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(1) A history of discoveries and theories about the

development of motoneurones and the control of

their number is related.

(2) Experiments are described in which paralysis of

chick embryos is induced with the irreversible

nicotinic receptor blocker oC -bungarotoxin. The

effects of muscle paralysis at various developmental

stages on the number of motoneurones in the lumbo¬

sacral spinal cord is demonstrated and discussed.

The three periods of paralysis examined are:

(i) paralysis throughout and prolonged after the

normal period of lumbosacral motoneurons death

(ii) paralysis after lumbosacral motoneurons death

is normally over

(iii) paralysis during but not after the normal

period of lumbosacral motoneurons death.

(3) The importance of muscle activity in controlling

motoneurons number in the normally developing

embryo and the possible mechanisms by which it acts

are discussed.

(4-) The effect of transverse amputations of the hind-

limb, at varying proximo-distal levels, on moto¬

neurons number is demonstrated, revealing the normal

relationship between muscle mass in the limb and

motoneurons number in the soinal cord.



Vi.

Experiments with, combined paralysis and partial

amputation are described indicating the changes

produced by paralysis in the normal motoneurone-

muscle mapping. The importance of muscle activity

in producing the normal mapping is seen.

The implications of the results for,theories of

neuromuscular and central nervous system develop¬

ment are discussed.
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Chapter 1 consists of a general, historical intro¬

duction to the field excluding previous experiments on

the chick embryo involving neuromuscular blockers.

The results chapters, 3 and 4 (paralysis and

amputation experiments), are both separately introduced,

the results described and discussed. The introduction

to the paralysis experiments includes the description of

previous paralysis experiments.

Throughout the thesis the stages used to denote the

development of the chick embryo are those of Hamburger

and Hamilton (1951)* The stages for the Xenopus tadpoles

are those of Nieukoop and Faber (1956).

Imphasis is placed on results obtained in chick

embryos with-illustration and addition from other species

only where necessary to expand or clarify points.

In the results chapters the data is given both

numerically and graphically to allow accurate and easy

comparison of results.

Hanks balanced salt solution

dorsal root ganglion

horse radish peroxidase

intra peritoneal

tritiated thymidine

zone of polarising activity

Abbreviations

BSS

DRG

illLx

I?

H-thymidine

ZPA
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CHAPTER I

GENERAL INTRODUCTION

The question of how the nervous system's structure

develops is a problem that has fascinated neuro-

biologists for most of this century. This thesis is

a study of one aspect of nervous system development:

of how the motoneurones in the spinal cord come to

make ordered connections with the muscles of the limb.

There are five main stages involved in the estab¬

lishment of the adult pattern of motoneurone-muscle

connections:-

1) Production of motoneurones in the spinal cord.

2) Growth of axons into the limb bud.

3) Lifferentation of separate muscles in the

limb bud.

4) Formation by axon terminals of contacts with

muscle fibres.

5) Formation of mature neuro-muscular junctions.

The development of the normal adult pattern of

innervation in a limb may, then, be considered as a

series of operations each with defined starting require¬

ments and needing a given milieu in which to be

completed successfully. It can be visualised as an

integrated flow diagram of these operations following

on one after the other or running, for a time, in

parallel (Fig. 1.1). Much research has been done over

the years on the individual operations but, there is



Figure1.1:Flow-Diagramofsomeoftheimportant stagesintheformationofthematuremotoneurone- musclemapping.
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little consensus as to how the operations work or are

controlled.

We shall consider some of the controls that have been

discovered.

1.1 Production of the motoneurone Pool

Taking the flow diagram (Pig. l.l) in order, one of

the first processes to occur is the production of the pop¬

ulation of motoneurones that are going to innervate the limb,

the lateral motor column motoneurones. Later it will be

shown that the position of a motoneurone in the medio-

lateral axis of the lateral motor column determines in part

which area of the limb it will innervate. The mechanism

by which motoneurones are laid down in the medio lateral

axis is thus important. It has been studied mainly in

chick and Xehopus.

Kollyday and Hamburger (1977) using a cumulative

autoradiographic labelling technique studied the timing

of the final divisions of the motoneurons precursors in

both the brachial and lumbar regions of the chick spinal

cord. This technique involves dropping ^H-thymidine
onto embryos at different stages of development.

All lateral motor column motoneurones whose pre¬

cursors divide after the time of application become

labelled with the ^H-thymidine. Any cells, including

lateral motor column cells, which have completed their

final division before this time do not become labelled.

Thus the number of cells produced by any given stage

may be determined by counting the unlabelled cells in

the lateral motor column. The position of the
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unlabelled cell3 in relation to the other lateral motor

column cells may also be noted and thus the sequence of

laying down of the lateral motor column cells can be

followed. In this manner the authors discovered that

the first lateral motor column cells in the brachial

region are produced at stage 15 and the first in the

lumbar region at stage 17. The lumbar region moto-

neurone production is thus later in starting than the

brachial but this delay is steadily reduced. 50^ of

brachial cells are created by stages 19-20, 50?° of lumbar

by stage 20. 3y the time the last motoneuronss are

being produced there is little difference between

brachial and lumbar regions. Greater than 99?* of the

lateral motor column cells are produced in both by

stage 24.

A rostro-caudal gradient of laying down of moto-

neurones is also found within the lateral motor columns

themselves - a larger percentage of the early produced

cells in each region being found rostrally. The

earliest produced cells are laid down medially with the

younger cells migrating through the older ones to be

laid down on their lateral border. Thus at any rostro-

caudal level medial cells in the lateral motor column

are older than lateral cells. Prestige (1973) found

similar gradients in the lumbar motoneurone pool of

Zenoous but using a pulse labelling rather than a cumu¬

lative labelling technique. He produced a diagram

(Pig. 1.2) of the times of last division of differently
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Figure 1.2: (From Prestige, 1973)* Diagram showing
distribution in ventral horn of cells with different
times of origin. Older cells are rostral and medial
to younger cells. The numbers refer to stages of
Xenopus development (Hieukoop and Faber, 1956).
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situated motoneurones. It shows that the earliest

created cells are laid down rostro-medially the latest

caudo-laterally. The pattern of laying down is thus

similar in chick and Xenopus.

Prestige (1973) emphasises that at least in these

early stages the older medial cells are larger than the

younger lateral cells* Both sets of authors state that

motoneurone production is by mitoses in the basal plate

of the neural tube, none being created in the alar plate.

The production of the motoneurone pool has been

shown to be independent of a number of influences that

might, at first sight, be expected to affect it.

1) Levi-Montalcini (1945) demonstrated that it

was independent of descending fibres from the brain.

2) Bueker' (1943) and Hamburger (1946) demonstrated

that it was independent of both ascending and

descending fibres in the cord.

3) Hamburger et al. (1966) found that it was

independent of dorsal root afferents.

On re-consideration these results are not surprising.

For these fibres to affect motoneurons production they

would have to be present during production. However,

all the evidence (review by Singer et al. 1978) suggests

that they are not present or have not formed synapses

at that time.

Lack of the limb-bud, the motoneurones1 target

tissue, does not alter the total number of motoneurones
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produced in the spinal cord (Hamburger, 1958; Oppenheim

et al. 1978) nor their individual development until they

start to degenerate (Chu-Y/ang and Oppenheim, 1978a).

1.2 Outgrowth of QXPflS from the soinal cord into the

limb bud

How the outgrov/th of QXOnS is controlled (box 2

Fig. 1.1) is the subject of a long standing and unresolved

controversy in the literature. To review the whole

debate is outwith the bounds of part of the introduction

to a thesis. However, theories about the control of

the process must be considered since the results of this

thesis involve alteration of the pattern of innervation.

The major points that have arisen in the past and recent

papers will therefore be discussed.

The first part of the process of fibre outgrowth is

not controversial. Both in the chick (Chu-Y/ang and

Oppenheim, 1978b) and Xenopus (Prestige ana Y/ilson, 1972,

1974) it has been shown that motoneurones send axons

into the ventral root soon after they have migrated into

the lateral motor column. Numbers of motoneurones in

the spinal cord were compared with numbers of axons in

the ventral roots throughout development. A 1:1 ratio

was found for virtually all stages. This is only proof

that all motoneurones send axons into the ventral root

so long as there is no evidence of axon branching.

There is positive evidence for axon branching in the

ventral root of the neonatal rat (Fraher, 1974) but no
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evidence for chick (Chu-Wang and Oppenheim, 1978b) or

Xenopus (Prestige, personal communication).

Previous counts of axons in ventral roots of

Xenopus using the light microscope (Prestige, 19oo cited

by Gaze, 1970, p.69) had not shown a 1:1 relationship

until the end of metamorphosis due to the presence of

fibres too small to be resolved with silver staining.

The growth of axons from the ventral root into the

limb bud is the great debating point. The question is

the degree to which the axons err from the eventual

adult innervation pattern.

There are two schools of thought about this:

The first, which I shall call School I, is that there

are considerable differences between the early, embryonic

innervation pattern and that of the adult,with the

errors being removed during development.

The second, School II, is that there are few errors in

the -pattern of innervation with little necessity for

correction.

The fact that there are two schools indicates that

neither has supremacy over the other. V/e shall not

find one to be correct the other wrong.

Cutting across the boundary between the Schools are

several postulated controls of fibre outgrowth involving

such mechanisms as parallel outgrowth, mechanical

guidance, pathway selection and divergent outgrowth.

Something will be said about each of these with their

relationship to School I and School II.
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1.2.1 Parallel Outgrowth and Mechanical Guidance

Ho.rder (1978) in a stimulating review reiterates

many of the old arguments but emphasises the possibility

that axons grow out from the spinal cord, through the

plexus into the limb,in parallel, that is, without

rostro-caudal crossing. This emphasis is based on the

work of Honcali (1970) and Fouvet (1973) who studied

the early outgrowth of nerve fibres into the wing and

leg of chick embryos. Both of these studies were carried

out with silver staining and we have already seen how

thi3 can lead to error in studies of the developing

nervous system (Prestige (19b6) versus Prestige and

Wilson (1972)).

But Roncali (1970) describes a reciprocal excaange

of fibres between the wing-innervating spinal nerves

at stage 22,before the axons have entered the limb bud,

and what are limb nerve plexuses if not the exchange of

axons between segmental nerves? Border (1978)

suggests that the plexus consists of fibres which arise

as nearest neighbours in the cord, but are separated

into different segmental nerves, reuniting to carry

on into the limb bud in parallel. However, later in

his paper he concedes that the importance of neighbour¬

hood relationshipsmay be limited.

The crucial test is to discover whether nearest

neighbours are meeting at the plexus or whether axons

from widely separate parts of the spinal cord are

coming together. Blectron microscope work cannot
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answer this question nor can silver staining. However,

Lamb (1976) states that the fibre crossing in the

plexus is consistent with the posterior thigh being

innervated by all parts of the ventral horn at stage 51

in Xenoous. Presumably here the nearest neighbour

motoneurones are interspersed amongst other ventral

horn cellsJ Also Landmesser (1978b) finds, at stage

28 in the chick, that the caudilioflexori'us nerve is

constructed from two components one with motoneurones

in lumbosacral segments 3 and 4 the other in segments

6, 7 and 8. This certainly does not support the

nearest neighbour theory. However, Jones and

Landmesser (1978) produced the best refutation of a

role for parallel outgrowth of fibres. They rotated

the first three, chick lumbosacral segments, at stages
N.

15-16, such that segment one was in the place of

segment three and vice versa. Despite this the moto¬

neurones innervated the muscles they normally innervate

and to do that they had to- cross rostro-caudally, they

could not have grown out in parallel.

The parallel outgrowth theory has, however, recently

been revived by the experiments of Stirling and

Summerbell (1979). These authors found that in antero-

posteriar rotated wings the segmental nerves grew

straight out into the area of limb opposite. The

nerves did not cross to innervate their usual region.

Stirling and Summerbell (1979) therefore concluded that

axons reach their final position in the limb by parallel
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outgrowth followed by mechanical guidance. Mechanical

guidance was also emphasised by Horder (1978) when he

said that it was the one thing known beyond dispute,

from the work of Weiss (1934) and others, to affect

the outgrowth of nerve fibres.

The finding that supernumerary limbs grafted onto

chick embryos have normal peripheral nerve patterns

(Hollyday, 1978; Morris, 1978) is also consistent with

the simple hypothesis of parallel outgrowth followed

by mechanical guidance: with axons growing directly

out into the tissue opposite whatever that might be and

not crossing to innervate the regions they normally

innervate.

The hypothesis of parallel outgrowth, as we shall

later see, is invoked by the adherents of School I as

well asthese adherents of School II.

1.2.2 Pathway Selection

A factor other than simple mechanical guidance is

invoked by adherents to School II to explain further

experimental results.

One of the first of these, in relation to limb

innervation comes from de Oiiveira Castro (1963). He

removed either the rostral or caudal segments forming

the brachial plexus in stage 10-14 chick embryos. He

found that the axons from the unaffected segments

tended to form their normal branches ana not those of

the missing segments.



This preference shown by axons for the branches

they normally take is called pathway selection and it

has a venerable history in the literature. It is

invoked by Jones and Landmesser (1978) to explain one

of their findings. They removed part or all of the

first three lumbosacral segments of the chick embryo cord

at stages 15-17. Examining the innervation of the

limbs at stages 31 to 37 > days 7-ll» they found that

muscles normally innervated by this region did not

receive any innervation. As in the experiment of de

Oliveir.a Castro (1963) the axons from the surviving cord

segments followed their normal pattern of outgrowth and

did not deviate into areas of the limb which they did

not normally innervate. The axons had selected their

normal routes into the limb. But had they?

The question is whether the axons had the choice.

Prom Fouvet (1973) and Landmesser and Morris (1975) it

is clear that the first three lumbosacral segments

(segments 23-25) give rise to the crural plexus. Pouvet

(1973) also makes clear the fact that the division

between the crural and ischiadic nerves is produced by

the outgrowing axons splitting to pass round the

condensed mesenchyme of the presumptive femur (Pig.1.3a).
In the case of Jones and landmesser's experiment where

the whole of the first three segments was removed it

can be seen that axons growing out in parallel from the

remaining segments might all pass caudal to the femur

without being caused to split to enter the normal crural
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(b) (c)

Figure 1.3: Possible mechanical guidance explanation for
the results of spinal cord segment deletion experiments,
(a) Normal lumbosacral plexus splitting round Femur (F)
into crural and ischiadic nerves. (b) Lack of crural
nerve after removal of segments 23> 24 and 25> all axons

passing caudal to the femur. (c) Removal of part of

segments 23 and 24: bars areas in crural nerve territory
as all remaining axons pass caudal to the next mechanical
guidance point after the femur.
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nerve territory rostral to the femur (Fig. 1.3b). The

result of a denervated crural region can therefore be

explained by parallel outgrowth and mechanical guidance.

