicinal is

cells,

a

(the medicinal leech), 5HT is present in the Retzius

pair of large neurons located near the centre of each

ganglion (Parent, 1981).

A detailed description of the distribution

and role of 5HT in invertebrates is,

however, beyond the scope

of the present thesis.

In the vertebrate CNS.

Twarog and Page (1953) first demonstrated the presence of
5HT in the vertebrate CNS.

They developed a sensitive bioassay

technique which used the isolated heart of the mollusc, Venus
mercenaria to

provide

a measure

of 5HT activity.

3

They

FIGURE 1.3

The

raphe nuclei of the rat brain.

The major

clusters of

serotonergic neurons in the rat brain were

designated

areas

B1-B9 by DahlstrSm and Fuxe (1964).

Serotonergic innervation of the spinal cord is from the most
caudally located cell groups; Bl, B2 and B3.
from Smith,

1990).

(Drawing adapted

FIG

1.

Cerebral cortex

Cerebellum

demonstrated the presence
Around this time

rats.
to

a

of 5HT in the brain of rabbits and
group

in Edinburgh developed

a

method

study the distribution of substance P in the mammalian CNS.

They used acetone extracts of various parts of the canine
brain.
were

The

pharmacological tests used to estimate substance P

found also to be sensitive to 5HT and

it's presence (Amin et al,

1954).

The localisation of 5HT

determined mainly

Hillarp technique.
that almost all

clearly demonstrated

within the CNS of mammals

was

by Dahlstrom and Fuxe (1964) using the Falck-

Using sections of rat brain they established

serotonergic neurons in the CNS

are

located

ventrally, adjacent to the midline in clusters within the midbrain
and hindbrain
were

(collectively termed the brainstem).

These neurons

designated groups B1-B9 and more or less correspond with

the previously
visualised

identified raphe nuclei of Taber et al (1960) who

eight separate raphe nuclei in the brainstem of the

cat, in a study using serial Nissl-stained sections.
Nomenclature of these nuclei tends to vary and
Taber et al

although that of

(1960) is most widely recognised, species differences

do exist.

Serotonergic neurons in the brainstem (figure 1.3) project
rostrally and caudally to innervate most levels of the CNS.
most rostral

The

serotonergic group B7 (dorsal raphe nucleus)

projects rostrally innervating the diencephalic and telencephalic
structures, the neocortex, the pyriform cortex, the olfactory

bulb, the neostriatum and parafascicular nucleus of the thalamus
and

along with group B6 (a caudal extension of the dorsal raphe

nucleus) the amygdala and hippocampus.
the locus coeruleus also receive input

4

The substantia nigra and

from the dorsal raphe

nucleus.

Group B8 (median raphe nucleus) is also responsible for

innervation of the

diencephalic and telencephalic structures and

supplies the main serotonergic input to the hippocampus, the
suprachiasmatic nucleus, the anterior hypothalamic area and the
medial

The median raphe nucleus also projects to

preoptic area.

the cerebral cortex,

the anterolateral hypothalamic area, the

arcuate nucleus and the dorsal

raphe nucleus.

innervation of the spinal cord and hindbrain is

Serotonergic
from the most

caudally located cell groups, B3 (raphe magnus), B2 (raphe
obscurus) and B1 (raphe pallidus).

The nucleus raphe magnus

projects into the spinal cord via the dorsolateral funiculus,
while the nucleus

raphe obscurus and the nucleus raphe pallidus

both

project to the intermediolateral cell column and ventral

horn

(Vandermaelen, 1985).
The most distinctive feature of the

presence
as

raphe nuclei is the

of serotonergic neurons (Dahlstrom and Fuxe, 1964) and

many as

85% of raphe

neurons can

(Bowker et al, 1982 & 1983).
been found to contain

a

be shown to contain 5HT

A number of raphe neurons have

neuroactive peptide such as substance

P, enkephalin or thyrotropin-releasing hormone, instead of or in
addition to 5HT

(Chan-Palay et al, 1978; Glazer et al,

Johansson et al,

1981; Bowker et al, 1982; 1983; Hokfelt et al,

A quantitative study by Wiklund et al (1981) showed that

1984).

73.4% of raphe neurons in the cat
into the

5HT.

1981;

brainstem have projections

spinal cord and of those 88.6% can be shown to contain

In most vertebrates the

cell bodies

are

majority of central serotonergic

confined to the raphe

number of cell bodies in the dorsal

5

nuclei, with the largest

raphe nucleus (B6+B7).

In lower vertebrates the 5HT

very

well developed,

even

neuronal system in the CNS is

in the primitive cyclostome,

Ichthyomyzon unicuspis (lamprey).
vertebrates
the raphe

of the lamprey 5HT cell groups extends into

none

Many are found in the lateral portion of the

region.

brainstem and,

However, unlike all other

unusually, numerous 5HT containing neurons are

present in the spinal cord itself (Parent, 1981).
seen

in various

neurons

described

columns into which dendrites of

axon

extend and

5HT fibres

a

dense ventromedial 5HT

(van Dongen et al, 1985).

are

spinal

plexus has been

The CNS of the teleost,

Lepomis gibbosus (sunfish), has been shown to have numerous 5HT
cell bodies located in the brainstem and they are
the

confined to

raphe region (Parent et al, 1978).
In the avian CNS

in the

raphe region.

Galius domesticus

a

large number of 5HT cell bodies occur

However, studies on the brainstem of

(chicken) show that they do not remain confined

to the midline and invade the lateral

portions of the brainstem

(Parent, 1981).
Reptiles studied include the turtle and the lizard.
bodies in the brainstem of

5HT cell

Chrysemys picta (turtle) are closely

packed in the raphe region from the caudal midbrain tegmentum to
the medulla

(Parent, 1981).

Wolters et al

An immunohistochemical study by

(1985) revealed that most 5HT containing cell bodies

in the brainstem of Varan us exanthematicus
to the midline in two

inferior.
the

No

are

confined

raphe nuclei, the nuclei raphe superior and

serotonergic cell bodies have been visualised in

spinal cord.

the dorsolateral,

three parts

(lizard)

Serotonergic neurons project into the cord via
ventral and ventromedial funiculi to innervate

of the spinal

grey

throughout the spinal cord.
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These

are

the dorsal

part of the dorsal horn, the motor

the ventral horn and the intermediate

zone

area

of

lateral to the

central canal.

In the

amphibian CNS.

Studies of the distribution of 5HT in the CNS of amphibians
have focussed

on

various anuran species.

cell bodies have been described,
within the

Three groups of 5HT

two at caudal midbrain level

raphe region and another in the dorsal portion of the

raphe region at the level of the tegmentum of the isthmus

(Parent, 1981).

Ten Donkelaar et al (1981) first reported

descending projections from the brainstem of Xenopus laevis
(African clawed toad), which showed remarkable similarities to
pathways in reptiles, birds and mammals. He used the enzyme
horseradish

peroxidase, which

into the cord,
within the

be applied by being crushed

can

from where it is actively transported rostrally

damaged axons to their central somata in the

brainstem.
A recent immunohistochemical

study by van Mier and

colleagues (1986) demonstrated the first appearance and
subsequent development of serotonergic neurons in Xenopus
laevis.

This

was

only 28 hours after fertilisation, at

developmental stage 25 (Nieuwkoop and Faber, 1956) when one or
two 5HT immunoreactive

five hours later,
neurons

(5HTi)

neurons can

be visualised.

at stage 28, there are about twenty.

continue to

Only

These

proliferate and spinal projections develop,

reaching the most rostral part of the spinal cord by stage 32.
At these

early stages in embryonic development descending

7

projections

are

restricted exclusively to the dorsolateral

margins of the spinal cord.
raphe
anus

axons appear

cones

of the descending

in the dorsal cord beyond the level of the

by stage 37, but by stage 42 both dorsal and ventral

projections

(also

Growth

see

are

evident.

Sillar et al, 1992) however, this pattern of development

is not consistent
The

As I will describe in the present study

throughout all amphibian species.

physiological role of these projections remains obscure,

but the distribution of 5HT in the amphibian CNS
localisation in

specific

neurons

and it's

makes it a likely candidate as a

central neurotransmitter.

EVIDENCE FOR 5HT AS A NEUROTRANSMITTER.

A molecule like 5HT can

only

once

be considered

a

neurotransmitter

certain criteria have been met:

1) Synthesis of the molecule must take place within the neuron
from which it is released and all the enzymes and substrates

required must be found in the neuron; 2) the molecule must be
stored within the

neuron

molecule must be released
the neuron;

4) the

molecule at the

from which it is released;

3) the

following presynaptic stimulation of

response

to controlled application of the

appropriate site must mimic presynaptic

stimulation; 5) the response to exogenously applied putative
transmitter must be blocked

by the agents which normally block

postsynaptic response; 6) the postsynaptic responses to

exogenously applied putative transmitter molecule must be
terminated

rapidly; 7) and the molecule must behave in the same

8

way as

the endogenous transmitter with respect to

pharmacological potentiation, inhibition and inactivation.
5HT
muscle
edulis

very

was

shown to excite Venus mercenaria

(Welsh, 1953) and to relax 'catch' contraction in Mytillus

(mussel) anterior byssus retractor muscle (Twarog, 1954) at

low concentrations.