An extension of the argument may be used to explain

the results of lesser degrees of cord removal. Here

some crural motoneurones are left intact but, denervated

muscles are still found in the territory- normally

supplied by the missing segments. Although part of the

crural nerve is foimed all the surviving axons could

lie to one side of the next mechanical guidance point

after the femur (Fig. 1.3c) or the next after that.

This could also explain the results of de Oliveria

Castro (1963).

For the argument to be valid axons must not spread

to take up the available space for the nerve bundle but
N.

must hold together. This is entirely possible and thus

the segment deletion experiments on their own are not

strong evidence for active pathway selection.

However, there are some results that appear impossible

to explain, for adherents to School II, without invoking

pathway selection.

The experiment of rotation of the first three

lumbosacral segments in which the segmental nerves still

innervated their normal muscles (Jones and landmesser,

1978) is one. Another is the experiment of Ferguson

(1978). She rotated stage 17 limb buds dorso-ventrally

keeping the antero-posterior axis normal. At stages

35-36 the horse radish peroxidase retrograde labelling

technique (Oppenheim and Heaton, 1975) was used to
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determine the neurones innervating selected muscle

areas. She found that the normal mapping of medial

lateral motor column cells onto ventral muscle mass

derived muscles, lateral lateral motor column cells

onto dorsal muscle mass derived muscles (Landmesser,

1978a) was retained. The motoneurone axons had crossed

and selected routes to the muscles they normally

innervate.

Stirling and Summerbell (1977) deleting intermediate

parts of chick embryo wings also concluded the import¬

ance of pathway selection since the segmental nerves

innervated only their usual areas despite being brought

into contact with other parts of the limb. This con¬

clusion is rather different to that of their later

(1979) paper. -.Parallel outgrowth and mechanical guidance.
.. N_

However,these experimental procedures although differing

from the original work on the retino-tectal connections

of fish (Sperry, 19b3, review of literature and chemo-

affinity theory) similarly suggest the possibility of

pathway selection in addition to parallel outgrowth and

mechanical guidance as a factor controlling the formation

of nerve networks.

In this regard a recent paper of lewis (1978) has

a challenging title "Pathways of axons in the developing

chick wing: evidence against chemo-specific guidance."

He produced wings containing two elbows. At the first

elbow the n. brachialis longus inferior^posterior
division,splits into three parts: one branch to the
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flexor carpi ulnaris muscle, one cutaneous and one

forming the median nerve. The median nerve grows to

and innervates the hand in normal animals but, in the

abnormal limbs it reaches the second elbow instead.

Lewis maintains that having chosen the median nerve at

the first elbow the axons should choose that pathway

again at the second elbow if they are strictly selecting

pathways. The median nerve reaching the second elbow

however splits into three again. lewis conciud es that

axons are not consistently selective for pathways, ruling

out the possibility of strict chemo-specific guidance.

However, Sperry (1963) describes chemo-affinity as

a model in which the pathways to muscles are labelled

with the axons growing along the appropriately labelled

routes (Fig. 1.4a). In normal limbs, the labels must
N.

be found at all decision points from the plexus to the

muscle in order to successfully guide the axons. Having

postulated tne existence of such labels, in the double

elbow limbs the labels will be changed at the first

elbow (Fig. 1.4b). The 'median' nerve is no longer

only the median nerve it must be labelled for the flexor

carpi ulnaris etc. in the second fore-arm.

Chemo-affinity and pathway selection could thus

provide a satisfactory explanation for the result.

The experiment is not evidence against chemo-specific

guidance.

1.2.3 School II and normal development

In the first of a series of papers on normal limb
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Figure 1.4a: Chemo-affinity labels of different
pathways at branching point of n. brachialis longus
inferior at the elbow in normal limb.

Figure 1.4b: Chemo-affinity labels of different

pathways at branching point of n.brachialis longus
inferior at first elbow in double-elbow limb.
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development landmesser and Morris (1975) used suction

electrodes to stimulate individual spinal nerves of the

lumbosacral plexus of the chick embryo at stages 28-43»

days 6-17. Throughout tnis period very little change

was found in the pattern of muscle innervation i.e.

there was no evidence for large scale random or diffuse

functional junction formation. At earliest times moto¬

neurons innervated the same area as in the adult.

These results have been criticised (Pettigrew et al.,

1979) on the basis that the results for stages 28-31

were pooled and it was not stated how many recordings

were carried out early or late in this period. A phase

of more random outgrowth could therefore have been

missed. Also axons could grow out randomly but only

form functional, connections in 'adult' regions. This
- s.

too would be missed by this study of muscle contraction.

The criticisms were answered by two papers

(Landmesser 1978a, 1978b) in which more electrophysiology

wa3 carried out in the early stages without showing

much sign of more diffuse outgrowth.

The motoneurones innervating selected muscle areas

were also determined using horse radish peroxidase at

the 'mature' stages of 3o-37 (days 10-11) (Landmesser,

1978a) then ,the position of the innervating moto¬

neurones at earlier stages, back to stage 28, were

compared to this (Landmesser, 1978b). Only small scale

changes were seen some of which could be explained by

the limitations of the technique. Since horse radish
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peroxidase is taken up by both transmitting and non-

transmitting terminals this deals with the second

objection to the earlier paper.

The evidence for little error in motoneurone axon

outgrowth (School II) in the chick hind limb stands firm

though evidence against parallel outgrowth has been

found (p.10 ).

1.2.4 School I

The first real evidence for the School I hypothesis

(divergent early outgrowth followed by later correction

of errors) comes from the work of Lamb (1976). Ke

used a horse radish peroxidase technique similar to

Landmesser (1978a, 1978b) but in the hind limb of

Xenopus tadpoles rather than chick embryos. At stage

50, when axons first enter the Xenopus limb, he found

that the antero-lateral thigh was innervated by rostro-

medial motoneurones and the postero-medial thigh by

mainly caudal motoneurones. At stage 51» as the

ventral horn continues to be formed (p.55), this changes,

with the postero-medial thigh innervated by motoneurones

throughout the ventral horn. Ey stage 54 however the

juvenile pattern of innervation is seen with the antero¬

lateral thigh being innervated by lateral cells and

postero-medial thigh by rostro-medial cells. Some of

the connections of stage 51 have been lost (Fig. 1.5).

In distal regions first innervation does not occur

until stage 52 but the juvenile pattern of innervation

is found there from the start (Fig. 1.5). The findings
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50 52 53 54

ALT

PMT

ALA

Plantar

Figure lp: Projection patterns of Xenoous ventral horn
to four limb regions at selected periods from Stage 50
to the juvenile (J). 3aon box is a schematic dorsal
view of the left ventral horn: dorsal towards the top
of the figure lateral to the left. Growth of the ventral
horn, complete at Stage 51, is not represented. AIT,
antero-lateral thigh; PMT, postero-medial thigh;
ALA, antero-lateral foot and ankle; Plantar, postero¬
medial foot and ankle. Black areas greater density of
labelled cells than stiooled.
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for the distal regions of the Xenopus hind limb thus

correspond to those for the -whole chick hind limb.

In what lies the difference between the Xenopus thigh

and other regions? Lamb (1976) concludes that the

initial fibre outgrowth into the thigh is not random

since at stage 50 the distributions of motoneurones

innervating antero-lateral and postero-medial thigh are

different. He holds that initially thigh regions are

innervated by the nearest available axons, parallel out¬

growth, with only later developing axons going directly

to the adult regions (e.g. in distal regions). Later

with the removal of non-adult connections the adult

pattern is produced throughout the limb.

Landmesser (1978b) notes that if this happened in

the chick hind limb little error would be produced since
s.

initial outgrowth to the nearest available limb area

-would, in general, produce an adult pattern of innervation.

Thus School II and School I consistent results could

have arisen from chick and Xenoous hind limbs because of

intrinsically different adult patterns of innervation:

one being consistent with simple parallel outgrowth the

other not.

However, Pettigrew et al. (1979) have carried out a

similar horse radish peroxidase study in the chick wing

where innervation is apparently by nearest neighbour

axons (p.10) but found results similar to those of

Lamb (1976) in that the adult innervation pattern only

appeared after an earlier more diffuse pattern. They
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also demonstrated the loss of non-adult segmental

innervation by electrophysiology.

The parallel outgrowth explanation of the difference

between School I and School II results,in chick and

Xenopus hind limbs, does not hold up for the chick wing.

Similar losses of non-adult segmental innervation

have been shown for rat intercostal muscle (Harris and

Dennis, 1977) and for the hind limb of the axolotl

(McGrath and Bennett, 1979).

These School I results make it likely that there is

considerable crossing of axons in the plexus at least

at some stages of development.

The School I hypothesis is a new variant of the old

myotypic respecification theory of Weiss (discussed at

length by Gaze, 1970) in which axons were postulated to

grow out at random and then the muscle made the moto-

neurone 'appropriate' by specifying the presynaptic

connections of the motoneurone. In School I theory

adult motoneurone endings are retained others lost. The

Weiss theory has been somewhat discredited but School I

is still strong.

Will School I and School II be reconciled satis¬

factorily to all? Pettigrew et al. (1979) ask, now,

way the chick hind limb snould be different. Certainly

some of the experiments on chick lumbosacral cord

explained by School II adherents with pathway selection

could equally well be explained by School I theory. For

example since the animals were not examined until long
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after the operation the rotation experiments of Jones

and Landmesser (1978) and Ferguson (1978) are for the

present consistent with School I. The crucial tests

would be whether at intermediate times axons from each

rotated cord segment went to all parts of crural nerve

territory and whether both medial and lateral lateral motor

column cells went to both dorsal and ventral derived

muscles.

Gaze (1970,p.61) summarising regeneration evidence

concludes that perhaps both Schools may apply: that

neither is right to the total exclusion of the other.

In some places and some situations one system will

operate while in other systems or under different con¬

ditions the other. In this light two experimental

observations are interesting.

The first comes from the technique of intra-ocular

grafting where it has been found that the degree of out¬

growth of fibres from an explant of the locus coeruleus

depends on the sensory innervation of the iris being

intact (Olson et al.,1978). In this case involving the

growth of central non-adrenaline neurones, the sensory

innervation plays a part in the control of fibre out¬

growth though this is not the case in the limb (Hamburger

et al.,i960).

The second comes from the work showing that the

degree of cross-over of optic nerves at the chiasma in

mammals varies with the degree of pigmentation of the

retina (review by Creel et al.,1978). The error in the
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albino is not random involving, as it does, the first

20° of temporal retina. The albino abnormality,

whatever it is, alters in a controlled way the boundary

for pathway selection. A similar abnormality in the

limb has not been described.

Taken together the observations do indicate that

different rules may 7/ell apply in different regions of

the nervous system.

1.3 The Creation of the limb musculature

This field of study has received recent impetus from

experiments demonstrating that the well known dorsal and

ventral muscle masses in the limb are derived from

somites (e.g. Chevallier, 1979). Chevallier demonstrates

that the actual muscle fibres themselves in limb muscle

derive front so'mitic mesoderm whereas their connective

tissue and tendons develop from somatopleure.

The splitting of the dorsal and ventral muscle masses

into individual muscles (box 4,Fig. 1.1) was described

many years ago: for the chick thigh by Homer (1927),
for the cnick shank by Wortham (1948). For the thigh

Homer states that most splitting occurs between day-6

and day-8. The dorsal and ventral masses are themselves

separated at day-6 and each is split into a more or less

adult pattern of individual muscles at day-8 with the

deep dorsal muscles round the head of the femur being

among the last to separate. For the shank Wortham

states that the splitting of the muscles occurs later
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than in the thigh but is still more or less complete at

day-8. The exception to this is in the deep ventral

muscle mass where some muscles are not well separated

even in the adult.

Wortham (1948) postulated that the splitting of the

muscles is brought about by the physical ingrowth of the

nerves but this has been shown not to be the case for

the chick fore-arm by Shelswell (1977). ' He destroyed

the peripheral nerves before the onset of muscle splitting

with the neurotoxic agent 3-acetylpyridine but found

that the muscles split as normal.

However, a role for nerves in inducing muscle

splitting has been claimed for the chick shoulder region.

Sullivan (1966) found that in chick embryos paralysed

with the neuromuscular blocking agent decamethonium
-

some splits between muscle were delayed, some did not

appear at all and some muscles split more than normal.

He is not postulating that the physical ingrowth of the

nerves splits the muscles but that normal limb movements,

produced by the action of nerves on muscles,are necessary

for the normal splitting. In support of this Morris

(1978) found that in supernumerary limbs with impaired

movement the separation of muscles lagged behind controls

and stopped at the equivalent of stage 31*

However, the importance of tension in splitting

muscles has also been questioned (Shelswell and Y/olpert,

1977). The muscle splitting in the chick fore-arm is

over at stages 29-30 before the tendons have developed
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and inserted thus making it "hard to see how forces

generated by growth of the skeleton could be involved".

They also concluded the unimportance of tension from

amputation experiments in which the fore-arm muscles

split normally though their insertions were missing.

Tension sufficient to produce splitting could be

produced in the muscle mass without the need for tendons

by selective motor-unit formation producing activation

of different areas of the muscle mass at different times

(iandmesser, 1978b). However, this was discussed and

disproved, for at least the chick fore-arm, by 3helswell

(1977) with the 3-e.cetylpyridine experiment. Also, the

fact that in some cases axons innervate two separate

muscles (Hmonet-Denand et al., 1971) makes it likely that

motor-units form across presumptive muscle boundaries

and unlikely that selective activation of motor units

produces the normal splitting.

Finally Shelswell and Wolpert (1977) note that at

least in the chick fore-arm splitting occurs by binary

fission. Whether this is true for other regions is not

known.

It is possible that, as with outgrowth of nerve

fibres, different controls are operating in different

regions. The possibility that nerves play a part in

some regions is indicated by the dashed arrow between

boxes 2 and 4 of Fig. 1.1.