These results showed that controlled

application of 5HT does mimic the
stimulation.
clam heart

The excitatory
was

abolished

used to block 5HT,

alkaloids
the

(clam) heart

crustacean heart.

nerves

innervating the

by administration of agents which are

Florey and Florey (1954) identified 5HT in

ganglia and peripheral
was

function of

of presynaptic

like lysergic acid diethamide (LSD) or ergot

(Welsh, 1954).

found that it

response

of Sepia (cuttle fish) and

nerves

100 times

more

active than adrenaline

These observations led to

on

suggestions that

5HT might well have a neurotransmitter function and since then
the evidence has been

overwhelming, the techniques used to

visualise 5HT in cell bodies,
addition to
the

axons

and especially terminals, in

radioligand binding and electrophysiology, have led to

general acceptance that 5HT is

neuromodulator within the CNS

a

neurotransmitter and

(Folk and Long, 1988).

PHARMACOLOGY

The action of 5HT

Serotonergic neurons in the vertebrate central nervous
system synthesise 5HT from the dietary amino acid tryptophan

(figure 1.1).
within

5HT is stored in the serotonergic

synaptic vesicles.

nerve

terminals

As the result of a nerve impulse 5HT

9

FIGURE 1.4

Pharmacology of the serotonergic

synapse.

The

hydroxylation of tryptophan to 5-hydroxtryptophan is blocked by
p-chlorophenylalanine (p-CPA), the sequestration of 5hydroxytryptamine into the vesicles is blocked by reserpine and
tetrabenazine, this results in free 5HT which will be deaminated

by monoamine oxidase
acid

(5-HIAA).

on

the mitochondria to 5-hydroxyindoleacetic

This deamination may be blocked by MAO inhibitors,

chlorgyline and iproniazid.
in the

The high affinity re-uptake system

presynaptic membrane is inhibited by imipramine and

amitryptiline, whilst lysergic acid diethylamide (LSD) partially
potentiates subsynaptic receptors.

FIG

1.4

Chlorgyline
Iproniazid

5-HIAA

Imipramine
Ami try pti line

LSD

is released,
act

on

by exocytosis, into the synaptic cleft where it

the receptors

of the cleft.

of postsynaptic

are precursors

deaminated by monoamine

oxidase

on

hydroxyindoleacetic acid (5-HIAA).
is limited

by

a

high affinity

Inside the neuron it may be absorbed into the

storage granules, which
or

neurons on the other side

5HT is removed from the cleft

re-uptake system.

can

of the synaptic vesicles
the mitochondria to 5-

The rate of production of 5HT

by the availability of tryptophan and tryptophan-5-

hydroxylase.
The action of

serotonergic neurons can be altered by

pharmacological agents which act in
The
can

number of

ways

(figure 1.4).

hydroxylation of tryptophan to 5-hydroxytryptophan (5HTP)
be blocked

by p-chlorophenylalanine (p-CPA), which effectively

inhibits the enzyme
and

a

tryptophan hydroxylase.

The absorption into

storage of 5HT in the vesicles can be blocked by both

reserpine and tetrabenazine, which interfere with the mechanism
of the amine
the

granules and

depletion of 5HT. Failure of

cause a

storage granules to absorb 5HT results in free 5HT which

will be deaminated

by monoamine oxidase.

The high affinity

re¬

uptake system in the presynaptic membrane is inhibited by
imipramine and amitryptiline.

While it is not possible to

specifically block the release of 5HT, administration of LSD
cause

a

marked depletion

because of it's
neurons.

use

of release of 5HT from the terminals

ability to inhibit the firing of serotonergic

An increase in available 5HT can be achieved

of monoamine oxidase inhibitors

which prevent

can

by the

chlorgyline and iproniazid

the deamination of free 5HT and by increasing the

available precursors

(Smith, 1990).
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A combination of these

techniques is commonly used to enhance visualisation of 5HT in
nerve

tissue.

Neurotoxins

5,6 and 5,7-Dihydroxytryptamine are neurotoxic analogues of
5HT which act

specifically

on

serotonergic

neurons.

They are

actively transported into serotonergic neurons by means of the
membrane
the

uptake pump causing rapid, irreversible destruction of

neuron.

These

compounds have been widely used to

chemically lesion serotonergic neurons (Fuller, 1980).

lesioning offers

an

Neurotoxic

opportunity to manipulate central

serotonergic transmission, in vivo.

Receptors

Although it is beyond the scope of the present thesis, it
is well known that

specific neuronal receptors for 5HT exist

(Gaddum and Picarelli, 1957).

To date, four main classes of 5HT

receptor have been identified in the vertebrate CNS, 5HT1, 5HT2,
5HT3 and 5HT4.
response to a
and

Their classification is

dependent on differential

number of agonists and antagonists (Richardson

Engel, 1986; Peroutka, 1988; Clarke et al, 1989).

least three

There are at

functionally different types of 5HT receptor within

the vertebrate CNS:

1.

A

postynaptic excitatory (facilitatory)

receptor; 2. A postsynaptic inhibitory receptor; 3. A 5HT
autoreceptor (Vandermaelen, 1985).

11

ROLE OF 5HT IN VERTEBRATE CNS.

The

variety of 5HT receptors and almost ubiquitous

distribution of
and

serotonergic terminals in the vertebrate brain

spinal cord, suggests that the roles of 5HT in the CNS are

likely to be diverse and that
influenced by the

many

brain functions may be

firing of raphe neurons.

to be involved in the

5HT has been shown

sleep/wake cycle (Jouvet, 1972; Vogt, 1982),

temperature regulation (Chase and Murphy, 1973) and
neuroendocrine function

(Willis, 1984).

has been shown to have

a

Within the spinal cord 5HT

role in the modulation of sensory

pathway function in the dorsal horn, especially pain perception
and

antinociception (Tenen, 1967; Kelly, 1985) and in the control

of motor pattern production in more

ventral regions of the cord

(Harris-Warwick and Cohen, 1984).
5HT

was

implicated in antinociception when Tenen (1968)

demonstrated that the

analgesic effect of morphine was

antagonised by p-CPA, a 5HT depleter.

The presence of an

endogenous analgesia system was demonstrated when Reynolds

(1969) showed that profound analgesia is produced by focal brain
stimulation of the

periaqueductal

grey

of the midbrain.

The

implication of serotonergic neurons in this endogenous analgesia
system has been demonstrated by many groups.

(1972) confirmed

a

Akil and Mayer

reduction of the system by depletion of 5HT,

following the administration of p-CPA and it's subsequent
restoration

by the 5HT precursor 5-HTP was demonstrated by Akil

and Liebeskind

(1975).

Proudfit and Anderson (1975) showed that

stimulation of the raphe nucleus magnus,
cord

via the dorsolateral

(which projects into the

funiculus) induces analgesia and an

12

antagonism of the system
nucleus magnus.
a

loss of

was

shown by lesioning the raphe

Basbaum and his colleagues (1977) demonstrated

analgesic effect caused by transection of the

dorsolateral funiculus.

In

addition, Yaksh and Wilson (1979)

showed that intrathecal administration of 5HT results in

analgesia.
Pain is
P

containing

thought to be perceived as the result of substance
neurons or

interneurons which

thalamus

pain afferents activating dorsal horn

relay pain signals to the brainstem and

(Kelly, 1985).

It has been suggested that the

suppression of pain, or antinociception, is achieved by
presynaptic inhibition of these substance P containing neurons

by enkephalinergic spinal interneurons (Jessell and Iverson, 1977)
which have been activated

interneurons

by descending raphe spinal

(Basbaum and Fields,

5HT is also known to have
function.

It

was

1978; Sillar, 1989).

profound effects

found to enhance the intensity

on

spinal motor

of burst

discharge during D-glutamate activated fictive swimming in the
isolated

lamprey spinal cord (Harris-Warwick and Cohen, 1985).

Many groups since have shown that serotonergic drugs increase
the

excitability of several types of spinal neurons, including

motorneurons and

consequently influence locomotor output (Wallen

1989; Barbeau and Rossignol, 1990).

et al,

The

embryonic and larval forms of the amphibian species

Xenopus laevis has been widely used to investigate the neuronal
mechanisms which underlie vertebrate locomotion.
shown that at the time of

Faber,

1956) spinal motor

hatching, stage 37/38,
neurons

Research has

(Nieuwkoop and

of Xenopus embryos discharge

only a single spike per cycle, reflected as a brief (ca 7ms)

13

ventral root

impulse recorded extracellularly from ventral roots

(Kahn and Roberts, 1982).

This is unusual since in

vertebrate systems motorneurons
It has been shown that

(K+) channels

blocking

(Soffe, 1989).

showed that bath application

spinal cord

allowing

can

a

a

adult

multiple spike capability.

specific class of potassium

embryo motorneurons to fire repetitively,

can cause

when depolarized

have

more

Wallen and colleagues (1989)

of 5HT to the isolated lamprey

reduce the spike after hyperpolarisation (AHP)

neurons to

fire more readily.

activation is thought to
mechanism which

can

Since K+ channel

be responsible for the AHP,

act

on

these channels should,

any

therefore,

change the firing properties of the neuron.
The
neurons

single spike capability of embryonic Xenopus spinal cord

is

a

transient feature in the

swimming pattern of these animals.
four hours later in development
the Xenopus

Interestingly, only twenty

(stage 42) the motor

neurons

of

larva have developed a multiple spiking capability.

This altered activity is
ventral root bursts

1991).

development of the

on

reflected
each cycle

as more

variable and longer

(up to 20ms) (Sillar et al,

This change in the swimming pattern coincides with a

rapid, progressive innervation of the spinal cord by projections
from

serotonergic neurons of the raphe (van Mier et al, 1986).

In combination these data

suggest a possible causal link between

the anatomical development
interneurons and the

of serotonergic raphe-spinal

physiological development of the swimming

system in post embryonic Xenopus larvae.
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SUBJECT AND AIMS OF THE STUDY

The

techniques of immunocytochemistry, applied to the early

developmental stages of amphibia, offer an opportunity to
further

our

understanding of the likely roles of transmitter

substances in the vertebrate CNS.

study I have used

an

animal with

For the purpose of this

relatively uncomplicated and

a

developmentally simple central neuro-anatomy.

The CNS of

Xenopus laevis embryos, particularly the spinal cord, containing

only eight classes of differentiated spinal
well documented.

Roberts and Clarke

neurons,

has been

(1982) provided

a

detailed

background knowledge of spinal neuroanatomy from which to
explore subsequent development and function of spinal circuitry.
The initial aim of this

of

van

Mier et al

study

was

(1986), focussing

hatching stages (37-42), using

a

on

to reproduce the findings

the hatching and post-

wholemount CNS preparation

rather than sectioned material to visualise

spinal interneurons.

serotonergic raphe

It was, therefore, necessary to develop a

procedure to achieve this and once this goal had been attained,
I could then

1.

this method to address the

use

Is the pattern

of development of serotonergic raphe-spinal

interneurons in Xenopus,

described by van Mier et al (1986),

typical pattern for amphibian species?
two

following questions:

amphibian species at

a

In this study I describe

comparable stage in development, the

hatching stage of Xenopus laevis and Rana temporaria.

2. Is it

possible to chemically ablate serotonergic neurons in the

developing CNS, using specific neurotoxins and subsequently
demonstrate any

a

effect that their absence might have on motor

rhythm in Xenopus laevis?
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FIGURE 2.1

Indirect immunofluorescence.

antiserum is bound to the

An

unconjugated primary

antigen in the tissue and a

fluorescein

isothiocyananite (F.I.T.C.) labelled secondary antiserum

is directed

against the primary antiserum.

FIG

fluorescein isothiocyanite

2.1

(F.I.T.C.) labelled

secondary antibody

unconjugated primary antibody

antigen in tissue

CHAPTER

TWO

METHODS AND MATERIALS

ANIMALS.

The clawed toad,

Xenopus laevis is a South African

amphibian of the order Anura which occupies a completely aquatic
habitat.

Adult Xenopus thrive in

captivity

as,

unlike many other

amphibian species they feed readily. Spawning can be induced by
intra peritoneal injection

of 1000 units

per

ml of human chorionic

gonadotrophin (supplied by Sigma) and consequently spawn is
available

throughout the

year.

Embryos and larvae, between

stages 37/38 and 42 (Nieuwkoop and Faber, 1956)

were

from the colony at the Gatty Marine

The eggs were

Laboratory.

obtained

kept in fresh tap water at 17-23°C until they reached the
required stage.
The

common

frog, Rana temporaria is

a

semi-aquatic

European amphibian of the order Anura, it breeds annually, in
still water
collected

usually from early March until mid April.

locally

reached the

as spawn

Rana were

and kept in pond water until they

required stage (stage 20; Gosner, 1960).

IMMUNOCYTOCHEMISTRY

Wholemount CNS immunofluorescence

This method is based

on

that of Coons

adapted to suit the preparation (figure 2.1).
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(1958) and has been

Animals

were

deeply anaesthetised in tap water containing 3-

aminobenzoic acid ethyl ester
which

was

in 0.1M

by immersion in 4% paraformaldehyde (supplied by Sigma)

phosphate buffer (P.B.) for two hours.

Animals

block

(supplied by Sigma) before fixation,

on

a

pinned, through the notocord, to a sylgard

were

rotating table in a preparation bath (ca.2ml) containing

0.1M phosphate buffer.

The CNS was dissected clear of all other

tissue, using finely etched tungsten pins and forceps, under an

Olympus dissecting microscope with an Olympus cold light source.
The

specimens were then postfixed for a further two hours.

Following fixation the specimens were washed thoroughly in
several
It

changes of 0.1M phosphate buffer at pH 7.4.
was

necessary

to permeabilise the tissue to allow

adequate penetration of the antisera.

dehydrating the tissue in

a

This was achieved by

series of alcohols and finally

immersing it in xylene (both supplied by Phillip Harris) for 5
minutes and then
saline

rehydrating it to 0.1M phosphate buffered

(P.B.S.) and washing thoroughly in 0.1M phosphate buffered

saline with 0.5% Triton-X

(P.B.S-X).

Sticky or non-specific binding sites in the tissue, which
are

likely to cause non-specific and immutable background

staining, were blocked by incubation in a 10% solution of heatinactivated normal

donkey serum, supplied by the Scottish

Antibody Production Unit (S.A.P.U), for three hours at 4 C.

Primary incubation

The

primary antiserum used in most of the experiments was

rabbit anti-5HT

(a polyclonal antiserum supplied by Sera Lab).
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A

1:50 stock solution of primary antiserum incubation medium was
made up

twenty-four hours before it

4oC in the dark.

was

It contained 5% normal

required and stored at

donkey

serum

(supplied

by S.A.P.U.), 3.3mg/ml bovine serum albumin (supplied by Sigma) and
P.B.S-X.

A series of titration

experiments

were

carried out to

establish the antiserum dilution which resulted in optimum

staining.
Specimens were placed in eppendorf tubes and immersed in
rabbit anti-5HT antiserum which had been further diluted to 1:250
with P.B.S-X.

Incubation time

at 4 C in the dark.

Marine Laboratory

A rotator

workshops)

the antisera to the tissue.
were

washed

was

(designed and made in the Gatty
was

used to improve the

access

of

Following incubation the specimens

experiments were performed using mouse anti-

(a monoclonal antibody supplied by Dako).
similar to that used for

polyclonal antiserum.

concentration of antiserum was used,
and

between five and eleven days

thoroughly in several changes of P.B.S-X.

A number of

5HT

was

as

The procedure used
A higher

recommended by Dako,

donkey serum was replaced at all stages with goat serum.

However, this procedure resulted in much weaker staining.

Secondary incubation

The

secondary antiserum was fluorescein isothiocyanate

(F.I.T.C) labelled donkey anti-rabbit antiserum (a polyclonal
antiserum
more

supplied by S.A.P.U.) diluted to 1:20 (at least ten times

concentrated than the

10% normal donkey serum.

primary antiserum) with P.B.S-X and
The secondary antiserum was F.I.T.C.
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labelled

sheep anti-mouse (supplied by S. A. P. U.) for monoclonal

primary antiserum.
The

specimens

were

incubated for at least two hours at room

temperature and agitated constantly.

Following incubation the specimens
mounted

were

washed in P. B. S.,

cavity slides and cover slipped with Permafluor,

on

a

permanent, aqueous mounting gel supplied by Biogenesis.

Negative controls

A series of

to test the

included

negative control experiments

specificity of the antiserum.
control specimen,

a

substituted

by

a

carried out

Each procedure

in which the primary antisera was

normal (non-immune) serum from the same animal

species as the primary antibody.
serum

were

In this case normal rabbit

(supplied by S.A.P.U) was used.

This ensured that positive

not due to other components in the antiserum as,

staining

was

with the

exception of the specific antibody, it contained all the

components of the primary antisera.
It

was

not

practical to use this type of control experiment

when monoclonal antibodies were used,

readily available.
substituted by an

as mouse serum

is not

Therefore, the specific antiserum was
inappropriate antiserum to produce

a

negative

result.
For each

new

batch of

primary antiserum a negative control

experiment, in which the specific antibody present in the
antiserum

was

carried out.

absorbed

using

In this case

(supplied by Sigma)

was

an excess

of the antigen, was

lmg/ml of 5HT creatine sulphate

used.
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ABLATION OF CENTRAL SEROTONERGIC

16 animals at about stage
were

removed from their egg

containing either

a

NEURONS

30 (Nieuwkoop and Faber, 1956)

membrane and placed in petri dishes

solution of the serotonin specific neurotoxin

5,7 dihydroxytryptamine (5,7 DHT; supplied by Sigma) at a
concentration of 10
order to

m

or

10"4

Their fins

m.

give the neurotoxin greater access to

Petri dishes

containing the animals

were

gashed in

were

nerve

tissue.

kept at room

temperature for about forty-eight hours until the animals had
reached stage
were

42.

5,7 DHT is light-sensitive and

kept in the dark.

so

During this time their fins

animals

were

gashed

again.
A

positive control experiment in which 8 animals were

raised to
was

stage 42 under the same conditions, in fresh tap water

performed.

the dark.
animals

On

were

That is, control animals

were

gashed and kept in

reaching stage 42 both control and experimental

processed according to the described procedure for

indirect immunofluorescence for wholemount tissue

VIEWING PREPARATIONS AND RECORDING

preparation.

THE RESULTS

Preparations were examined using a Zeiss ultra violet
microscope at a wavelength of 495nm.
taken with an

Photomicrographs were

Olympus camera attachment, using a colourslide film

(100ASA).
Preparations were also investigated using a laser scanning
confocal microscope
were

taken.