Shelswell and 'Wolpert (1977) were lead by their

results to postulate that muscles split only in relation
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to their position in the limb not by any influence of

adjacent regions. In antero-posterior re-duplicate

limbs, produced by grafting a zone of polarising activity

(ZPA) into the anterior margin of host limbs, the muscle

pattern was duplicated in mirror-image fashion as well

as the more often examined (Tickle et al., 1975)

skeletal elements. This is good evidence for the

importance of positional (ZPA) information in controlling

muscle splitting, especially since some of the muscles

formed in the absence of tendons or insertions.

If the nerve pattern in the mirror-image duplicates

was also duplicated, v/ould this be evidence for positional

information controlling the outgrowth of axons or,

would it be taken as an indication of pathway selection

or mechanical guidance? Interestingly ZPA-like activity

has been postulated to explain the results of experi¬

ments on the formation of retino-tectal connections in

lenopus (Chung and Cooke 1975 > 1973). The polarity of

the retinal mapping onto the tectum depended not on the

polarity of the tectal anatomy but on the relation of

the diencephalon to the tectum and so the diencephalon

was said to have ZPA-like activity. In the limb the

equivalent result to that of the retino-tectal experi¬

ment would be to have a reversed polarity plexus coming

from a normal cord and in a normal polarity limb. Such

a r33Jilt would indeed open up experimental investigation

if the controls of mctoneurone axon outgrowth.
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1.4 The formation of neuromuscular connections(box 6,Fig.1.1)

Different authors give different times for the

first appearance of neurogenic limb movements in chick.

Hamburger (1963) says stage 29 (day-bi) but later (1975)

stage 28+, for knee and tarsus movements, while Drachman

(1963) maintains first movements occur at day-5 or day-o.

Functional connections must be present then if not

earlier. This latter possibility is borne out by

landmesser (1978b) who, stimulating spinal nerves, found

evidence of induced muscle activity at stage 26# (day-4i)«
These early connections can have only a very primi¬

tive morphology since even at day-13 junctions are marked

only by a slight sarcoleinmal thickening with very little

junctional infolding (Kirano, 1967). The junctional

folding becomes more marked as the embryo develops in ovo
. •*-

but does not become fully adult in degree until after

hatching. Kikuchi and Ashmore (1976) confirm and extend

these findings. Looking at the biceps femoris muscle

they found at 7-days closely apposed axons and myotubes

but no specialisation of either. At aay-10 however,

there were signs of sarcolemmal thickening - the first

indication of a specialised junction. There is there¬

fore a considerable time between the formation of

functional connections and the appearance of any

morphological specialisation.

Histochemically detectable junctional acetylcholin¬

esterase staining is also late in appearance, positive

results not being obtained in calf muscles until
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days 12-13 (Drachman, 1963). Acetylcholinesterase can.

be detected biochemically from much earlier - day-3

(Giacobini et al. , 1973) but this, as judged from the

results of Filogamo and Gabella (1967) is perhaps not

junctional acetylcholinesterase. These authors describe

a positive histochemical reaction for acetylcholin¬

esterase throughout the length of chick myotome and limb

muscle myotubes at days 3 and 4 respectively but, at

day-9 they could find reaction only at the ends of the

growing myotubes. Later still, at days 11-12, they found

junctional acetylcholinesterase staining in the myotome

muscle: which is similar to the time of its first

appearance in limb.

What mechanisms are involved in controlling the

formation of the early connections?
- •v

The most frequently quoted papers in this field are

those of Bennett and Pettigrew (1974a, 1974b). They

describe (1974a) what has become accepted as the standard

sequence of developmental events involved in the forma¬

tion of neuro-muscular junctions.

In muscles which ultimately have a focal innervation

e.g. the rat diaphragm, the growing nerve terminals

initially make one contact on the short length of

myotube formed. In muscles ultimately to have a dis¬

tributed innervation e.g. tne avian anterior latissimus

dorsi muscle,nerves make initial contacts at various

points along the myotube cut never closer together than

a certain minimum distance. In the focally innervated
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muscle the single site remains single but becomes

innervated by more than one axon. In the case of the

distributed innervation more and more contact sites are

formed still at least the minimum distance apart and

each separate site becomes multiply innervated. Bennett

and Pettigrew (1974a) suggested that some property of

the nerve made the myotube membrane refractory to

further junction formation after the formation of the

first contact, the length made refractory depending on

the type of axon. Axons that form a focal innervation

make the membrane refractory to further junction formation

over tne entire length of the myotube, except, of course,

for the original junction site, while axons that form a

distributed innervation can make the membrane refractory

only over a limited distance.

Evidence for this hypothesis was produced (Bennet

and Pettigrew, 1974b) from reinnervation and cross-

reinnervation studies.

During re-innervation of focally innervated muscle,

junctions formed preferentially at the original end-

plate site and on membrane laid down during the period

of denervation. During re-innervation of distributed

innervation muscle,junctions were formed at the old

sites and on new membrane but still separated by a

minimum distance. In these experiments therefore, muscle

membrane refractory to innervation, in accordance with

the hypothesis, was found.
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In the cross re-innervated focal and distributed

muscles the pattern and type of ending 'en plaque' for

focal 'en graphe' for distributed depended on the

innervating nerve not the muscle. The role of the nerve

in determining junctional morphology was thus demonstrated.

From this and other work (e.g. Kelly and Zacks,1969)

it has become accepted that the first neuromuscular

connection is formed with myotubes and that it is there¬

fore surprising when, under abnormal conditions such as

paralysis (Giacobini-Bobeuchi et al., 1975), junctions

form on myoblasts. This is not supported by one of the

first papers on the subject (Kelly and Zacks,1966) where

in the 14-day foetal rat diaphragm sporadic nerve

contacts with both myoblasts and undifferentiated cells

were found. This has been confirmed by other work on
- N_

chick myotomes and superior oblique muscles (Sisto-

Doneo and Filogamo, 1973). Nerve terminals do contact

myoblasts in normal development.

The physiological multiple innervation noted by

Bennett and Pettigrew (1974a) was first described, for

rat diaphragm, by Bedfern (1970). It was, however, seen

before this in ultrastructural studies of the rat

diaphragm, (Kelly and Zacks, 1966, 1969) and the chick

hind limb ( Hiranc, 1967) as several axon profiles at

single end-plate sites. Physiologically it has sub¬

sequently been found in other tissues e.g. rat hind limb

(Brown et al., 1976), axolotl limb (LIcGrath and Bennett,

1979), chick fore-limb (Pettigrew et al.,1979) and chick

hind limb (Jan Jansen Jr., personal communication).
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In all these situations multiple innervation is a

transient phenomenon which disappears as development

progress e.g. in the rat soleus muscle it is present

up to but not after the second post-natal week. This

transitory nature of multiple innervation opens up the

rest of the flow diagram of Figure 1.1.

1.5 Motoneurone Death (box 8, Fig. 1.1)

Although the first ceil death curve for normally

developing motoneurones was produced for the

species Fleuthrodactylus ricordii (Hughes, 1959) moto¬

neurons death is now mostly studied in chick and Xenoous.

Degenerating motoneurones had been described in normally

developing chicks before this (Hamburger, 1958) but the

significance of the observation was not grasped.

In the definitive work on Xenoous motoneurone death

Prestige (19o7b) found that the number of motoneurones

increases from stage 50, when they can first be recognised,

reaches a peak at stages 53-54 and then declines to a

final plateau at stage 61 with the most rapid loss at

stages 54-56 (Fig. 1.6). The main period of motoneurone

loss starts then between stages 53 and 54 when limb

movement is just beginning (Hughes and Prestige, 1967).

Altogether approximately 75/- of the peak number of moto-

neurones is lost. Degenerating motoneurones can be

seen coincident with this loss.

Motoneurone loss has been examined in other species

(Table 1.1). From the table it can be seen that the



Table1.1:Motoneuronedeathinvariousspeciesandregions Species

Region

Timeof Occurrence
Percentage PeakNumber Lost

Authors

Comments

brachial and Lumbar

11-14days inutero
75/"

(

harris-Planagan(1969)

Mouse

12-15days inutero

hamburger(1975)
Re-examinationof Harris-FlanaganLata

Lumbar

1-3days post¬ natal

Romanes(1946)

Graphingthedata indicatesthatthe 'Result'maybean artefactduetoexam¬ iningtoofewanimals.

Rat

Cervical and

Cervical
1-2days post-natal Thoracic none

bOe/o

Fraher(1974)

Countsofaxonsin ventralroots:may onlyindicatelossof axoncollaterals.

Lumbar

o-lOdays inovo

40/"

Hamburger(1975)

Chick

Brachial
8-21days inovo

oO'/o

Oppenlieimand Majors-Willard(1978)
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Figure 1.6: Normal cell death, curve for lumbar ventral
horn in Xenopus. Re-drawn from Prestige (19o7b).
Peak number of motoneurones of b,800 at stage 53 falling
to plateau level of 1,850 at stage 61: approx. 75/' loss.
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percentage of peak motoneurone numbers lost varies in

different species and regions. Whether this is of great

importance for theoretical considerationsis not yet known.

Normally occurring neurone death has also been

studied in the hind-limb-innervating sensory ganglia of

Xenopus (Prestige 1965, 1967a). The decline in sensory

ceil number occurs later than for motoneurones (at stages

59-64)but, before these stages, degenerating cells can

be seen in the ganglia without a decline in cell number.

This experimental observation was attributed to a turn¬

over of cells with some cells dying while others were

still being produced - an important consideration. How¬

ever, turnover of cells is not of great significance in

motoneurone populations. In the chick lumbar lateral

motor column Chu-Wang and Oppenheim (1975a) first find

degenerating motoneurones at day-4, stages 24-25, but by

then greater than 9Sf° of the lateral motor column cells

have been produced (Hollyday and Hamburger, 1977) and

most will have migrated into the lateral motor column,

assuming a short migration time. In Xenoous degenerating

cells are first seen between stages 52 and 53 (Prestige,

1967b) with the last ventral horn cells being produced

at stage 52 and having a migration time of one stage

(Prestige, 1973).

Prom the discussion so far neurone death would appear

to be limited to the peripheral parts of the nervous

system, but, this is not the case. Neurone loss has

been seen in a number of central nuclei e.g. the
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isthmo-optic nucleus (Clarke et al., 1976) and the

mesencephalic nucleus of the trigeminal nerve (Rogers
and Cowan, 1973).

1.9»1 Factors influencing motoneurone death

It is easiest to consider the manipulations known

to alter the number of motoneurones introducing the

theoretical considerations in the relevant places.

Amputation

In a long series of amputation studies it has been

consistently shown that the amount of target tissue

present controls the ultimate number of both motor and

sensory neurones. For sensory ganglia the evidence is

that amputation alters both the generation and degener¬

ation of cells: reducing generation and increasing

degeneration (hamburger and Levi-Hontalcini, 1949;

Hughes and Tschumi, 1958; Prestige 1967a). But, as

already stated, amputation does not alter the generation

of motoneurones (p. & ) and therefore it can only

increase degeneration.

Eumburger (1934) amputated wing buds in 3-day chick

embryos finding, at days S and 9, a reduction in moto¬

neurone numbers of up to 60/<=, with the degree of moto¬

neurone loss varying linearly with the amount of tissue

remaining after the amputation. He found 40/^ of lateral

motor column cells surviving in embryos with only 4/- of

muscle remaining and concluded that although some moto¬

neurones were dependent on the periphery for survival,
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others were not. However, Busker (1943) found up to

a 90°/o hypoplasia in lateral motor columns, whose limbs

had been radically amputated and in lateral motor

columns which had no access to limb tissue (grafts

into the coelom ). These two experiments showing

almost complete motoneurone loss with almost complete

lack of target tissue were then confirmed by Hamburger

(1946, 1958) who concluded that the AOfi retention of

cells in the 1934 experiments was due to inadequate

amputation. This presumably means that in 1934 the

estimates of muscle volume were also inaccurate. An

alternative explanation of the different results, a

maximum of oOfr hypoplasia compared to a maximum of 90/^

is that in 1934 the counts were done at days 8 and 9>nct 10.

The later paper (1958) makes it clear that the loss of

lateral motor column cells following amputation is a

gradual process, with the SQfc value not being reached

until 10-days. Hamburger may not have waited long

enough in 1934..

Amputation studies reached a peak with the work of

Prestige (l9o7b) who noted that the effect of amputation

in Xenoous was different at different stages. The point

is most clearly demonstrated by Figure 4 of Prestige

(1970) repx-oduced as Fig. 1.7 • Amputation at early

stages has no effect until stage 52-54 when motoneurones

are rapidly lost. Amputation at stages 52-54 produces

an immediate cell loss but amputation at later stages

produces a delayed cell loss.
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Figure 1.7: Nffect of amputation at different stages
on the development of the Xenoous ventral horn. Number
of cells remaining after amputation at the time denoted
by the filled circle. The data show that cells are

lost either early (Phase II) or late (Phase III) or both.
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This lead Prestige (19«7b) to postulate three phases

of motoneurone differentiation.

Motoneurones in Phase I are independent of the limb -

not affected by amputation,e.g. all motoneurones up to

stage 52.

Motoneurones in Phase II have become critically

dependent on the limb: will die rapidly after amputation.

They are only present in large numbers between stages

52 and 54.

Motoneurones in Phase III have become partly inde¬

pendent of the limb - they go through a prolonged period

of chromatolysis before finally degenerating. They

increase in number from stage 53 to stage 57 when they

are almost the sole constituents of the ventral horn.

Phase II- is' thus a highly unstable state whereas

Phase III cells are partially stabilised. V/hat this

might mean in molecular terms has been the subject of a

review by Changeux and Panchin (1976).

Prestige (1967b) also postulated the existence of a

trophic factor transported centripetally from the nerve

terminal to the perikaryon by way of the axon: the

trophic factor playing an integral part in the three

phases. Phase I motoneurones are independent of the

factor, Phase II motoneurones have become dependent on

it for survival, while Phase III cells,having built up

a store of it, can survive amputation for a time before

degenerating. This lead Prestige to doubt the value of
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the distinction between Phase II and Phase III cells

and he later designated them both simply as post-Phase I

cells (Prestige, 1976).