Colour

(Biorad) and
was

a

number of photomicrographs

reproduced in pseudocolour, using
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computer graphics.
fluorescence

spinal cord

Photomicrographs

image, however, in some
was

are

optical sections of

cases a

a

phase image of the

merged with a fluorescence image of the 5HTi

projections to reveal the precise location of serotonergic
projections within the spinal cord.
Investigation of the brainstem and lateral margins of the
spinal cord
tek
on

was

achieved by freezing the preparation in Tissue-

(supplied by EM Scope) and cutting 10pm transverse sections
a

cryostat (Slee).

Drawings and serial reconstructions of 5HTi neurons and
their

projections in the CNS were drawn using a camera ludda

drawing tube.

SPECIFICITY OF THE PRIMARY ANTISERUM

The

primary antiserum routinely used for this study was

anti-5HT raised in rabbit,

a

polyclonal whole antisera which was

raised and characterised for Sera-lab.

The antiserum had

previously been cross-absorbed to remove antibodies to albumin

(production of the antiserum required the antigen to be bound to
bovine

serum

albumin).

The ELISA
some

technique (Home and Hesketh, 1990) did reveal

cross-reactivity with dopamine.

However, fixation of the

specimen with paraformaldehyde should prevent any crossreaction with catecholamines for the purpose

of this study.

Following administration of the neurotoxin 5,7 DHT, which acts

specifically

on

serotonergic neurons, no immunoreactivity could

be demonstrated in the way

Chapter three).

that it had been before (see Results:

I am, therefore, convinced that cell bodies,
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axons

and

growth

cones

and with this antiserum,

which
are

The results which follow

successful

are

visualised using this technique

serotonergic.
are

derived from

analysis of

staining in the CNS of 50 Xenopus embryos (stage

37/38, 60 Xenopus larvae (stage 40: Nieuwkoop and Faber, 1956)
and 40 Rana embryos

(stage 20: Gosner, 1960)
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MATERIALS:

A list of

3-Aminobenzoic acid Ethyl Ester

suppliers

Sigma

Anti-5HT

(raised in mouse) monoclonal antisera

Anti-5HT

(raised in rabbit) polyclonal antisera

Bovine serum albumin

(B.S.A)

Sera-lab

Sera-lab

Sigma

Butanol

Phillip Harris

5,7 dihydroxytryptamine
Di-sodium hydrogen

Sigma
B.D.H.

orthophosphate

Dopamine

Sigma

Eppendorf tubes 1.5ml

Gallenkamp

Fluorescein

conjugated anti-mouse
S.A.P.U.

(raised in sheep) antisera.
Fluorescein

conjugated anti-rabbit
S.A.P.U.

(raised in donkey) antisera

5-Hydroxytryptamine creatine sulphate
Human chorionic

goat serum

Normal

donkey serum

Normal rabbit

Sigma

gonadotrophin

Normal

Sigma

S.A.P.U.
S.A.P.U.
S.A.P.U.

serum

Sigma

Paraformaldehyde
Permafluor

Biogenesis

Sodium chloride

B.D.H.

Sodium

di-hydrogen orthophosphate

B.D.H.

Sylgard

B.D.H.

Tissue-tek

EM

Scope

Clark Electromedical

Tungsten wire
Triton X-100

Sigma

Xylene

Phillip Harris
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BUFFERS

Phosphate Buffer (P.B.)

lOOOmls of 0.1M phosphate

buffer (pH 7.4)

was

made by mixing

405mls of 0.2M di-sodium

hydrogen orthophosphate with 95mls of

0.2M sodium di-hydrogen

orthophosphate and adding 500mls

distilled water.

Phosphate Buffered Saline (P.B.S.)

Phosphate buffered saline
chloride to

was

made by adding 0.5M sodium

phosphate buffer.

Phosphate buffered saline with Triton X-100 (P.B.S-X)

Phosphate buffered saline with Triton-X
Triton-X to

phosphate buffered saline.
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was

made by adding 0.5%

CHAPTER THREE

RESULTS

XENOPUS LAEVTS

At the time of

hatching (stage 37/38: Nieuwkoop and Faber,

1956) the late embryo of Xenopus laevis
length (figure 3.1A).

23°C) the yolk
measures

sac

measures

about 5mm in

Approximately twenty four hours later (at

larva (stage 42: Nieuwkoop and Faber, 1956)

about 7mm in

length (figure 3.7A).

The spinal cord is

gently tapering tube which lies over the notochord and between
the myotomes
cord

are

The

(figure 3.IB).

between

The most rostral segments of the

100pm and 140pm in diameter.

technique developed for the purpose of this study,

indirect immunofluorescence method

wholemount CNS,

on

an

using

a

polyclonal antiserum against 5HT, produces positive staining in
100% of preparations at stages in which

5HT immunoreactivity has

previously been described in sectioned material (van Mier et al,

1986).

Flare from autofluorescence and the thickness of the

tissue results in poor
are

presented

as a

photogenicity, consequently the results

series of camera lucida drawings and

confocal optical sections in addition to
combination of wholemount

preparations and transverse serial

sections of those preparations
evidence of the presence

photographic material.

provides clear and convincing

and location of 5HT immunoreactive

(5HTi) neuronal somata and projections (figures 3.1C & 3.7B).
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A

a

Stage 37/38

In most

preparations

a

population of 5HTi neuronal somata

is apparent within the brainstem

(figure 3.2A,B).

It is located

ventrally, at the midline, close to the basal plate (figure

3.3A,B,C) in the ventral rostral hindbrain (VRH) and extends 200pm
caudally from the midbrain/hindbrain junction at about the level
of the entrance of the

trigeminal

ventral view of the hindbrain

nerve

(figure 3.3A,B) and

transverse section from the hindbrain
demonstrates

into the hindbrain.

10pm

(figure 3.3C) clearly

single bilateral population.

a

a

A

The somata form a

compact mass (figure 3.2A) and the thickness of the tissue makes

analysis difficult.
using

However, these areas have been investigated

scanning confocal microscope and an optical section of

a

the brainstem

(figure 3.3D) reveals that 5HTi

neurons are

unipolar, have uniformly 'drop' shaped soma and measure 7-8pm in
diameter.

Although accurate quantitative analysis is difficult,

the ultra-violet

neurons.

light microscope reveals

This population

1986) and the

located is described

area
as

of this

as

the raphe

a

distinct

nucleus (van Mier

of the brainstem in which they

the

are

raphe region.

Ascending and descending
nucleus.

total of about 60

of 5HTi cell bodies is

bilateral nucleus which is known
et al:

a

axons

project from the raphe

However, ascending 5HTi projections are not the subject

study and consequently have not been closely

investigated and will not be described.

In the brainstem

descending projections from the ventrally located raphe neurons
alter their

course

and

begin to project towards the dorsal

aspect of the rostral spinal cord (figure 3.4A,B).
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5HTi

axons are

FIGURE 3.1

Xenopus embryo: its anatomy and location of 5HTi

in the CNS.

neurons

A.

Late

laevis at about the time of

embryo of the amphibian Xenopus

hatching, developmental stage

37/38 (Nieuwkoop and Faber, 1956).

B.

Drawing of

a

Xenopus

embryo showing the location of the CNS (and it's components)
in relation to other structures.
also very

The location of the CNS is

similar to that of Xenopus larvae and Rana embryos.

(Drawing adapted from S. Soffe (1989) Eur. J. Neurosci. 1, 561571:).
5HT

C. Camera lucida drawing demonstrating the location of

immunoreactivity in the CNS of the hatchling Xenopus

laevis

embryo.

and 5HTi

5HTi somata

are

descending projections

dorsal aspect of the spinal cord.

evident only in the brainstem
are

located mainly in the

Scale bars

=

lmm(A);

300pm (C).

r

FIG.3.1

hindbrain

FIGURE 3.2
the brain

Hatchling Xenopus (stage 37/38): lateral views of

showing a population of 5HTi neuronal somata in the

ventral rostral medulla.

as

the raphe

This distinctive population is known

nucleus (van Mier et al,

1986).

A.

Fluorescence

photomicrograph showing a single population of 5HTi somata (*)
in the

raphe nucleus of the hatchling Xenopus. B. Camera

lucida

drawing, of

somata

a

different preparation, showing that 5HTi

(arrow) within the raphe nucleus

are

ventrally located,

extending about 200pm caudally from the midbrain/hindbrain
junction in
bars

=

an area

described

100pm(A); 150pm(B).

as

the raphe region.

Scale

FIG

A

3.2

FIGURE 3.3
A.

Hatchling Xenopus (stage 37/38): The raphe region.

Fluorescence

photomicrograph of a ventral view of the

brain and rostral spinal

population of 5HTi
Camera lucida

showing

a

midline.

C.

plate.

neurons

(arrow) in the raphe region.

B.

drawing of the ventral surface of the brain,

bilateral population of 5HTi neurons close to the
Fluorescence

from the raphe
neurons

cord showing a single bilateral

photomicrograph of a 10pm section

region showing a bilateral population of 5HTi

(arrowheads) located ventrally close to the basal
D. Confocal image of

a

10pm section from the caudal

raphe region, showing that 5HTi raphe neurons (red

fluorescence)
measure

about

are

unipolar, uniformly 'drop' shaped and

7pm in diameter.

project into the lateral margin.

200pm(B); 10pm(D).

Axons from 5HTi somata (*)

Scale bars

=

100pm(A,C);

FIG

A

ventral

3.3

rostral

lateral

margin

FIGURE 3.4

Hatchling Xenopus (stage 37/38): descending 5HTi

fibres in the brainstem and rostral spinal cord.

image of the brainstem and rostral spinal cord,
nucleus

(*) is

seen as an area

immunofluorescence.

A.

Confocal

the raphe

of bright red

Descending 5HTi fibres from the

ventrally located raphe nucleus alter their course, projecting
towards the dorsal aspect
lucida

drawing, of

a

of the spinal cord.

B. Camera

different preparation, demonstrating

descending 5HTi projections crossing the brainstem to adopt
more

dorsal location.

C.Fluorescence

section from the caudal brainstem
at the

photomicrograph of

a

50pm(C).

spinal cord.

10pm

showing 5HTi fibres (arrow)

point where axons change course, from the ventral

hindbrain to dorsal

a

Scale bars

=

100pm(A,B);

FIG

3.4

A

C

dorsal

B
brainstem

!
\
i

I

'

ventral

ventral

i

!.

|

FIGURE 3.5
axons

in the

Hatchling Xenopus (stage 37/38): descending 5HTi
A. Confocal section of

spinal cord.

dorsolateral view of the

spinal cord demonstrating

a

a

dense

plexus of descending 5HTi projections in the dorsolateral
aspect of the cord, extending to about the level of the anus

(arrow). NB. Projections
different focal plane.

on

B.

(d-v) axis in figure 3.5A.
conventional

the other side of the cord

are

in a

Drawing showing the dorsal-ventral
C. Camera lucida drawing, using

microscopy, of a lateral view of a different

spinal cord, about 1mm caudal to the brainstem, demonstrating
that 5HTi raphe
tract of

spinal projections form an exclusively dorsal

serotonergic innervation.

dorsolateral view of the caudal
the anus,

D. Drawing of a

spinal cord about the level of

demonstrating the presence of 5HTi growth cones

(arrowhead) at axon terminals.

Scale bars

=

100pm (A,C,D).

FIG

3.5

rostral

caudal

dorsal

ventral

FIGURE 3.6

the

Hatchling Xenopus (stage 37/38):

spinal cord.

cross

sections of

A. Schematic drawing of the spinal cord

showing the lateral margins (arrow), in which descending 5HTi
fibres

are

located.

(Drawing adapted from Roberts and Clarke

(1982) Phil. Trans. R. Soc. Lond. B296, 195-212: with permission).
B.

Schematic

anus.

drawing of the spinal cord about the level of the

Stippled area indicates the presence of 5HTi fibres in

the dorsolateral margins.

Scale bars

=

50pm (A,B)

FIG

A

dorsal

basal

plate

B

5HTi

fibres

in

3.6

visible, descending into the spinal cord in
dorsal tract
number of

(figure 3.5A,C).

segments of the spinal cord.

of the cord in

cross

section

margins in which 5HTi fibres
of

almost exclusively

Ventral projections

preparations, but they extend

most rostral

an

no

are

evident in

a

further than the

A schematic drawing

(figure 3.6A) shows the lateral
are

located.

A schematic drawing

10pm transverse section of the cord (figure 3.6B)

a

demonstrating the location of 5HTi fibres in the dorsolateral
margin and their complete absence in the ventrolateral margin.
tract of dorsal

A

serotonergic innervation extends about 1800pm

caudally from the most rostral segment of the cord (the level of
the

obex) to about the level of the

varicosities
axon

are

visible

terminal where

anus

(figure 3.5A,C).

Axonal

along 5HTi fibres, particularly at the

growth cones can be distinguished (figure

3.5D).

Stage 42

Only 24 hours later at stage 42 (Nieuwkoop and Faber, 1956)

(figure 3.7A) there

are a

number of changes in the pattern of

serotonergic innervation (figure 3.7B).
are

Many more 5HTi neurons

visible in the brainstem of most preparations

and at this

(figure 3.8A,B)

stage a smaller group of 5HTi neurons located just

rostrally to the main population can be distinguished (figure

3.8A,B).

This rostral group is located within the midbrain, close

to the midline,

extending about 200pm caudally from the

forebrain/midbrain junction.

The caudal raphe group is located

ventrally, near the midline and now extends about 300pm caudally
from the

midbrain/hindbrain junction.
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10pm transverse sections

FIGURE 3.7
neurons

Xenopus larva; a lateral view and location of 5HTi

in the CNS.

A.

Yolk-sac larva of the

amphibian

Xenopus laevis, developmental stage 42 (Nieuwkoop and Faber,

1956).

B. Camera lucida drawing of 5HT immunoreactivity in the

CNS of

stage 42 larval Xenopus.

5HTi somata in the brain
5HTi fibres

(see also fig.3.8B) and descending

project into the spinal cord in both the

dorsolateral and ventromedial

500pm(B).

There are two groups of

margins.

Scale bars

=

2mm(A);

FIG

descending axonal

3.7

projections

5HTi

somata

FIGURE 3.8
brain.

A.

Xenopus larva (stage 42): 5HTi neurons in the
Fluorescence photomicrograph

view of the brainstem
somata

showing

a

of

ventrolateral

bilateral population of 5HTi

(arrowheads) within the raphe region of the brainstem.

A smaller group

out of focal

of 5HTi somata (*) is present in the midbrain,

plane; see B. B. Camera lucida drawing of a

lateral view of the brain and rostral spinal
groups

a

of 5HTi somata.

Scale bars

=

cord, showing two

100pm(A); 300pm(B).

FIG

3.8

rostral

ventral

midbrain
of

5HTi

group
somata

FIGURE 3.9

Xenopus larva (stage 42): 5HTi neurons in the
Fluorescence photomicrograph of a 10pm

raphe nucleus.

A.

section from the

raphe region of the brainstem

bilateral population
basal

of 5HTi

plate, at the midline.

neurons

showing a

located close to the

Axons from the unipolar neurons

(arrowhead) project into the lateral margin, on the side of
their origin.

B. Confocal image of 5HTi raphe neurons (red

fluorescence), showing that they

are

and

Scale bars

measure

7-8pm in diameter.

unipolar, 'drop' shaped
=

100pm(A); 10pm(B).

FIG

dorsal

ventral

B

3.9

FIGURE 3.10

Xenopus larva (stage 42): 5HTi fibres in the

brainstem and rostral

spinal cord.

5HTi fibres from the ventrally

A. Confocal image showing

located raphe nucleus

projecting towards the dorsal aspect of the spinal cord.
However, at this stage the lateral margins of the rostral cord
are

densely innervated by descending 5HTi fibres.

B.

Drawing

showing the region of the brainstem referred to in figure
3.10A and the location of the section in
Fluorescence

brainstem,

photomicrograph of

a

figure 3.10C.

C.

10pm section of the caudal

showing dense serotonergic innervation (arrowheads)

throughout the marginal zones.

Scale bars

=

200pm(A); 50pm(B).

FIG

dorsal

ventral

3.10

brainstem

FIGURE 3.11

projections.

Xenopus larva (stage 42): 5HTi raphe-spinal

A. Camera lucida drawing of a lateral view of the

spinal cord, about 1mm caudal to the brainstem, showing a
dense tract of

descending 5HTi projections in the dorsolateral

and ventromedial

margins of the spinal cord.

B. Confocal

image of a dorsolateral view of the cord, about the level of
the

anus

been

(arrow).

A phase image of the spinal cord (blue) has

merged with a fluorescence image (red) of 5HTi

projections to reveal a dense plexus of serotonergic
innervation in the dorsolateral and ventromedial aspects
the cord.

Scale bars

=

70pm(A); 100pm(B).

of

FIG

A

3. 11

dorsal

rostral

B

dorsal
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rostral

reveal that this population is bilateral

(figure 3.9A).

In the

larger larval animal, accurate analysis of the brainstem is
difficult, but there is

more

the

a

total of about 70 5HTi

neurons

in

raphe region, which are unipolar and similar in size and

shape (figure 3.9B) to those visualised in stage 37/38
5HTi fibres densely innervate the brainstem
and

even

.

(figure 3.10A)

10pm transverse sections of the caudal brainstem reveal

serotonergic innervation throughout the lateral margins (figure

3.10B).

Projections

spinal cord to form

now
a

extend about 2800pm from the rostral

tract of serotonergic innervation which,

although it is most dense in the dorsal aspect of the spinal
cord, also extends into the ventromedial margins (figure 3.11A,B).

CHEMICAL ABLATION OF THE RAPHE-SPINAL SYSTEM

24 animals,
to

taken from the same batch of eggs, were allowed

develop to stage 30 (Nieuwkoop and Faber, 1956) and then

divided into three groups;

and placed in petri dishes containing,

10"3m 5,7 DHT, 10~4m 5,7DHT

or

which they were raised to stage

subsequently processed

as

tap water (positive control), in

42 at

room temperature

and

previously described.

Positive control

Serotonergic innervation is demonstrated in the control
group

in the areas where it had previously been shown in

wholemount

preparations (this study; figures 3.7-3.11) and

sectioned material

stage.

There is

(van Mier et al, 1986) in animals of this
no

obvious difference in the pattern of 5HT
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immunoreactivity in the neuronal somata
dense

plexus of 5HTi fibres is clearly

ventromedial aspects

or their

projections.