A trophic factor similar to this one proposed for

motoneurones has been shown to exist for sensory and

sympathetic neurones. The history of this, the nerve

growth factor, from the first experiments with mouse

sarcomas implanted in chick embryos, through its isolation

and characterisation to the evidence that it is select¬

ively taken up by some types of axons is most beautifully

and concisely given by Levi-Montalcini (1976).
Whether such a factor does exist for motoneurones

is the subject of intensive investigation throughout the

world. There has been evidence for some time of the

existence of some factors, in conditioned media from

muscle etc. cultures, which will enhance motoneurone

growth in culture, much as nerve growth factor enhances

sympathetic and sensory neurone growth (Nelson, 1975)•

However, the 'factor' will have to be shown to be

effective in vivo before its existence will have been

adequately demonstrated.

A final interesting point from amputation studies is

that amputation at stages 57 and ol in Xenopus stops

motoneurone death temporarily (Prestige 19o7b, 1970,

Fig. 1.7). Amputation at these stages axotomises the

neurones and leads to chromatolysis. Prestige (1967b)

suggests that the chromatolytic reaction prevents moto¬

neurons death occurring. The result could also mean
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that the stimulus for motoneurone death comes from the

periphery.

Supernumerary Limb Grafts

The converse of reducing the amount of limb tissue

by amputation would be to increase the tissue available.

This has been done by grafting on supernumerary limbs

in the chick (Hollyday and Hamburger, 197b) and Zenopus

(Kollyday and Mendell, 197o). As is to be expected

this procedure increases the number of motoneurones.

But, there is a problem. There is only a limited

increase in motoneurone number, up to 28^, even when the

supernumerary limbs are well formed.

There could be a number of reasons for this:

Hamburger (1939) found chick supernumerary limbs were

less well innervated than host limbs. He also noted

that for supernumerary limbs to show motility they had

to be innervated by at least one nerve from the brachial

or lumbar region. Totally thoracically innervated

grafts were non-motile. Morris (1978) found the same.

Supernumerary limbs innervated solely by thoracic nerves

did not show spontaneous or reflex motility though they

responded, along with intercostal muscles, to stimula¬

tion of the thoracic spinal nerves. The contractions

weakened as development proceeded and Morris (1978)

emphasised the primacy of muscle atrophy in producing

this. On the other hand Hughes (1984), working with

lleutherodactylus supernumerary limbs, was forced to

stress the importance of the axons. In Uleutherodactylus
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supernumerary limbs spontaneous movement is present to

start with but ceases around metamorphosis and the nerves

in the supernumeraries disappear. Hughes (1964) found

that he could prolong activity in the supernumeraries

by amputating the host limb. This he explained on the

basis that the supernumerary limb was innervated by axon

collaterals of the nerves in the host limb and that

normally these are withdrawn at metamorphosis. Hut,

when the host limb is amputated the collaterals hocome

main axons ana are retained.

However, the case of Hleutherodactylus may be

different from the chick:

(a) Hughes (1964) could find no increase in moto-

neurone numbers whereas,as already stated,there is in the
chick.

and (b) Morris (1978) found little evidence of collateral

innervation of the chick supernumeraries by host-limb-

innervating motoneurones.

In the chick Hollyday and Hamburger (l97o) state

that the increase in lateral motor column cell numbers

is still present at day-18: after the time that the

thoracic innervated parts of the supernumeraries show

atrophy - day-12, stage 38, (Morris, 1978). Hollyday

and Hamburger's data is not, however, applicable to the

mesial motor column which innervates intercostals and

thoracic innervated parts of the grafts (Morris, 1978).

Their data is relevant only to the lumbosacral inner¬

vated parts of the grafts. This gives a possible reason
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for the small increase in the number of lateral motor

column cells - the whole grafted limb is not available

to the lateral motor column.

Another possible reasons is as follows:

In the chick only 40$ of motoneurones die in the

lumbar region so the maximum possible increase in mature

motoneurone numbers with a graft is only o7$ ^rl

approximately 30$ increase with a supernumerary is then

reasonable considering that the whole limb is not available.

In Xenoous however, 75/<- of motoneurones die so the

maximum possible increase in adult numbers is 300$. Yet,

supernumerary limbs only increase motoneurone number by

up to 28$ (lamb, 1979; Kollyday and Mendell, 1976).

Neither does the argument about lack of availability of

limb hold to the same extent as it does in chick. In

Xenoous there are only three spinal nerves that innervate

the limb 8, 9 and 10 with sometimes branches from 7 and

11. The supernumerary limb can be innervated by at

least two of tne main nerves. The small increase in

motoneurone numbers following supernumerary grafting

remains therefore something of a mystery.

However, the fact remains that increasing the amount

of target tissue increases motoneurone numbers whereas

reduced target tissue gives reduced numbers.

Transynaotic Influences

After isolation of the chick lumbar basal plate from

descending and afferent fibres (Hamburger et al., 19o6)

the number of lumbar motoneurones remains normal up to
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day-15 but thereafter declines drastically: an example

of transynaptic degeneration. The synaptic inputs,

though perhaps having a trophic influence earlier,do not

become essential until late in incubation when the

muscle-motoneurone retrograde trophic interaction becomes,

apparently insufficient.

All these results do not, however, tell us anything

about the reasons for motoneurone death. ■ They indicate

that the presence of target tissue plays a part and

that only inputs to motoneurones arising from within the

basal plate itself can have an effect on normal moto¬

neurone loss, since this is over at 10-days, but that is all.

l.o Why do motoneurones die

As outlined by Prestige (197o) there are two main

categories of hypotheses. The first are redundancy

hypotheses. These state that motoneurones die because

they have failed to make contact with the periphery, there

being too many axons for the number of available sites.These

theories, are represented by the route through box 5

to box 8 in Pig. 1.1.

The second category are the rejection hypotheses.

These hold that motoneurones die from being rejected after

having made contact with tne periphery: boxes o, 7 and

8, Fig. 1.1.

In tne redundancy hypotheses it can be said taat

only those terminals wnich make contact receive the

trophic factor, in the rejection hypotheses only those

tnat make contacts compatible with the adult pattern of
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innervation. Thus inherent in both categories is a

competition for sites or trophic factor.

In their simplest form rejection hypotheses are

obviously aligned with the thinking of School I

(divergent outgrowth and rejection), whereas redundancy

hypotheses are more attuned to School II where there is

little error to be corrected. But either hypothesis

would work for either school.

The question to decide between the two is whether or

not axons make connections before their perikarya die.

There are many ways of approaching this problem.

Firstly it may be recalled that motoneurone death

coincides with the onset of limb movement in chick

(Hamburger, 1975), Xenopus (Prestige, 1967b) and mouse

(Harris-Flanagan, 1969). But, this does not differen-
- N.

tiate between the categories. Hither the cells that

are producing the movement have successfully made contact

with others going to the wall (redundancy) or all moto-

neurones could play a part in generating the early move¬

ment (rejection).

Next there is the horse radish peroxidase evidence.

Lamb (197b) found that the period when the non-adult

innervation was lost in Xenoous was coincident with

motoneurons death. However, horse radish peroxidase is

taken up by both transmitting and non-transmitting

nerve terminals so this, too, does not differentiate.

Being a horse radish peroxidase study the title of

Oppenheim and Chu-,Yang's 1977 paper is therefore



interesting: "Spontaneous cell death of spinal moto-

neurones following peripheral innervation". 3y
1 innervation' the authors mean not functional inner¬

vation but only that the axons have reached a certain

area of limb,as indeed is all they can mean. A later

paper (Chu-V/ang and Oppenhaim, 1973b) in fact makes it

plain that these authors favour a redundancy hypothesis.

Prestige (1976) used an extremely logical approach

to produce indirect evidence for rejection.

At one time it was thought that amputation only

enhanced normal neurone death (Hamburger and levi-

Montalcini, 1949) but, botih Oppenheim et al. (1978) and

Prestige (1967b, 1970) find that motoneurone death is

not only enhanced but accelerated by amputation. The

significance of this is that it means that during

normal motoneurone death some motoneurones are kept

alive transiently by virtue of having made contact with

the limb but later die: more post-Phase I cells present

than later in development.

The degree to which this occurs may be calculated by

subtracting the number of motoneurones ipsilateral to

an early amputated limb (by definition, all Phase I

cells) from the number of motoneurones in the contra¬

lateral side (Phase I cells plus post-Phase I cells)

at all stages. Prestige (197b) did this for Xenopus

and found the result was close to the extreme rejection

hypothesis of all cells becoming post-Phase I before

dying (Pig. 1.8a).
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a

STAGE STAGE

Figure 1.8: Solid line total cell number, dotted line
Phase I cells, dashed line post-Phase I cells.

(a) rejection hypothesis showing peak in post-Phase I
cells

(b) redundancy hypothesis showing gradual rise to
plateau level.

Note different fall of Phase I cell number in (a) and (b).
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The extreme redundancy hypothesis, that no cells

that die have made contact, is depicted by (Fig. 1.8b).

The number of post-Phase I cells does not show a peak

but gradually rises to the plateau adult number of cells.

But, Prestige's is indirect evidence. Direct evidence
could come from electrophysiology. But, unfortunately

none of the data is watertight.

Loss of non-adult functional innervation has been

seen in axolotl limb muscles (McGrath and Bennett, 1979)

but the period of motoneurone loss is not known.

In the chick hind limb the period of motoneurone

loss is known (Table 1.1) but the electrophysiology

showing loss of wrong segment innervation was carried

out on the muscle nerves and not from muscle fibre

(Landmesser, 1978b) and so could be consistent with

either redundancy or rejection.

Pettigrew et al. (1979) examining the chick wing

found loss of functional connections in biceps before

stage 31 (day-7) coincident with the loss of horse

radish peroxidase demonstrable connections. However,

these could be collaterals being lost unassociated with

cell death. The fact that most motoneurone death in

the brachial region is after day-8 (Oppenheim and

Majors-Willard, 1978) would support this view.

There is thus no really concrete evidence for either

redundancy or rejection. There is indirect evidence

for rejection in the Xenopus hind limb and further

electrophysiology may settle the debate.
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1.7 Loss of multiple innervation and motoneurone death

Loss of multiple innervation obviously involves the

loss of previously functioning connections but, is it

related to motoneurone death?

In the chick wing multiple innervation has been

shown electrophysiological^ to be lost between day-9

and day-19 (Pettigrew et al. 1979) and ultrastrueturally

from the posterior latissimus dorsi muscle by aay-18

though the anterior latissimus dorsi muscle was still

multiply innervated at 21-days (Srihari and Vrbova, 1978).
Motoneurone death in the chick brachial lateral motor

column occurs up to day-21 with the possibility that some

may occur post-hatching (Oppenheim and Hajors-Willard,

1978). Thus in the chick wing, at least, motoneurone

death could be associated with the loss of multiple

innervation.

Usually, however, loss of multiple innervation is

not taken to involve motoneurone death . This is held

mainly from -work on the rat hind limb.

In the rat soleus muscle, multiple innervation is

lost between day-8 and day-lb of post-natal life (Brown

et al. , 1976). .Romanes (194o) looked at motoneurone

death mainly in the mouse but he also examined some rats

reporting that the results were analogous, with loss
occurring, if at all (Table 1.1) in the first days post¬

natal. There is thus, in the rat hind limb, a discrepancy
in the timing of motoneurone death and the loss of multiple

innervation making it unlikely that the two are related.
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Brown et al. (197b) themselves provide further proof

of the dissociation. By splitting the ventral roots

supplying soleus into small filaments and stimulating

them they were able to count the number of motor units

in soleus throughout the relevant developmental period.

They could find no evidence for a major loss of motor

units and concluded that loss of multiple innervation

did not involve motoneurone death.

This is supported by an electron microscopic study

of end-plates and intramuscular nerves: no sign of

degeneration of terminals or axons was seen during the

period of multiple innervation loss (Korneliussen and

Jansen, 1976). This lead to the theory that the ter¬

minals which are lost do not degenerate but are retracted

into the parent, axon. A previous study ( Heier and
- "N-

Hughes, 1972) had shewn the presence of degenerating

axons in the sciatic nerve of rats between 7 and 14 days

post-natal. This was checked by Xorneliussen and Jansen

(1S76) in the soleus nerve before it entered the muscle

and they indeed found degenerating axons. There is,

therefore, evidence for proximal but not distal degen¬

eration at the appropriate time. Bo the results mean,

however, that the motoneurones retract peripheral

terminals then degenerate centrally? It is unlikely

from the known data on motoneurone death and the lack

of loss of motor units. Korneliussen and Jansen (1976)

postulate that the degenerating axons are sensory or

an artefact.
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To make certain of the dissociation the normal

motoneurone death curve for the rat suould be re¬

investigated and the electronmicroscope work should be

extended to the ventral roots in a similar study to

those done for Xenoous (Prestige and Wilson 197's, 1974)

and chick (Chu-Wang and Oppenheim, 1978b).

But, similar dissociations have been' found for the

rat diaphragm and chick hind limb which lends weight to

the argument. In the rat diaphragm multiple innervation

is lost in the first 15-20 days of post-natal life

(Redfern, 1970: Bennett and Pettigrew, 1974a) whereas

the evidence suggests that motoneurone loss in the

appropriate cervical roots occurs by day-2 post-natal

(Frailer 1974; Table 1.1).

In the chick lumbar region motoneurone death occurs
•s.

between day-6 and day-10 ^Hamburger, 1975; Table 1.1)
whereas the loss of multiple innervation occurs late in

development (Hirano, 19b7; Jan Jansen Jr., personal

communication).

From all this work it is generally accepted that

there are two periods of loss of axon terminals, one

associated with the death of motoneurones the other not

(boxes 7 and 10, Fig. 1.1). This parallels the two

phases of multiple innervation loss found in rat inter¬

costal muscles by Harris and Dennis (1977): non-adult

segment innervation was lost mainly before and around the

time of birth whereas adult segment multiple innervation

was not lost until after birth.
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1.7.1 ilechanism of Ilultiole Innervation Loss

The mechanism involved in producing the two phases -

motoneurone death, multiple innervation I033 - may he

the same with only the developmental stage at which they

occur being different. Knowledge of the factors

involved in the loss of multiple innervation therefore

may help to elucidate those involved in motoneurone death.

Brown et al. (197b) measured the size of motor units

during the loss of multiple innervation and discovered

that their average size decreased. At all ages there

were some motor units within the adult size range so

there was a differential loss of terminals by motoneurones

with large peripheral fields. This lead them to

propose that the loss of multiple innervation was a

regularising of the number of terminals per motoneurone:
- N,

each motoneurone having only sufficient synthetic

capability to maintain a limited number of adult terminals.

In a further experiment they tested for competition

between terminals as the basis of the loss. Spinal

root 15 which normally contains most of the soleus

axons v/as sectioned leaving innervation only by the few

axons (1-9) in 14-. This should have reduced the com¬

petition for sites. It was found that the operation

delayed the loss of multiple innervation but tnat the

normal decrease in motor unit size occurred eventually^
leaving some muscle fibres denervated. The limit to

terminal number seems to apply.

There is good evidence for the importance of neuro¬

muscular activity in the loss of multiple innervation.
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Neuromuscular blockade with botulinum toxin delays

the loss of multiple innervation in rat soleus (Brown

et al., 197o). As the.only known effect of botulinum

toxin is on neuromuscular transmission this is clear cut

evidence that neuromuscular activity plays a part in

multiple innervation loss. Blockade with curare has

also been shown to delay the loss but, this time in the

chick (Srinari and Vrbova, 1978). The converse of

blockade, increased activity, through exogenous stimul¬

ation applied to the nerve has been shown to have the

converse effect - accelerating loss of multiple inner¬

vation in rat soieus (Ostberg and Vrbova, 1977; O'Brien

et al. 1977, 1978).

In the stimulation experiments it was noted that

there was still, histological multiple innervation when

electrophysiological multiple innervation had disappeared.

This lead to tne assumption that the muscle fibres were

contacted by non-transmitting inputs similar to the

repressed synapses found in adult salamander muscles

receiving innervation by a foreign nerve (Tip and Dennis,

1976; Dennis and Yip, 1978). Karris and Dennis (1977)

have suggested that the mechanisms involved may be the

same. However, Rosenthal and Taraskevich(l977) claimed

there was no suppression of synapses during multiple

innervation loss from the rat diaphragm. The process

was more similar to that involved in termination of

transmission after denervation in the adult (Miledi and

Slater, 1970). Further experiments may add weight to

either proposal.
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In studying the loss of multiple innervation by a

foreign nerve implanted in soleus Jansen et al. (1975)
also found that some histological multiple innervation

was retained while all sign of electrophysiological

innervation was lost. They proposed an alternative to

suppression which was that the end-plates were innervated

by one axon. This latter hypothesis lead, in tuna,

to the popular belief that these closely spaced end-

plates from the one axon are saved from destruction

through being activated synchronously.

By this theory the normal developmental loss of

multiple innervation comes about through asynchronous

firing of the axons at one end-plate or on distributed

end-plates up to about 1 mm apart where the mechanism

appears to be no longer effective, Jansen et al. (1975).

Another question is which of the multiple terminals

survives: is it the first component of the end-plate

potential - the fastest conducting unit, the terminal

forming the largest component of the compound end-plate

potential or what? As Brown et al. (1976) state it

is difficult to see ways of testing the possibilities.

Y/hen the rate of loss of terminals is increased by

stimulation (Ostberg and Yobova, 1977; O'Brien et al.

1977, 1978) trie temporal sequence of the components of

the end-plate potential will be standardised: one

would always be first, one last for as long as there was

no differential change in conduction velocity. The

standardising of the order of the components of the
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end-plate potential may therefore be important to loss

of multiple innervation, may establish some sort of

'pecking order' at the end-plate. The greater syn¬

chrony with exogenous stimulation may speed the loss

compared to the more asynchronous normal activity. It

is interesting that in the chick synchronous firing of

motoneurones, in ovo, has been claimed at least at the

gross level (Provine, 1971; Provine and Bipley, 1972).

A discussion of synaptic repression or synchronous

versus asynchronous activity does not, however, say

anything about the molecular mechanisms of multiple

innervation loss, they are descriptive terms one step

removed from the molecular. There is in fact a paucity

of theory and effort devoted to molecular mechanisms

probably because of the difficulty of knowing where to

start and the interpretation of results.

One theory that is being investigated is that of

O'Brien et al. (1978). The theory is that terminals

are lost due to the action of proteases released from

active muscles. This would lead to a continuous turn¬

over of terminals in adult muscle such as that seen by

Barxier and Ip (1966). But, the evidence purportedly

supporting the hypothesis, such as byperinnervation of

adult muodes producing prolonged multiple innervation

by supposedly overloading the destructive system

(O'Brien et al. 1973a)? is open to widely differing

interpretations.
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1.8 Summary

Mo toneurones and muscle masses are produced inde¬

pendently of each other. The formation of individual

muscles from the muscle masses is probably largely

independent of muscle activity but may, in some cases,

require limb movement to be successfully completed.

Axons grow out into the limb under unknown controls and

initially form unstable connections with muscle fibres.

Some of these are lost more or les3 immediately,

associated with the death of the motoneurons. Other

terminals become partially stabilised as the multiple

innervation seen in the developing system. The excess

terminals of the multiple innervation are, in turn, lost

leaving the adult condition of one terminal per end-

plate. The end-plate itself grows, develops junctional
s.

folds and junctional acetylcholinesterase (Fig. 1.1).

There is just one further step to mention and that

is that muscle fibres become either fast or slow. This

occurs around the period of loss of multiple innervation

(Close, 1964) is dependent on neuromuscular activity

( Lomo et al., 1974; Renaud et al., 1978) and is, at

least in the kitten, controlled by descending fibres in

the spinal cord (Buller et al., I960). Whether this

plays a part in multiple innervation loss or motoneurone

death is not known.

A role for neuromuscular activity in motoneurone

death,alongside its known roles in loss of multiple

innervation and the formation of fast and slow muscles is

the subject of the subsequent chapters.
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CHAPTER II

MATERIALS AITS METHODS

2.1 Experimental animals

In all experiments the animals used were embryos

of the domestic fowl (Gallus domesticus). The specific

strain was White Leghorn and they were obtained from the

Agriculture Research Council Poultry Research Centre at

Roslin near Edinburgh. Chick embryos were used since

they do not require respiratory muscles, only heart

function for respiration. Thus they may readily be

totally paralysed with neuromuscular blockers yet survive

(Drachman, 1964).

The particular neuromuscular blocker chosen for use

in these experiments was cL -bungarotoxin the purified

postsynaptic- blocking fraction of the venom of the

Elaqid snake Bungarus multicinctus (Mebs et al., 1972).

—Bungarotoxin was decided upon because the irreversible

nature of its action (Chang and Lee, 1963) allows the

easy production of prolonged paralysis. Preliminary

experiments were carried out on the embryo of the South

African clawed toad Xenopus laevis, since this was the

experimental animal being used by others in the research

group. It was found, however, that the effective dose

for paralysis and the lethal dose were similar; at least

with the technique used for KRP injection into tadpole

hind limb by Lamb (1975). Since the change to chick

embryos was made, however, Oiek and Edwards (1978) have

reported successful paralysis, with survival, in Xenopus.
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2.2 Care of Experimental animals

In the first series of experiments the eggs were

incubated in an ordinary Hearson incubator at 38°G. In

the later experiments, the amputation studies, a Hearson

forced-draught incubator was used again at 38°C. Neither

incubator was automatically humidified. The air in the

incubators thus had to be humidified by staining troughs

of distilled water.

2.3 Experimental procedures

The techniques used in the experiments were, in

general, those standard to avian experimental embryology

(basic manipulations - Maramorosch and Koprowski, 1967).

The eggs were incubated with their-long axis

horizontal. In the first experiments the eggs were

candled, placed over a strong light source, on day three

of incubation to determine the position of the embryo.
2

An approximately 1cm square was then drawn round the

embryo and the position of the air sac was also marked.

The eggs were swabbed in 70$ alcohol a hole was made

through the shell into the air sac with a mounted needle

and the shell was drilled along the line of the square

marked round the embryo using a Benda 25 dental drill

fitted with a carborundum disc. The resultant hatch

was sealed with seliotape and the egg returned to the

incubator until it had reached the required developmental

stage: day 3, 4 or 10 of incubation. On the day of

operation after removing the seliotape the shell in one
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corner of the drilled square (the only corner that was

drilled right through) was chipped away using watchmakers

forceps. This was continued until the complete hatch

had been removed. A drop of sterile Hank's balanced

salt solution (33S) was then placed on the shell membrane

and a slit was made in the membrane by pressing through

the BSS with a sharpened tungsten needle. This procedure

resulted in a false air space forming over the embryo,

in which operations could be carried out as the true air

sac at the blunt end of the egg had collapsed. Any

remnants of the shell "hatch" could safely be removed now

without fear of injuring the embryo. The shell membrane

was also removed to allow direct viewing of the embryo.

Some of the embryos were thus being

opened on the same day as drilling or the day after.

This was found to lead to a degree of trauma that killed

a percentage of the embryos. Drilling on day three

could also damage the already formed vitelline blood

vessels with some clot formation which occasionally

prevented the formation of a good false air sac because

the embryos tended to adhere to the shell membranes.

This made operations difficult and usually resulted in

the death of the embryo. These draw-backs lead to

drilling being carried out before the eggs were put in

the incubator in the later experiments. This produced

substantial reductions in the number of fatalities although

it meant that some of the embryos were not close to the

window when the eggs were opened.
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Injection techniques

All injections and other operations were carried

out under a Bausch and Lomb zoom, binocular dissecting

microscope at suitable magnification. For working under

the dissecting microscope a steady base for the eggs was

obtained by using a petri-dish filled with wax in which

the impression of an egg had been made when the wax wa3

still semi-solid.

On days three and four of incubation injections were

made by tearing the chorion and amnion over the embryo

and replacing the amniotic fluid with either 0.1ml of

BSS or 0.1ml of BSS containing J- -bungarotoxin (Boehringer

or Miami Serpentarium) at a concentration of lmg per ml

(The compositions of all solutions used are to be found

under the heading Chapter 2.8: Solutions). Preliminary

experiments were carried out in which the toxin was

injected into the amniotic cavity in embryos of all ages.

However, it was found that paralysis of the embryos was

unreliable with this method at day 10 and after,even

though amniotic fluid harvested from these embryos blocked

transmission in frog sartorius preparations. This

suggested that the toxin was not readily absorbed from

the amniotic cavity at later developmental stages. The

technique was attempted because Huo (1939) had managed to

paralyse chick embryos of up to twelve days with amniotic

cavity injections of curare. The other route of injection

tried, but found to be unsuccessful, was that of Giacobini

et al. (1973) in which the toxin is injected into the
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yolk-sac. Using -bungarotoxin there was no obvious

effect on the motility of the embryos. The authors them¬

selves used the^-neurotoxin from the cobra Na.ja nigricollis

rather than ^.-bungarotoxin, this may be the reason for

differences in effect. However, they did not claim to

have paralysed the embryos only to have considerably

reduced their motility. Oppenheim et al. (1978a) trying

to repeat the experiments of Gordon et al.. (1974) using

yolk sac injections also could find no effect on motility.

The technique that was found to successfully paralyse

chick embryos of all ages from day six onwards was to

inject the°L-bungarotoxin directly into the peritoneal

cavity. The injections were carried out using a lOOjal

Hamilton syringe fitted with a 33 gauge needle just

anterior to the hind limb but avoiding major skin blood

vessels. This gives, if successful little bleeding and

relatively low mortality. The greatest mortality,

occurring after the day 6 injection i.e. the earliest day

of incubation at which this technique was employed. IP

injection was not attempted prior to day six since it was

felt that the embryo cavity would be too small to readily

accommodate the necessary injection volume i.e. 50jil.
Virtually no fatalities resulted from simply injecting on

day 10 or after.

The effective dose of toxin was found by trial and

error starting with the largest dose used by Giacobini

et al. (1973) - 100jig. 3abryos of greater than 10 days

incubation were paralysed for 2-3 days by 50/ig of
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U bungarotoxin (Boehringer) injected I.P. at a concentra¬

tion of lmg/ml. After this period of paralysis movement

returned to the embryos presumably because there had been

a sufficient turnover of acetyl-choline receptors (Burden,

1977). On this basis it was decided to do repeated

injections of 50/ig of toxin every second day after an

initial loading dose of 100 p.g. Controls received 3SS

(100 or 5Qhl) which did not containet-bungarotoxin.
With these procedures it was possible to maintain

total paralysis at any developmental age.

Amputation techniques

Vastly different amputation procedures had to be

used for the different days on which amputations were

carried out. Different days were used to test different

hypotheses and also because it was found that it was

easier to obtain certain types of amputation on one day

rather than another. Amputations were always of the

right hind limb since chick embryos after about 96 hrs of

incubation lie on their left side (Freeman and Vince, 1974

p20) thus making amputation of the right limbs much easier

than emputation of the left. Hind limbs were used

simply because the normal cell death curve for moto-

neurones in the lumbar region was known (Hamburger, 1975)

whereas that for the brachial region was not yet published

(Oppenheim and Majors-Willard, 1978).

Amputation at three days of incubation

Attempts at producing really radical amputations, in
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which most limb tissue was missing, were more often

successful at 3 lays of incubation rather than on later

days due to the fact that one was more likely to leave

some sort of stump behind at later stages.

The eggs were "windowed" in the same way as before

and sterilised 333 containing Tven's Blue was injected

into the yolk sac beneath the embryo using a 25 gauge

needle. The hole in the yolk sac did not' unduly affect

the viability of the embryos so long as it was kept small

and was made a reasonable distance from the embryo by

angling the syringe. The blue dye made the structures of

the embryo stand out much more clearly - white on dark

blue rather than white on the pale yellow of the yolk.

This made the operations much easier.

Two eleetrolytically sharpened tungsten needles,
- s.

with glass handles made from capillary tubing, were then

used to tear a hole in chorion ana amnion and make a skin

incision to lay bare the mesenchyme. (All instruments

were sterilised by immersion in 70/* alcohol overnight.)

Ciiu-Wang and Oppenheim (1978a) using the vibrating needle

technique (Wenger, 1968) recommend stage lo for radical

amputations. At this stage the mesenchyme of the pros¬

pective limb bud is rot as condensed as it will be at stage

17 or stage IS (Fig. 2.1). with tungsten needles it was

easier to remove the mesenchyme at these two later stages.