A

seen in the dorsal and

of the spinal cord (figure 3.12A(i)).

Physiological experiments carried out in this laboratory,
using siblings from the control
root

is

group,

demonstrate that ventral

activity (recorded extracellularly from intermyotomal clefts)

typical of the Xenopus larva (figure 3.12A(ii), (iii)).

ventral
each

discharge is longer and

more

variable in duration

cycle of activity, than that of the late embryo

That is,
on

(Sillar et

al, 1991).

1(T4M 5,7DHT

All animals in this group

and appeared to

survived treatment with neurotoxin

develop normally.

Visualisation of the

serotonergic system reveals that, although not as strongly
stained

as

the controls,

5HTi neurons and projections were

clearly visible (not illustrated).
concentration the toxin did not

Presumably at this
successfully ablate all 5HTi

raphe neurons.

10"3M 5,7DHT

Fifty

per

cent of the animals in this group survived

treatment with this concentration of neurotoxin.

survived

were

Those which

slightly smaller than either of the other groups,

indicating that the toxin may have interfered with other aspects
of development.
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FIGURE 3.12

Xenopus larva (stage 42): ablation of the central

serotonergic system with the specific neurotoxin, 5,7
dihydroxytryptamine (5,7 DHT).
larvae

A. The control group of Xenopus

(developmental stage 42: 72 hours old)

developmental stage 30 in tap water,

showing

were

raised from

(i) Camera lucida drawing

dense tract of 5HTi fibres in the dorsal and

a

ventromedial aspect

of the spinal cord, demonstrating that the

serotonergic system has developed normally (c.f. figures 3.11 A
and

the

B).

(ii) Ventral root activity recorded extracellularly from

intermyotomal clefts, in the control group of Xenopus

larvae, is typically longer and more variable in duration than
that of the

hatchling Xenopus.

This reflects the acquisition

of multiple spiking capability in motor neurons,

during the

twenty-four hours post hatching (Sillar et al, 1991).

(iii)

Single cycle of ventral root activity from control Xenopus, on
an

expanded time base. Note complex burst lasting 15ms

compared to figure 3.12B (iii).

20ms(iii).

Scale bars

=

100pm(i); 50ms(ii);

FIG

(i)

skin

stimulus

3.12A

raphespinal projections

(

1

i i ) ventral

root burst

FIGURE 3.12

B.

Xenopus larvae were raised from developmental

stage 30 in a solution containing the specific neurotoxin 5,7
DHT at

concentration of

a

the larva at 72 hours old,
5HT

immunoreactivity,

has been

10"^M.

(i) Camera ludda drawing of

revealing

a

suggesting that the serotonergic system

successfully ablated,

(ii) Ventral root activity of

neurotoxin treated animal demonstrates

impulse,

more

complete absence of

a

brief bi-phasic

typical of the activity recorded from the

hatchling Xenopus (stage 37/38) (Kahn and Roberts, 1982).
Ventral root

a

activity

on an

(iii)

expanded time base, showing a

single bi-phasic impulse. Records obtained by J.F.S-Wedderburn.
Scale bars

=

100pm(i); 50ms(ii); 20ms(iii).

FIG

(i)

No

(li)

3.12B

raphespinal projections

10-3 5,7 DHT

-

72 hours old

swimming

*
in

stimulus

(ill)

ventral root spike

No 5HTi neurons

the CNS

or

their

(figure 3.12B(i)).

projections could be visualised in

Physiological experiments using the

remaining members of this experimental
root

activity

was

activity involved
more

group

reveal that ventral

unlike that of control animals.
a

The swimming

brief biphasic impulse (figure 3.12B(ii),(iii))

typical of activity

seen

in the late embryo (Kahn and

Roberts, 1982), twenty four hours earlier in development.
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CHAPTER FOUR

RESULTS

RANA TEMPORARIA

At about the time of

late embryo

hatching (stage 20: Gosner, 1960) the

of Rana temporaria is between 8 and 10

(figure 4.1A).

The location of the CNS is typical of

embryos and larvae (see Xenopus).
somewhat

larger than in Xenopus embryos, about 200

anuran

in

pm

100pm (figure 4.IB).

The wholemount immunocytochemical

for

in length

The rostral spinal cord is

diameter and the caudal cord less than

was

mm

procedure for 5HT, which

developed for the purpose of this study, is very effective
use

this preparation.

The bright yellow fluorescence of

labelled antiserum,

under ultra-violet light, is clearly

on

F.I.T.C.

visible

against the darker, pigmented nervous tissue of the Rana

CNS.

Analysis of the brainstem of Rana is difficult, the tissue

being

even

thicker than that of Xenopus.

Consequently, laser

scanning confocal microscopy has been used to investigate those
and

areas

Two

brainstem

10pm transverse sections

were

also examined.

populations of 5HTi somata are evident in the

(figure 4.2B).

A cluster of about 70 5HTi neurons is

apparent in the raphe region, extending about 300pm caudally
from the
group

midbrain/hindbrain junction (figure 4.2A,B) and

is discernible within the midbrain (figure 4.2B).

transverse section from the

reveals

a

a

A 10pm

raphe region of the brainstem

bilateral population

of 'drop' shaped 5HTi neurons.
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smaller

FIGURE 4.1

neurons

Rana

embryo: lateral view and location of 5HTi

in the CNS.

the time of

A.

The

amphibian Rana temporaria about

hatching, developmental stage 20 (Gosner, 1960). B.

Camera lucida

drawing demonstrating the location of 5HT

immunoreactivity in the hatchling Rana.
apparent in the brainstem.
located in the ventral aspect

2.5mm(A); 500pm(B).

5HTi somata

are

A dense plexus of 5HTi fibres is

of the spinal cord. Scale bars

=

FIG

A

4.1

FIGURE 4.2.

Fluorescence

Hatchling Rana (stage 20): the brainstem.

photomicrograph demonstrating the location of

5HTi somata in the
rostral hindbrain

raphe nucleus (arrowhead), in the ventral

(VRH).

both descending and
Camera lucida
in the brain.

A.

5HTi somata

are

ascending projections

'drop' shaped and
are

evident.

B.

drawing showing two populations of 5HTi somata
The main and

larger population is within the

raphe region of the brainstem and a smaller population (arrow)
in the midbrain.
section from the

bilateral

C.

Fluorescence

photomicrograph of

a

raphe region of the brainstem, showing a

population of 5HTi neurons located close to the

ventral midline.

10pm

5HTi fibres

margins (arrowhead).

are

apparent in the lateral

Scale bars

=

150pm(A); 70pm(B).

brainstem

ventral

FIGURE 4.3

Hatchling Rana (stage 20); lateral views of 5HT

immunoreactivity in the spinal cord.

photomicrograph revealing

an

A.

Fluorescence

exclusively ventral tract of

descending 5HTi fibres forming

a

dense plexus of serotonergic

innervation, which appears to project into the spinal cord
within

a

tract of

background fluorescence (see also fig. 4.4).

Brightly fluorescing axonal varicosities are visible, especially
at the
the

axon

terminal.

B.

Camera lucida

drawing demonstrating

complete absence of descending 5HTi projections in the

dorsal aspect

of the spinal cord.

Note the presence of

growth

(arrow) at the

terminal.

cones

100pm(A,B).

axon

Scale bar

=

FIG

B

dorsal

rostral

caudal

ventral

4.3

FIGURE 4.4
the

Hatchling Rana (stage 20): 5HTi growth

spinal cord.

A. and B.

different preparations

growth

cones

Fluorescence photomicrographs,

of

(about the level of the anus), revealing

(arrowheads) emanating from descending 5HTi

fibres in the

developing serotonergic system in the

ventrolateral

margin of the cord.

fluorescence appears to precede
may represent an

A band of background
the descending fibres and

axonal guidance system or may be due to the

antisera

cross-reacting with related molecules.

(from

photomicrograph) showing that growth cones

a

cones in

leave the tract of fluorescence in which their

projection lies.

Scale bar

=

65pm(A,B).

C. Drawing
appear

descending

to

dorsal

FIGURE 4.5

Hatchling Rana (stage 20): caudal spinal cord and

the brainstem.

A.

Drawing of a photomicrograph of a 10pm

section from the caudal cord

stippled
B.

In all

area

(about the level of the

anus,

showing 5HTi fibres in the ventrolateral margin.

preparations 5HT immunoreactivity

was

demonstrated

exclusively in the ventral aspect of the spinal cord.
However, in one preparation a faint tract of dorsally directed
immunofluorescence
is

(*)

was seen

in the caudal brainstem and it

possible that this is the beginning of a dorsolateral spinal

tract, as seen in hatchling Xenopus.

50pm(B).

Scale bars

=

40pm(A);

FIG

A

4.5

dorsal

ventral

D

dorsal

which

measure

about

14jam in diameter, located close to the basal

plate (figure 4. 2C).
Axons from 5HTi

raphe neurons are clearly visible

projecting into the cord.
occur

However, unlike hatchling Xenopus they

only in the ventral aspect of the marginal zone where

they form

4.3A,B).

dense plexus of serotonergic innervation (figure

a

5HTi raphe-spinal projections

band of fainter fluorescence
emanate from this tract

appear to

(figure 4.4A,B).

lie within

Growth

cones

(figure 4.4C) and axonal varicosities

visible, particularly at the axon terminal (figure 4.3A).

drawing of

a

level of the

anus

exclusively ventral, extending caudally

However, in one preparation a

dorsally directed 5HT immunoreactivity was apparent in

the brainstem

(figure 4.5B) although no axonal processes could be

discerned within this

development of
seen

A

shows that the tract of serotonergic

beyond this level (figure 4.5A).

as

are

10pm transverse section of the cord, about the

innervation remains

tract of

a

in

a

area.

The tract may represent

the early

dorsolateral branch of serotonergic innervation,

hatchling Xenopus.
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CHAPTER FIVE

DISCUSSION

The initial aim of this

study

was

to develop an

immunocytochemical method to visualise serotonergic raphe-spinal
interneurons in the early

developmental stages of Xenopus

laevis, using a wholemount tissue preparation rather than the
sectioned material that had been used

previously (van Mier et al,

1986).
Using this method,

a

comparative study of the development

of raphe-spinal interneurons in the

hatchling Xenopus laevis

(stage 37/38: Nieuwkoop and Faber, 1956) and another amphibian
species at an equivalent developmental stage, the hatchling Rana
temporaria (stage 20: Gosner, 1960) was undertaken.
for this comparison was based on
form of fictive

1982:

The impetus

distinct differences in the

swimming in these two species (Kahn and Roberts,

Soffe and Sillar,
To further

our

1991).

understanding of the role of the

serotonergic raphe-spinal interneurons in the early
developmental stages of lower vertebrates, it is crucial to study
aspects of CNS function which are likely to be affected by 5HT
in the absence of

development.

serotonergic raphe-spinal interneurons during

It was necessary, therefore, to develop a

procedure to chemically ablate raphe-spinal interneurons in the
developing CNS. To this end I used the specific neurotoxin 5,7
dihydroxytryptamine (5,7DHT) and subsequently demonstrated, using
wholemount 5HT immunofluorescence,

that ablation of the

serotonergic system had been successfully achieved.
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This

methodological advance

now

permits

a

detailed physiological

investigation of the normal role of these descending
the

neurons in

development and function of spinal cord neuronal circuits.

5HT IMMUNOCYTOCHEMISTRY IN WHOLEMOUNT CNS

A

study of the development of serotonergic raphe-spinal

interneurons in

Xenopus laevis has been carried out by van Mier

and co-workers

(1986).

They used reconstructions of serial

sections, which had been incubated according to the indirect
immunofluorescence technique

(Coons, 1958)

or

the

immunoperoxidase immunohistochemical procedure (Sternberger et
al, 1970; Sternberger,
I

1979).

successfully developed

an

indirect immunofluorescence

procedure for wholemount CNS preparation.

It differs from

previous techniques in that an additional permeabilising step and
an

exceptionally long primary incubation period were found to be

essential for
antiserum.

This method is

numbers of
a

penetration of the tissue by the primary
consistently successful and large

specimens can be processed simultaneously, generating

large volume of material for investigation.

produced

are a

direct reflection of the presence and location of

5HT immunoreactive

(5HTi) somata and their projections.

reconstructions of serial sections
inevitable due to,

Although
necessary

a

The results

are

used

error

may

be

for example, the loss of consecutive sections.

higher concentration of primary antiserum is

for the wholemount procedure, processing large

numbers of

When

specimens simultaneously more than adequately

compensates for this expense.
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THE EARLY

SPECIES:

DEVELOPMENT OF RAPHE INTERNEURONS IN TWO AMPHIBIAN

A COMPARATIVE STUDY.

5HTi somata in the brainstem.

(i) In Xenopus laevis.

In the late

a

embryo (Stage 37/38) of Xenopus laevis, there is

single bilateral population of 5HTi neuronal somata within the

ventral rostral hindbrain

(VRH)

or

raphe region.

Van Mier et al

(1986) did not specifically describe this developmental stage
(stage 37/38), but at

an

35/36) they report the
neuronal somata,

one

earlier stage in development (stage

presence

of two populations of 5HTi

large group in the rostral hindbrain and

smaller cluster located

more

rostrally within the midbrain.

a

The

present study could not confirm that result for stage 37/38

(figure 5.1a) despite investigation of the brainstem using

a

laser

scanning confocal microscope and cutting 10pm transverse
sections of wholemount
the
and

findings of

van

preparations.

However, in accordance with

Mier et al (1986) 5HTi neurons are unipolar

uniformly 'drop' shaped.
Twenty four hours later, in the yolk sac larva of Xenopus

laevis

(stage 42), there is

an

increase in the number of 5HTi

neuronal somata and two bilateral

distinguished.

populations

can now

be

The main and largest group of 5HTi neuronal

somata is confined to the

raphe region, but, now a smaller group

of 5HTi cell bodies is visible, located rostrally to the main
group,

within the midbrain.

Although there is an increase in the
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FIGURE 5.1

Schematic

drawings representing the differential

development of 5HTi raphe-spinal interneurons in two
amphibian species at a comparable stage in development.

A.

Xenopus laevis, at about the time of hatching (developmental

stage 37/38: Nieuwkoop and Faber, 1956).

5HTi raphe-spinal

projections from a single population of interneurons in the
raphe nucleus, cross the brainstem to innervate the
dorsolateral

margins of the spinal cord, extending to about

the level of the
the time of
There

are

group or
midbrain.
of

anus

(arrow).

B. Rana temporaria, at about

hatching (developmental stage 20: Gosner, 1960).
two

populations of 5HTi interneurons, the main

raphe nucleus and a smaller group within the
5HTi

raphe-spinal projections form a dense plexus

serotonergic innervation in the ventrolateral margins of

the spinal cord,

(arrow).

extending beyond the level of the anus

XENOPUS

RANA

number of 5HTi neurons,
obvious increase in their

they remain unipolar and there is
soma

no

diameter.

(ii) In Rana temporaria

Rana

temporaria embryos hatch at stage 20 (Gosner, 1960)

the equivalent

laevis

developmental stage to the late embryo of Xenopus

(stage 37/38; Nieuwkoop and Faber, 1956).

There are two

populations of 5HTi cell bodies in Rana embryos, located similarly
to those of Xenopus

laevis larvae.

The main and larger

population is located totally within the raphe region and a
smaller
somata

population in the midbrain (figure 5.IB).
are

The 5HTi central

unipolar and 'drop' shaped, but far larger (ca. 14pm)

than those of Xenopus laevis

(ca.7pm) (see results).

Development of 5HTi raphe-spinal interneurons

(i) In Xenopus laevis

In the late

embryo of Xenopus laevis (stage 37/38),

projections descend into the spinal cord, in an almost exclusively
dorsolateral tract,
et al

in accordance with the findings of van Mier

(1986), extending to about the level of the

5.1A).
rostral

(figure

Ventral projections may be evident but only in the most

segments of the spinal cord.

fibres suggests
sensory

anus

The dorsal location of 5HTi

that they may have a role in influencing

pathways since it is in this region that primary

afferents enter the cord and make synaptic contact with dorsal
interneurons

(reviewed in Sillar, 1989).
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This suggestion is

supported by physiological experiments carried out in this
laboratory, which have shown that bath application of 1-10
5HT inhibits the activation of fictive

stimulation (figure 5.2A(i)).

sensory

ventral root
but only

10-

swimming by skin

In the same experiment

discharge is increased in duration on each cycle,

in the rostral segments of the cord.

is unaffected
are

x

Caudal discharge

(figure 5.2A(ii)) (Sillar et al. 1992).

5HTi fibres

present in the ventrolateral margins of the spinal cord, but

only in the rostral segments.
neurons

are

5HT receptors

on post

synaptic

thought to develop rostrocaudally (Sillar and

Wedderburn; unpublished data), just preceding the development of

serotonergic raphe-spinal interneurons.
increase ventral root

5HT has been shown to

discharge suggesting a link between the

development of raphe-spinal projections in the ventral aspect of
the

spinal cord and motor rhythm development.
In

Xenopus laevis larvae (stage 42; Nieuwkoop and Faber,

1956), descending projections
dorsolateral aspect

still predominant in the

are

of the spinal cord, but

further into the caudal spinal cord and
evident in the

more

ventromedial

at this

they extend

5HTi fibres

are

also

regions of the marginal zone.

In correlation with this anatomical
neurons

now

development, spinal motor

stage in development have acquired a multiple

spike capability (Sillar and Wedderburn,

1990) and the bath

application of 5HT now enhances ventral root discharge in both
the rostral and the caudal
Within the spinal cord
bead of
of

segments of the cord.

serotonergic axons terminate in a

bright fluorescence.

This may be due to the presence

growth cones or to 5HT being released at the axon terminal

(or both).
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(ii) In Rana temporaiia.

In the

hatchling Rana temporaxia embryo (stage 20),

projections descend from 5HTi somata in the brainstem.

many

In

complete contrast to hatchling Xenopus embryos, descending 5HTi
fibres project into the spinal cord only in the ventral aspect of
the

marginal

zone

innervation.

forming

a

dense plexus of serotonergic

The dorsolateral

margins, where 5HTi

axons are

prevalent in Xenopus, are completely devoid of processes.

The

raphe-spinal projections appear to lie within a band of fainter
fluorescence.
may
a

The

significance of this band is unclear but it

be an axonal guidance system or simply cross-reactivity with

related molecule.

released

Alternatively, it

may

be the result of 5HT

by the growth cones of 5HTi axons.

exert its effect

on

the receptors

5HT is thought to

of post-synaptic neurons by

diffusion rather than point-to-point synapse

(Christenson et al,

1990).