The technique was to place one needle point beneath the

mesenchyme and, with the other applying tension to the
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Figure2.1:Chickembryosstages16,17and18.Condensationofmesenchyme isindicatedontheleftsidebycross-hatching,theareatoberemovedfor radicalamputationsisenclosedbythedashedlineontherightside.



embryo, to pull upwards. Stages 17 and IS were preferred

for operations because the mesenchyme came out much more

as a whole than at stage 16. The 0.1ml of BSS or BSS

containing ^/.-bungaro toxin, for animals to be both amputated

and paralysed,could then be applied to the embryo by

displacing the amniotic fluid as described (Chap. 2.3

Injection techniques).

Amputation at four days of incubation

The eggs were opened and the membranes torn as

usual. The amputations were carried out using small

pieces of broken razor blade attached with Araldite

(Ciba-Geigy) to fine glass rods for handles. One blade

was manoeuvred beneath the limb bud and used as a base

for the other blade to cut down to. The amputations were

done at stages 20-24. Axons first enter the leg at

stage 24 and reach the knee by stage 25( Oppenheim and

Heaton, 1975) hence care was taken in stage 24 amputa¬

tions not to do proximal, only more distal, cuts so as

not to axotomise any neurons and thus introduce an

undesired extra variable into the experiments. The

amputations being made at different proximo-distal levels,

graded amputations such as described in detail by Hampe"
(1959) were produced: hind-limbs containing only the

pelvic girdle to hind limbs in 'which only one toe was

missing. The survival rate for the operation was highly

variable between batches of eggs: 0-100^.



Amputation at ten days of incubation

This because of the size of the embryo limb at

10 days is an entirely different problem to that of

amputation at day 3 or day 4. The technique eventually

settled upon was simple and speedy. After windowing

the eggs as usual, the choric-allantoic membrane was

torn with two pairs of fine watch-makers-forceps taking

care to avoid damaging anything but the finest blood

vessels. The amnion was then torn open. The right

hind-limb was then caught, pulled out through the

incisions and subjected to prolonged crushing with one

pair of forceps. The tissue distal to the crush was

removed with the other pair, the stump of the limb

replaced within the amnion (it usually returned there

of its own accord) and 0.1ml 3SS injected into the
- N-

amniotic cavity. The crush was made at varying proximo-

distal levels in order to produce graded amputations

analogous to those achieved with the three and four day

amputations. Attempts were made, using an electrically

heated resistance wire cautery device, to cauterise the

limb stump in order to reduce the bleeding caused by

the operation. This was not effectual - survival rate

with or without cautery being around 25$* The survival

rate in sham operated embryos, membrane incisions only,

was around 85$.

2.4 Tissue processing and sectioning

Fixation

In order to fix animals the window, at all stages of
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incubation, was made larger. The embryonic membranes

were torn and the embryo lifted out of the egg using

either forceps, or, about day 10 of incubation a dental

probe. This latter may be pushed beneath the neck of

the embryo to lift it out of the egg with very little

trauma. The lumbar region was dissected out in

avian ringer by decapitation, evisceration,skinning,

removal of the legs and transection of the vertebral

column rostral to the lumbar enlargement. At day 9

and before,it was only necessary to decapitate and evis¬
cerate. In 10-day amputated animals in which the muscle

volume was to be calculated the hind-limbs were not

dissected off but left in situ.

In 16-day and 20-day embryos the muscle mass was

found by dissecting off the entire limb musculature and

weighing the blotted dry, muscle. The technique

involved flexing the knee joint and removal of the shank

muscles by cutting the tendons at the distal end of the

fibia and reflecting proximally. The thigh musculature

was removed separately by starting dorsally with the

•sartorius' (Hudson et al., 1959) and reflecting distally.

An attempt was made to remove as much non-muscle tissue

as possible i.e. fat, nerve and blood vessel once all

the soft tissue had been removed from the bones. Care

was always taken to remove the obturator internus muscle

from the medial surface of the pelvis but dissection of

the intrinsic foot muscles was not carried out on a

routine basis. This wa3 because the time involved in
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distinguishing the small muscles from the mass of

tendons with which they merge in the foot was not worth

the spurious accuracy obtained. Estimates of the

volume of the intrinsic foot muscles at 10-days incuba¬

tion from camera lucida drawings (Chap. 2.6), showed

that they, on average, accounted for only 1.2# of the

total limb musculature. This value must be well within

the error of the technique for estimating' the sixteen

day muscle mass and can thus be safely ignored.

To obtain good serial sections of the spinal cord,

an uncurved cord, it was found useful at all ages, to

place the lumbar region on a piece of card and fix it

still attached to the card. Evisceration of the

embryos aided laying the embryo out flat. Embryos

were fixed in Carnoy overnight. Preliminary experiments

showed that Carnoy gave better results than Bouinfe.

Decalcification

Enbryos older than 10-days needed to be decalcified

for 2-4 days in 10# formic acid, but this was found to

be unnecessary for younger embryos.

Dehydration

Carnoy is a dehydrating fixative and thus the embryos

of 10-days and younger,which were not decalcified?could
be taken straight to 740P alcohol to rinse out the

fixative. Embryos of greater than 10-days which had

been decalcified were taken through 70# and 90# alcohol

before 740P. All embryos were cleared in cedarwood oil

for up to 2 days. The two procedures are:



Over 10-days

Prom Formic:

2 x lhr 70$ alcohol

2 x lhr 90$ alcohol

4 x lhr 740P

Cedarwood oil.

Embedding

Tissues were embedded in paraffin wax (56-57°C
Paraplast) at a temperature of 60°G. Procedure from

cedarwood:

1 x 2hr xylene

3 x lfhr wax

emb ed.

Animals were always embedded such that there orientation

was known.

Sectioning

Serial sections were cut on a Reichert rotary

microtome. At 10-days and younger sections were cut at

8/i, for over 10-days at 10/1 except for the 20-day

embryos which were cut at 12/i. The sections were

mounted on 7b x 26mm slides as many as possible to a

slide taking care to preserve the section order. The

sections were cut and mounted in a standard manner so

that the right and left sides of the embryos were always

known. In order to prevent sections floating off while

being stained the slides were coated with chrome-alum-

gelatin.

69.

10-days and younger

From Carnoy:

4 x Ihr 740P

Cedarwood oil.
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Staining

Staining was done with haematoxylin and eosin using

either Delafield's or Harris's haematoxylin (Humason,

1972). Sections were mounted in D.P.I. (3.D.H. ).

Staining schedule:

2 x 5mins xylene (deparaffinise)

5mins 740P

5mins 30$ alcohol

5mins distilled water

15mins Haematoxylin

Rinse tap water

Dip in 1$ acid-alcohol (differentiate)
Rinse tap water

5mins Saturated Lithium carbonate (Blue)

^ 5mins tap water

dip in 4$ eosin

Rinse tap water

2mins saturated potassium alum

Rinse tap water

2mins 30$ alcohol

2mins 90$ alcohol

2mins 740P

2mins absolute alcohol

2 x 2mins xylene

Mount

2*5 Counting of motoneurones and correction factors

The procedure used for estimating the total number

of cells in the lateral motor column (LMC) involved
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counting all nuclei containing one or more nucleoli

in ever/ tenth section cut through the lumbar enlarge¬

ment and then correcting for double counting of neurones

which had been divided by the microtome knife during

sectioning. The magnification used for counting varied

with the age of the embryo from x600 at day-6 to x300 at

day-20 because of the difference in the size of the

neurones with age. The microscope was a Vickers I£L5

fitted with a green filter (Kodak cat. no. 149 6306).

The green light interacting with the haematoxylin stain

made the nucleoli clearer and thus easier to count. A

10 x 10 ocular grid was also employed in order to divide

up the population of cells being counted into manageable

units: it helped one to know which cells had or had not

been counted,especially in the younger embryos.

All counting was "blind" i.e. when the count was

actually being carried out it was not known which animal

was being counted: it was not known to which experi¬

mental group the animal belonged. The accuracy of

counting was checked by recounting some animals. The

maximum difference between counts was 3.7>*

The most accurate method of cell counting is to

count every section. However this is very tedious and

the method of counting regularly spaced sections (in

this case every tenth) was shown by Konigsmark et al.

(1969) to be the second most accurate sampling method.

The more accurate sampling method involves an estimate

of the volume of the nucleus being counted (camera lucida
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drawings as in 2.6), and is thus, in practice, more

complicated than the almost as accurate systematic

sampling with multiplication by the period used. The

formula for systematic sampling is:

N* = N' . P

where IT* is the estimate of the total number of cells in

the population, N' is the number of cells in the sample

(the total from all counted sections) and- P is the

inverse of the sampling fraction. Por these experiments

it becomes:

IT* = IT' . 10

Handom sampling is not as accurate as systematic sampling

due, according to Konigsmark et al. (op.cit.) to the

large fluctuations in cell numbers that occur in differ¬

ent sections. Por example, the distribution of LUC
N_

cells in the rostro-caudal axis (f ig.4-I2)has a general

shape with a preponderance of cells rostrally. It

follows, therefore, that random sampling, with its

irregular spacing, could easily weight the estimate of

the total population up or down depending on whether

more counts were done in regions 'where IMC ceil numbers

are high or low. If a large number of animals was

being averaged the effect would be minimal but in indi¬

vidual animals with comparison between sides an error

would be introduced.

Correction factors

IMC cells, as viewed with the light microscope,

contain one to three nucleoli (Pig. 2.2). Obviously it
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Figure 2.2a: Lateral motor column cells containing

up to three nuqleoli lb-day embryo x 630.

Figure 2.2b: Liagramatic sketch of IMC cell containing
three nucleoli, with large clear nucleus surrounded by
cytoplasm.
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is quite possible for the microtome knife while cutting

sections to pass between the separate nucleoli and thus

one cell is counted in two sections^becoming to all
intents and purposes two cells. This means that

straight-forward counting down the microscope over¬

estimates the number of cells present. This is one of

the factors involved in deciding on what'section thick¬

ness should be used. As section thickness is increased

counting becomes more accurate because a smaller fraction

of the total population of cells is divided by the knife

but less accurate because more cells overlap each other

and are difficult to distinguish. The thickness of

the sections used was decided upon by optimising the

two opposing effects. This is the reason that different

thicknesses were used at different developmental ages:

8;a at or before 10-days, 10ju from 11-19-days and 12p. at

20-days. Cutting at 10/1 for day 10 and under gave too

great an overlap of cells in the immature cords, cutting

cords older than 10-days at Qp. would have given an even

larger number of sections than was obtained,each section with

very few 1*5.1C cells and with a large probability of

double counting because of the increased size of the cells.

Nucleoli can also be split by the microtome knife,

giving double counting, but this is less of a problem

than it theoretically should be. This is because

the nucleoli being denser than the surrounding nuclear

substance tend to be displaced by the knife into one or

other of the adjacent sections rather than cut in two
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(Xonigsmark, 1970). The division between nucleoli

in any one cell and the splitting of nucleoli has been

recognised as a problem in cell counting for many years

and various correction factors have been devised to take

it into account.

The simplest correction factor is that of Abercrombie

(1946). The formula he obtains is:

t
N =11 • mr

N is the actual number of nuclear centres in a section

of thickness t, n is the observed number and d is the

diameter of the object being counted, in his case the

nucleus. The derivation of the Abercrombie correction

factor is illustrated in Figure 2.3. All nuclei that

just touch the edge of the section will be included in

the count of" cells in the section. The observed count,

n, for a given section will therefore include all cells

whose nuclear centres are within the section and also

those whose centres are up to one nuclear radius (r) on

either side of the section. Assuming a random cell

distribution this means that the actual number of nuclear

centres (N) within the section, thickness t, is found

by reducing the observed number, n, by the fraction
t t

t + 2r t + d

factor:

N = n .

This gives the Abercrombie correction

t + d

In the case of I1IC cells, however it was not nuclei

that were being counted but nuclei containing one or
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t

t +d

Figure 2.3: Illustration of the derivation of the
Abercrombie correction factor. All nuclei that just
touch the edge of the section will be included in the
observed count - n. The actual number of cell centres,

N, within the section thickness t is found by reducing n

by the ratio — This is the Abercrombie formula:
t + 2r

N
t

n. ,
L ,t + d

j'igure 2.4: HIC cells in relation to section.
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more nucleoli. The diagram must be modified to that

in Figure 2.4. All cells whose extreme nucleoli just

reach the section will be included in the observed

count. Figure 2.5 illustrates how this factor was

taken into account. The distance x and y between the

extreme edges of the nucleoli in the dorso-ventral and

medio-lateral axes were measured. This was done in a

total sample of 45 cells drawn from the sections 10, 30,

50, 70, and 90/°, of the total distance along the rostro-

caudal axis of the IMC. Magnification was xlOO with

an oil immersion lens and measurements were made with

the aid of an ocular graticule. All the values of x

and y obtained were then averaged to, in effect, convert

the collections of nucleoli into one large "Abercrombie

nucleolus" with an Abercrombie diameter (figure 2.6).

The Abercrombie diameter should really be measured by

cutting sections perpendicular to the usual plane of

sectioning and using direct measurement in this axis.

For IMC cells this would have involved cutting some

animals longitudinally rather than transversely. How¬

ever, in view of the difficulty in obtaining experimental

material the expedient of averaging the distances in

the two other axes was used.

The Abercrombie is not a totally accurate correction

factor and figures 2.7 ana 2.8 indicate an obvious reason.

The Abercrombie correction factor assumes that the very

smallest fragment of nucleolus obtained during sectioning

will be countable. This is not in fact true: only a
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Figure 2.5: LulC cell showing measurements x and y

taken to derive the Abercrombie radius.

Figure 2.6: IMC cell, nucleoli and superimposed
"Abercrombie nucleolus".
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Figure 2.7: Illustration for correction factor including

adjustment for uncounted fragments, the Konigsmark
correction factor: N = n. — .

t + 2a

j'igure 2.Q: The derivation of the value0of a. From
2 2 k

the right angled triangle r = a + (— \ therefore
a2 = r2 - (§) aad a r2 - <|)\
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certain sized fragment is recognised as being a

nucleolus. This smallest fragment countable is denoted

by line k in figures 2.7 and 2.8. From figure 2.7 this
effect due to uncounted fragments can be seen to alter

the Abercrombie formula slightly from N = n . -j; + 2r

N = n. ^ ^ n-_ (the Konigsmark correction factor): a is"C + c.a

the distance from the centre of the "Abercrombie nucleolus"

to the point on the radius that bisects a chord of length

k drawn perpendicular to the radius. Figure 2.8 shows

how this distance, a, may be derived when both k and

the Abercrombie radius, r, are known.