This may result in more diffuse 5HT immunofluorescence

in the

region of serotonergic synapses, producing a faint glow in

the ventral

margins of the spinal cord.

Axons and

growth cones in the ventral aspect of the spinal

cord extend well

(figure 5.IB).
they

may

have

past the level of the anus into the caudal cord

Their exclusively ventral location suggests that
a

role in influencing motor output and again this

suggestion has been supported by physiological experiments
carried out in this

5HT at 1-10

x

laboratory, showing that bath application of

10"6M significantly increases burst duration in

both rostral and caudal

segments of the cord (figure 5.2B(ii))
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FIGURE 5.2

The effects of 5HT

on

swimming and ventral root activity.
J.F.S.

Wedderburn

A.

In the

the activation of fictive

NB. AIL records supplied by

hatchling Xenopus (stage 37/38). (i).

Graph showing that the threshold (in volts) for activation of
fictive

swimming by

tail skin,
5HT.

a

brief (1ms) current pulse applied to the

is dramatically increased by bath application of 2pM

Note that the effect is

had increased from 4 volts to
on

return to control saline,

from ventral roots
were

placed

on

rapid, after lOmins the threshold
nearly 100 volts, and reversible

(ii).

Two extracellular recordings

during fictive swimming.

Suction electrodes

the 6th (rostral) and 11th (caudal) post otic

myotomes, on the left side of the animal (L6 and Lll).

Bath

application of 2pM 5HT clearly has an effect on burst duration
in the

more

rostral ventral root

(L6), whilst having

effect in the caudal ventral root (Lll).
electrodes

were

moved to L3 and

During

obvious

recovery

the

L12, note that the activity in

both ventral roots returned to the short duration

typical of this stage.

no

Skin stimulus is at *

impulses

FIG

Xenopus

laevis

(i)

2pM 5HT

Time

(ii)

(minutes)
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FIGURE 5.2B

In the

hatchling Rana (stage 20).

that the threshold for activation of fictive

(i). Graph showing

swimming is

completely unaffected by bath application of 2pM 5HT.
extracellular

swimming.

recordings from the ventral roots during fictive

Suction electrodes were placed on the 5th and 9th

post otic myotomes (L5 and L9).
increases

(ii). Two

Bath application of 2pM 5HT

activity in both the rostral (L5) and caudal (L9)

ventral roots.

FIG 5.2B

Rana

temporaria

(i)
too
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without obvious effect

on

the

ability of the skin

sensory

pathway to initiate swimming (figure 5.2B(i): Sillar et al, 1992).

CHEMICAL ABLATION OF THE RAPHE-SPINAL SYSTEM

5,7 dihydroxytryptamine (5,7DHT) is a neurotoxic analogue of
5HT which acts
neurotoxin is

specifically

on

serotonergic

actively transported into the neuron causing

irreversible destruction

(Fuller, 1980).

5,7DHT has been shown to

successfully ablate serotonergic neurons in
et al,

many species

(Pare

1987; Fields et al, 1991) including the Retzius cells, in

Hirudo medicinalis
In this

laevis

The

neurons.

(the medicinal leech: Glover and Kramer, 1982).

study, serotonergic raphe interneurons of Xenopus

larvae"(stage 42)

raised from

were

developmental stage 30 to stage 42 in

concentration of 5,7DHT

(IO'^m)

immunofluorescence procedure
the absence of the central

concentrations

(10'^M

serotonergic raphe
The

successfully ablated.

Animals were
a

sub-lethal

and the indirect

for wholemount CNS used to confirm

serotonergic system.

Lower

and below) did not completely ablate

neurons.

physiological effects of the absence of these

in Xenopus

neurons,

larvae (stage 42), were investigated by a co-worker,

who studied ventral root

activity during fictive swimming.

It had

previously been shown that in the twenty four hours posthatching, the swimming rhythm of the Xenopus embryo (stage

37/38) develops dramatically (Sillar et al, 1991).

Ventral root

activity changes from a brief biphasic impulse per cycle to a

longer, more variable impulse burst.
that acquisition

It has been hypothesised

of burst discharge may be causally linked to the
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development of the descending serotonergic pathway (K.T Sillar;
personal communication), which has been shown to proliferate into
the

spinal cord

this period in development (van Mier et al,

over

1986; and this study).

5HT has already been shown to increase

burst duration in the locomotor systems
vertebrates
Barbeau &

(Lamprey

-

of

a

variety of other

Harris-Warrick & Cohen, 1984: Cat

-

Rossignol, 1990; 1991), so in principle at least,

endogenous release of 5HT during development could enhance
impulse discharge during swimming in Xenopus.
The ventral root

activity recorded from siblings of a group

of animals in which the central
shown to have been

successfully ablated, suggests that

motorneurons have failed to

(figure 3.12B(ii)).

serotonergic system has been

acquire the ability to fire multiply

Ventral root activity remains

a

brief biphasic

impulse on each cycle in toxin-treated larvae, more typical of
the late

may

embryo (stage 37/38) implying that rhythm development

have been prevented by ablation of raphe-spinal projections.

These results lend support to

raphe-spinal projections

may

the hypothesis that serotonergic

be capable of not only modulating

ongoing locomotor rhythms in developed animals but

may

instrumental in the development

which they

then

can

of the rhythm

upon

also be

act.

There is

growing evidence that the early development of

raphe-spinal projections, initially into the dorsolateral margins
of the
et al

spinal cord, in the Xenopus embryo may be unusual.

(1992) observed that 5HTi fibres

ventral and lateral

are

Okado

first seen in the

marginal layers of the spinal cord, of the

chick, and that the ventral horn is innervated earlier than the
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dorsal horn.

This

suggests a similar temporal pattern of early

serotonergic raphe-spinal development to the Rana embryo.
The

in two such

may

for this differential pattern of

reasons

closely related amphibian species, is not clear.

be that Rana requires

number of reasons:
than the Xenopus

myotomal muscles
2.

movements.

development,

1.

developed motor rhythm for

The Rana embryo is a much

embryo
may

a more

so

that stronger contractions of

be required to effect significant body

The Rana

embryo may require more powerful
egg.

since hatching occurs regardless it seems likely that

the actual onset of
the

a

larger animal

hatching movements to free itself from it's thick walled
However,

It

hatching cannot be significantly affected by

development of raphe-spinal interneurons.
Studies

another lower vertebrate lend support to the

on

theory that whilst 5HT
it does not induce

may

hatching.

be involved in the hatching process

Walther et al (1990) found that

exogenously applied 5HT induces movements in unhatched atlantic
salmon

(salmo salar) larvae, without accelerating the onset of

hatching.

Interestingly, Summers et al (1991) found

increase in the levels of both 5HT and 5-HIAA
around the time of
5HT and 5-HIAA

hatching in the chick.

a

significant

(a metabolite)

This increase in both

(which decreases after hatching is completed)

suggests a transient activation of a pre-existing serotonergic
system rather than a progressive increase in the development
and function of the

hatching,

even

serotonergic

neurons.

Moreover, after

when the chick was placed in a glass egg and

hatching movements continue levels of 5HT and 5HIAA remained
low.

The researchers

suggest that this activation of the

serotonergic system may be related to, and preprogrammed to
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coincide with the
related to

specific event of hatching, but is not directly

hatching movements.

CONCLUSIONS AND PROSPECTS

In addition to the

development of

a new

and useful

immunocytochemical technique, this study has shown for the first
time that

significant differences

occur

in the embryonic

development of raphe-spinal interneurons in two amphibian
The development of serotonergic raphe-spinal

species.

projections in the hatchling Rana temporaria embryo (stage 20)
appears to

be the converse of that

Xenopus embryo (stage 37/38).

seen

in the hatchling

In Rana embryos raphe-spinal

projections are extensive and exclusively ventral in location
(Sillar et al, 1992).

Unlike the Xenopus embryo at the time of

hatching, the motor rhythm in Rana embryos involves bursts of

discharge

on

each cycle and motorneurons have already acquired

multiple spiking capability (Soffe and Sillar, 1991) in all segments
of the cord.

The correlation between this developed motor

rhythm and the early descent of raphe-spinal projections into
the ventrolateral

margins of the cord, lends further support to

suggestions of

causal link between the two.

a

It is intended that the results

further

1.

A

presented in this thesis be

investigated in the following directions

thorough investigation of motor rhythm development in both

Xenopus and Rana, following the ablation of raphe-spinal
interneurons, to establish a causal link between motor rhythm

development and serotonergic innervation of the spinal cord.
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2.

A detailed

developmental

interneurons in Rana

sequence

for raphe-spinal

temporaria, using 5HT immunocytochemistry.

3. An extension of the immunocytochemical procedure,
other transmitters
in

to visualize

(e.g. peptides) which might co-localize with 5HT

raphe-spinal interneurons in Xenopus.

A confocal scanner will

be used to view double indirect immunofluorescence with antisera

against 5HT and other transmitter candidates.
4.

Adaption of the existing 5HTi technique, using HRP labelled

antisera, to enable spinal 5HTi synapses to be studied using the
transmission electron microscope

5.

(TEM).

Pharmacological characterization of 5HT receptor subtypes

involved in modulation of spinal cord motor

function.

6.

development of 5HT

Effects of raphe ablation on subsequent

receptors in spinal cord neurons.
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