This effect of ignoring some nucleoli because they

are not recognised as such means that the Abercrombie

correction factor is a slight overcorrection, an under¬

estimation of the true neuronal population. Unfortun¬

ately, for technical reasons, the more accurate

Konigsmark correction factor is more difficult to use:

the value of k is not readily, accurately obtainable.

Konigsmark et al. (1989) recommend using the smallest

diameter found in a sample of nucleoli, otherwise they

set k arbitrarily at Ip.. Doing this for LMC cell data,

setting k at Ip., only altered the Abercrombie factor by
a maximum of l*7fi and is an insignificant change when

the Abercrombie factor was reducing observed numbers by

2 5~30fc. For I2IC cells one must remember another catch

in determining the "Konigsmark": the uncounted fragments

are of true nucleoli and not of the fictional "Abercrombie

nucleolus". The true nucleoli being smaller than the
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"Abercrombie nucleolus" "the depth of the uncounted

fragment (b) becomes greater for any value of k (figure
2.9). One therefore has to calculate b for a circle

of the diameter of the average true IMC nucleolus then

subtract this value of b from the radius of the

"Abercrombie nucleolus" to obtain the value of a for the

Konigsmark equation: N = n . ^ ^ 2a*

As already stated the effect of uncounted fragments

is to make the Abercrombie correction factor an over¬

correction. Another effect however, tends to make the

Abercrombie an under-correction. The radius of the

"Abercrombie nucleolus" is calculated from direct

measurements of the spread of nucleoli in the cells seen

in sections of the IMC. As previously discussed, cells

are being split( by the microtome knife such that double-
- N-

counting is occurring and in effect fewer triple and

double nucleolated cells are seen than ought to be seen.

In other words some of the cells which seem to contain

1 or 2 nucleoli in reality contain 2 or 3. Maybe ail

LMC cells contain 3 nucleoli. By averaging the extreme

measurements x and y (fig. 2.5) for cells apparently

containing 1, or 2 nucleoli the radius of the "Abercrombie

nucleolus", as calculated, is smaller than it should in

fact be, making ^ ^ larger than it should be and leading
to undercorrection. Abercrombie (1946) discussed this

point for nuclear counting from a theoretical basis.

Estimating the actual diameter of a known-shaped body

from a series of chords cut through it he concluded that

the under-correction will seldom exceed 10c,a.
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Figure 2.9? Depth of uncounted fragment (b^) for
true nucleolus compared with the depth of the
uncounted fragment (b^) of the same k for the
"Abercrombie nucleolus".
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Clarke et al. (1976) use a correction for multi-

nucleolated cells in which they measured the distance

between the centres of the extreme nucleoli, z, then

took the arithmetic mean of the values of a ■■■■• Taking
0 "T Z

the arithmetic mean of t—^— averages this value rathert + z

than z itself which is what the Abercrombie and

Konigsmark factors do and is more accurate waen the

value of z varies greatly. Using IMC cell data the

more tedius averaging of ^ ^ ^ gave a difference in the
factor of never more than 2fc and so the use of the simpler

Abercrombie was not abandoned.

By measuring the distance between the centres of the

extreme nucleoli Clarke et al. (op.cit.) are saying that

b^j the depth of the uncounted fragment of the true
nucleolus (fig. 2.9), is equal to the radius of the true

nucleolus and that k, the size of the smallest fragment

countable, is equal to the diameter of the true nucleolus.

From table J.4- even at day-6 the average nucleolar diameter

is greater than the usually accepted value of k (2.5 as

opposed to ]yu). Since this is so, b would be over¬

estimated by the Clarke method, a underestimated and

—~

2a would be larger than it should be resulting in
an over-estimation of the true population.

Thus the Clarke correction is, for LLIC cells,

definitely an under-correction. The Abercrombie is an

over-correction due to uncounted fragments and an under-

correction because the size of the "Abercrombie nucleolus"

is under-estimated. The two effects on the Abercrombie
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will thus to soma extent cancel out though neither is

readily calculable. The simple Abercrombie is, then,

the correction factor of choice.

It is of interest that Pittman and Oppenheim (1978)

do not use any correction factor. What they do is to

try to have an "on-line" correction factor while counting,

by not counting all cells which are obviously IMC cells

but only those which satisfy stringent criteria: "large

and clear nuclei with a complete nuclear membrane and

with a cell body containing extensive cytoplasm" (R. W.

Oppenheim personal communication).

2.6 Calculation of muscle volume from Camera Lucida drawings

The volume of muscle in both amputated and non-

amputated hind limbs of 10-day embryos was calculated

from camera lucida drawings made for every twentieth

serial section cut through the limb. The drawings were

done using a Wild stereo dissecting microscope and camera

lucida at a magnification of xl4. (A sample of the

results obtained is shown in figure 4«2 ). The drawings

were photocopied and the photocopies cut up into the

muscle areas which were collected and weighed. The

formula used to convert the weight of photocopy paper to

the equivalent volume of muscle is derived as follows:

2
1mm of leg muscle is equivalent to X

(14mm x 14mm) of photocopy paper.

21mm of leg muscle = X
S

.'. 1, of photocopy paper = ^mm2 of leg muscle.
6 A
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Total weight of collected paper (W ) = W x ^ mm of leg
muscle (total area of muscle in one twentieth of the

sections containing muscle). total area in all sections

containing muscle therefore is:

W x h x 20mm^ (1)
S -a.

Now, the number of sections containing muscle (n) multi¬

plied by the section thickness in mm gives the length of

the limb containing muscle (L):
section thickness in p. _ Tn x 1000 ~ mm

or:

= L x 1000n
section thickness (2).

The average area of muscle per section is the total

area of muscle divided by the number of sections con¬

taining muscie or (l) f (2):
W x j? x 20 2

Average area = (mm )
L x 1000

section thickness

= W x 20 x section thickness
.

g vmm )
X x 1 x 1000
g mm

Volume is average area multiplied by length therefore:

„ , „ -j W" x 20 x section thickness x 1Volume of muscle 3 = g n mm
mm X x 1 FT000

g mm

k JT , i x 20 x section thickness „

<=> Volume of muscle 3 = _g £^ X x 1000

3 ^

The twenty on the top line will vary depending on the

fraction of sections drawn. The absolute value of the

muscle volume depends on the section thickness being
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accurate. This is important for comparison between

animals but for comparison between sides of individual

animals it does not matter. In some cases limb volume

was calculated in the same manner?the only difference

being that the entire limb, including the pelvic girdle,

was cut out of the photocopy paper rather than only the

muscle.

2.7 Determination of lumbar IMC cell distribution and

IMC length.

For most animals semi-diagramatic reconstructions of

the lumbosacral plexus were made using a technique

similar to that described by Hamburger (1939)* Following

another procedure of Hamburger (1958) the boundary

between segments was set arbitrarily as the section mid¬

way betweenthat containing the last axons of one ventral

root and that containing the first axons of the next

ventral root. Again following Hamburger (1939) the

fact that spinal nerve 25 branches to send axons into

both the crural and ischiadic (sciatic) nerves was used

to identify the segments. This was checked by the

position of the joint of the most caudal rib with its

vertebra which was, in most cases, anterior to the

segment which -was determined to be nerve 22 from the

nervus furcalis (Marshall, 1961) i.e. nerve 25. In a

very few cases the rib and nerve 25 did not coincide in

this pattern (the rib apparently being anterior to nerve

21) and such animals were not used for this part of

the study.
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To check the numbering of segments in 16-day

animals where the plexus was destroyed during the

dissection of the muscles (Chap. 2.4)> use was made of

the sudden change in vertebral morphology found between

the last thoraco-lumbar vertebra, with its large ventral

bar, and the next (lumbar) vertebra which has no bar.

(Marshall, I960). This morphological change was found

to occur just anterior to the nervus furc'alis (nerve 25)
in the majority of cases. Where this was not so the

animal was again excluded. From Fig. 4 of Marshall

(I960, p250) putting segment 25 just posterior to the

most caudal ventral bar, segment 22 is just posterior to
the last rib, the same as was found from the serial

sections. The numbering system was therefore valid.

The segments contributing to the lumbosacral plexus

were thus determined as also was the position of the

lumbar IMC, itself, in terms of segments. The number

of LMC motoneurones in each segment was then calculated

and expressed as a percentage of the total number of

LMC cells on the control side of the embryo. This

resulted in a plot of the distribution of LMC cells in

segments throughout the IMC.

Landmesser (1978a) used the section mid-way between

the dorsal root ganglia (DRGs) to mark the segment

boundaries. But, ganglia are more lateral than ventral

roots and taking them as segment markers will tend to

exaggerate any artefactual alteration of LMC cell dis¬

tribution due to the unavoidable cutting of sections at
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a slight angle to the transverse. Landmesser also

numbered the segments differently. The point mid-way

between the last thoracic and first lumbosacral ganglia

was taken as the rostral end of lumbosacral segment 1.

Fig. 1 of Landmesser and Morris (1975) makes clear the

point that using this method lumbosacral segment 3 =

segment 25 of the Hamburger method:

T7 LSI LS2 LS3 L34 LS5 LS6' LS7 LS8 LS9

22 23 24 25 26 27 28 29 30 31

Thus Landmesser must take the DHG of segment 22, just

posterior to the last rib, as the last thoracic ganglion.

This is the normal anatomical procedure (Gray,1973 pl047).

Another method of gauging the distribution of cells

throughout the LMC was employed. This was to divide

the length of the LMC in the rostro-caudal axis into
... N.

tenths, sum the number of LMC cells in each tenth and

express that sum as a percentage of the control side.

This was not quite as simple as it sounds.

In Chap. 2.5 it was explained that every tenth

section through the LMC was counted. This was done by

first, at low magnification, determining the rough

extent of the LMC and then numbering the sections from

a point rostral to where the low-power scan had indicated

the start of the LMC to be. Counting was then started

somewhere in the middle of the LMC on a section at a

multiple of ten from the start of numbering. From the

middle, counting was carried on to both ends. This

procedure was followed because at the rostral and caudal
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started and finished, especially in the younger animals

without previous experience of the particular embryo

being counted. The IMC thus ended somewhere between

the last section counted and the tentn from it,which

contained no IMC cells: on average five sections away.

This was justified because it was sometimes difficult to

be absolutely certain to one section, of the end. But,

one could be definite over a small number of sections.

(The recounted animals showed differences in the ends

of around ten sections (approx. 2$) as found by Lamb

(1975) in Xenopus.)

In Fig. 4.12 the distribution of IMC cells, the

morphology of the plexus, the boundaries for segments

and the boundaries for tenths can be seen for one animal.

In this animal 46 sections were counted in all. This

means that the first and last sections counted were 450

sections apart, as can be checked from the ordinate.

The length of the IMC in this animal (A106) is therefore

450 + (2x5)= 460 sections. In absolute terms,

because the animal was sectioned at Qp the IMC was

4o0 x 8 = 3,6oOp or 3.68mm long (Table 4.2 ). A tenth

of the rostro-caudal length in this animal is thus 46

sections. Bach counted section represents an estimate

of the average number of cells in the five sections in

both directions, rostral and caudal, from it. Thus

the most rostral counted section to contain cells in this

embryo, section 30, represents sections 25 to 35-

The first tentn therefore contains the first four counts
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plus 0.6 of the fifth. The second tenth contains 0.4

of the fifth, 0.2 of the tenth and the intervening

counts and so it goes to the last section counted.

The totals of cells in both tenths and segments

were expressed as a percentage of the control side in

order to allow comparison between different animals.

The actual numbers of cells varied greatly between diff¬

erent animals at any one stage and thus for comparison

to be possible the animals had to be standardised in

some way. The easiest way, since the two sides of non-

operated animals in general have very similar counts,

was to say that the control side of any animal equalled

100$ and compare the distribution on the amputated side

with that. If the total on each amputated side had

been said to be 100$ the sub-totals for the divisions
- N-

of the IUC compared to that would have been weighted,

inflated above what they should have been, by a degree

depending on the degree of fall in numbers due to the

amputation. This would only have allowed comparison

with animals which had been amputated to the same degree.

Chapter 2.8 Solutions

Operating solutions:

Hani's Balanced Salt Solution (B53)

1) 100ml normal strength Hank's modified balanced

salt solution with added:

2) 1 - 2ml Penicillin/Streptomycin (5,000 U/ml:

5,000/ig/ml)
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3) 2ml 1M H3P3S buffer

this all made to pH 7.4 as judged by the contained

phenol red indicator with IN Na OH. (All solutions
obtained from Flow Laboratories. ) The completed solution

was sterilised by being passed through a 13mm 0.45M

millipore filter with a type AP20 depth pre-filter

(10mm in diam.) in a Swinnex plastic autoclavable holder

for sterilising small volumes. All this' latter obtained

from Millipore UK Ltd.

Bungarotoxin

Purified -bungarotoxin was obtained from Boehringer

Corp. in lmg ampoules to which 1ml of 3SS was added to

produce a lmg/ml solution. 50mg purified c*C-bungaro¬

toxin was obtained from the Miami Serpentarium, Florida

(lot number BM '8-5Z). This was made up into 5mg/ml

aliquots with 3SS. The 5mg/ml aliquots were stored at

-20°C until required when they were diluted to lmg/ml

or 2mg/ml solutions.

Avian Ringer

Howard's modified ringer solution (Howard, 1953;

Sjoratt 1955):
7.2g Na CI

0.37g K CI

0.17g Ca Cl^ made up in 1 litre of distilled water.
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Fixative

Campy

600ml Cellosolve (2-ethoxyethanol) (BDH)

300ml Chloroform (M & 3)

100ml Aoetio acid, glacial (BOH)

Decalcification

10% formic acid made up 2.25 litres a.t a time from

250ml 90% W/W formic acid (M & B) diluted to 2.25 litres.

Mounting

Chrome alum-gelatin

1% solution of gelatin diluted 1:1 in a 0.1% solution

of chrome alum. 0.5g gelatin were dissolved by wa,rming

in 50ml distilled water and added to 50ml of a 0.1g/
100ml solution of chrome alum. The chrome alum stock

solution may be kept indefinitely but the gelatin solution

should be fresh every second day.

Staining

Harris's Haematoxylin

Haematoxylin (Revector) lg

Absolute alcohol or 740P spirit 10ml

Aluminium potassium sulphate(potash alum) 20g

Distilled water 200ml

Mercuric oxide 0.5g

Dissolve haematoxylin in alcohol, and the alum in water

by aid of heat, mix the two solutions together. Rapidly

boil. Remove from heat to add the mercuric oxide.



Reheat until the solution becomes a deep purple colour.

Remove from flame and immerse in cold water to stop the

reaction. The stain is then ready for use. Care is

needed when adding the mercuric oxide because the

mixture can be dangerously reactive. Nuclear staining

is said to be improved by the addition of glacial

acetic acid to the final solution.

Sosin

4g eosin per 100ml distilled water.

Lithium carbonate

Saturated solution Li 00^ obtained by maintaining a
Winchester with undissolved Li CO-^ at the foot.

Potassium alum

Saturated solution potash alum - 114g/litre.
...

Acid-alcohol

1ml conc. HC1 in 100ml 70ft alcohol.
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CKAPTRR 3

PARALYSIS 5ZP5RIII2ITTS

3.1 Introduction

The original aim of the research project was to use

radioactively labelled <j£-bungarotoxin to look for and

count early muscle 'sites' for nerve terminal attachment.

This v/as in the hope of investigating postulated numerical

controls of nervous system development (Prestige and

Willshaw, 1975). Por this to be a useful experiment the

JL. -bungarotoxin binding sites on the muscle,the acetyl¬

choline receptors, had to be good markers for presumptive

neuro-muscular junctions and their blockade had to leave

the early interaction unaltered. It was, however,

difficult to know from the existing literature whether

this was the"case. On the one hand, work in the develop¬

ing chick embryo, although inconsistant (Drachman, 19o7»

19b8; Giacobini et al., 1973; Giacobini-Robecchi et al.,

1975, 1976),could be taken to snow that functioning

acetylcholine receptors were essential for at least the

later stages of junction formation. On the other hand,

both tissue culture and nerve regeneration studies showed

that functioning acetylcholine receptors were not necessary

for the early stages of junction formation (Cohen, 1972;

Jans en and Yon 3ssen, 1975).

3.1.1 Chick embryo studies

The inconsistencies of the chick embryo work may be

represented in the readily assimilable form of a table

(Table 3.1).



Table3«1:Inconsistentresultspreviouslyobtainedwithneuromuscularblockadeinthe developingchickembryo.
BLOCKER

INJECTION SITE

INJECTION DAYS

DAYOP FIXATION
MUSCLE ATROPHY

REDUCED HISTOCHEMICAL ACETYL¬ CHOLINESTERASE
REDUCED CHOLINE ACETYL- TRANSFERASE

MYOTUBAL MUSCLE

LOSSOF MOTONEURONES

AUTHOR:
Drachman
(1967,1968)

Curare hamicholinium Botulinum Toxin

Chorio- Allantoic Blood Vessel

9onwards 12onwards
19 19

Yes Yes

-

Yes Yes

Yes No

AUTHOR:Giacobini
etal.(1973)

oCNajatoxin
Yolksac
3,8and12
16

Yes

Yes

Yes

Yes

Yes

AUTHOR:Giacobini-xiobecchietal.(1975)
'TypeA Botulinum Toxin

Yolksac
3,7,11 and14 7,11,and14

16

Yes Yes

No No

No No

Yes Yes

No No

AUTHC
)R:Giacobini-Robecchietal.(197b)

najatoxin Botulinum Toxin

Yolksac
3,7,11 and14

16

-

-

-

-

Yes

AUTHOR:Bourgeois
etal.(1978)

Plaxedil

Yolksac
10,11,12, 13

15

—•

Yes

—

—

—

AUTHOR:
Gordonetal.(1974)

Curare Suxauiethonium
Yolksac

11,12,13, 14
16and 18

Little Little

Yes(16and18) Yes(16and18)
-

No

-

AUTHOR:Ahmed(1966)

Curare

?

b-7

9,11,16
Yes (16-day)

Yes (16-day)

—•
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Examining the last five columns of the table,

containing the experimental results, two of the most

consistent findings are muscle atrophy and de-differenti-

ation or lack of differentiation of the muscle fibres

with myotubes present late in incubation. Why the Gordon

et al. (1974) data should differ in these respects is not

easily explained.

The variable effect found for histochemically

detectable acetylcholinesterase is more readily explicable

thanks to the work of Oppenheim et al. (1978a). These

authors paralysing chicks with curare applied to the

chorio-allantoic membranes from day-11 to aay-14 found

that different muscles showed different histochemical

acetylcholinesterase responses. For example, the anterior

latissimus dorsi muscle showed virtually complete absence

of staining, the posterior latissimus dorsi staining varied

from very weak to near normal and the gastrocnemuis

always showed normal staining. In the previous work,

Gordon et al. (1974) and Bourgeois et al. (1978) examined

anterior and posterior latissimus dorsi finding a

reduction in staining just as did Oppenheim et al. (1978).

But, Giacobini et al. (1973) finding a decrease and

Giacobini-Bobecchi et al. (1975) finding near normal

staining examined unspecified possibly different hind

limb muscles. This would have led to the difference in

the results.

The differing affects on cholineacetyltransferase

levels ofc^-najatoxin(Giacobini et al., 1973) and botulinum
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toxin(Giacobini-Robecchi et al. , 1975) can, at the moment,

only be understood on the basis of a genuine difference

between the action of the blockers. Giacobini-Robecchi

et al. (1975) go so far as to suggest that botulinum

toxin mimics the defect of the retrograde cholinergic

trophic factor (p.3? ) thus keeping the motoneurones alive

and the levels of cholineacetyltransferase normal.

This introduces the final column in the table, that

on loss of motoneurones following neuromuscular blockade.

Three of the results may be dismissed immediately.

Giacobini et al. (1973) and Giacobini-Robecchi et al.(1975)

came to their conclusions on motoneurone loss on the basis

of the physical size of the sciatic plexus and nerve and

the levels of acetylcholinesterase and cholineacetyl¬

transf erase in the limb. These parameters are of course
. - s»

only distantly related to motoneurone number. The size

of the sciatic nerve depends more on the increase in axon

diameter and the percentage of axonsmyelinated than their

actual number and the amount of enzyme associated with

each terminal may, as we have seen, vary with neuromuscular

blockade. To say that motoneurone number is increased,

decreased or normal one must count either axons or

preferably motoneurones. Relying on parameters such as

enzyme levels or nerve size is no substitute.

Giacobini-Robecchi et al. (1976) did count axons.

However, their method was inexact and this result too

must be doubted. At day-16 they counted the number of

myelinated axons per ventral root with light microscopy,
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found the ratio of unmyelinated to myelinated axons from

selected areas of ventral roots with the electron micro¬

scope then calculated the total number of fibres per

ventral root by multiplying the light microscope count by

the electron miscroscope ratio. The answers obtained for

controls was 10,000 axons per ventral root. This is

absurd since there are only around 10,000'motoneurones in

the whole lateral motor column at day-lb (Hamburger, 1975).

The error of the result has been verified by Cha-Wang and

Oppenheim (1978b) who counted all the axons in montages

of the ventral roots and found approximately 1,750 fibres

per ventral root. A fall in number of axons may occur

with blockers but the Giacobini-Hobecchi et al. (1976)

study would need to be repeated more accurately before the

point could be regarded as certain.
■ - N»

This leaves only Drachman (1967, 1968). He claimed

to have counted motoneurones in segments 15-28 and to find

a fall in numbers after the use of blockers. However,

the claim has never been substantiated by the publication

of figures for the numbers of motoneurones found, what the

controls were is not clearly stated and neurones were

counted only in 19-day animals. By day-19 a severe muscle

atrophy was present and so the loss of motoneurones could

either have been a primary effect of the neuromuscular

blockade or, as Drachman himself suggests, a secondary

effect consequent upon the muscle atrophy.

Thus although from these chick studies blockade can

be said in general to produce muscle atrophy and reduced
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acetylcholinesterase levels the effect on notoneurones

is far from certain.

3.1.2 Tissue culture and nerve regeneration experiments

Prior to this project being started Grain and

Peterson (1971) had shown that adult rat muscle fibres in

culture would become reinnervated by explants of foetal

rat spinal cord even in the presence of d -tubocurarine or

hemicholinium. This paralleled the in vivo study of

Jansen and Van Bssen (1975) who found that the phrenic

nerve would reinnervate the adult rat diaphragm even in

the presence of a paralysing dose ofo^-bungarotoxin.

Both these studies show, by blockade, that at least that

part of the acetylcholine receptor molecule that binds

acetylcholine is inessential for the re-formation of neuro¬

muscular junctions. A third experiment (Frank et al.,1975)

demonstrates this in another way. In soieus muscles

innervated by a foreign nerve after crush or section of

the true soieus nerve, the original nerve will reinnervate

the old end-plate sites on the muscle fibres. The re-

innervation was found to depend on the delay between dener¬

vation and reinnervation. The farther from the muscle

the nerve was cut the longer it took for the nerve to

regenerate and the fewer junctions were formed. This

decrease in efficiency of reinnervation occurred even

though the axons did eventually reach the muscle and even

though the old end-plates were maintaining a high sensi¬

tivity to acetylcholine. Thus reinnervation failed to

occur despite the acetylcholine receptors still being

functional.
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These reinnervation studies were complemented by work

on innervation. Xxplants of Xenoous neural plate, which

contain both motoneurone and tail muscle precursors were

cultured by Cohen (1972). Ke found that neuromuscular

junctions formed in the cultures and that the presence of

d -tubocurarine did not prevent their appearance, showing

that neuromuscular connections could be formed ab initio

without neurotransmission.

This has been confirmed since the thesis experiments

were began by the elegant work of Anderson et al. (1977)
and Anderson and Cohen (1977). They have demonstrated

that the patches of high acetylcholine receptor density

seen on cultured myotubes (Sytkowski et al. 1973) are not

the sites for first contact of neurits, as one once thought.

They found instead that the patches aggregate in the
- N-

muscle membrane beneath the terminal and form the early

end-plate only after contact has been established. The

acetylcholine receptors move to the nerve terminal rather

than the terminal growing to them. This occurred in the

presence of a blocking concentration of native <k.-bungaro-
toxin and after the receptor patches had been marked with

fluorescent-labelled ©C-bungarotoxin. The early stages of

junction formation are therefore independent of neuro¬

muscular transmission.

Prom the culture, nerve-regeneration and chick work

there therefore appeared to be two possibilities for tne

effect of neuromuscular blockade on motoneurons numbers in

the early stages of development. Tither motoneurone

numbers would be reduced or they would be left unaltered.
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The result was, of course, neither of these:

3.2 Results of Paralysis Experiments

3.2.1 First in.jection schedule

In the first series of experiments the embryos were

paralysed from day-4 to day-19 by injections given on

day-4 and every second day afterwards up to day—18. On

selected days throughout this period paralysed, sham-

injected and untreated control embryos v/ere fixed and

examined.

One immediately obvious effect was a reduction in

size of the paralysed embryos compared to controls. This

was at least partly accounted for by the paralysed embryos,

at late incubation days, being delayed by up to about one

stage, one day, in their development. However, the limb
. - «w

musculature was definitely reduced compared to other

tissue (rig. 3«1).

There were few signs of gross teratogenesis though a

generalised oedema was found in a number of the paralysed

embryos. Outwardly then, theoC-bungarotoxin treated

embryos develop normally apart from an atrophy of skeletal

muscle.

The decreased limb size meant that toe length could

not be used for staging but beak length, the other main

criterion for late staging (Hamilton and Hamburger 1951)

was relied upon. looking at the paralysed animals care¬

fully it would be seen that their heads were increased in

size relative to the rest of the body. Head development

was less affected by paralysis than the body.
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Figure 3.1: Difference in size lo-day control (above)
and paralysed (below) hind limb^.



103.

On sectioning and staining the lumbar spinal cords

it was obvious that, despite the muscle atrophy, lateral

motor column motoneurones. were still present (Fig. 3*2).

At both the lower power and especially a higher power

magnification (Fig. 3*3) it could be seen that there were

more motoneurones per section in the paralysed animals.

This does not, however, give any information about the

total number of motoneurones in the lateral motor column.

Depending on the degree of shortening of the spinal cord

produced with the decreased body size the total number of

motoneurones could be increased, decreased or unaltered.

To find out what the overall effect was the motoneurones

had to be systematically counted throughout the length of

the lateral motor column (Chapter 2.5). Both non-

degenerating (Fig. 2.2) and degenerating cells, some of

whose morphologies are shown in Figure 3.4, were counted.

The counts were carried out 'blind' for the three groups

of experimental animals: untreated controls, sham-injected

controls and©C-bungarotoxin-injected(paralysed)embryos.
The first three columns of Table 3.2 contain the data

obtained for non-degenerating cells Table 3.3 the data for

degenerating cells.

In the form of a graph (Fig. 3.5) it can be seen that

in untreated, normally developing, embryos a fall in non-

degenerating cell numbers was found. This fall occurred

mainly between day-6 and day-10 'with a simultaneous peak

in the numbers of degenerating cells. The fall in numbers

cf non-degenerating cells from around 24,000 on day-o to

around 14,000 on day-10 is of the order of 40^.
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(a)

Figure 3.2: (a) transverse section through segment 25 of
10-day sham-injected control embryo; note presence of
ventral bar (v.b.). (b) transverse section through

segment 25 of 10-day paralysed embryo; note absence of
ventral bar. Both x 50.
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Figure 3*3: Lateral motor columns of sham-injected (a)
and paralysed (b ) 10-day embryos showing increased number
of motoneurones per section after paralysis. Both x 160.
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Figure 3-4; A selection of some of the different

morphologies of degenerating cells. All x t>30.



Table3.2:I,leanmotoneuronenumbersperlateralmotorcolumninvariouslytreatedembryosat selecteddaysofincubation.Upperfigureuncorrectedvaluelowerfigurecorrected value.DatarepresentedgraphicallyinFigs.3*5-3«9»
1

2

r.i..-r.-Lin:-C-.mt: 3
4

5

6

7

Day

n

Untreated Controls Motoneurone number

Sh n

amInjected Controls Motoneurone number

da
n

Paralysed y-4onwards iotoneurone number

n

YolkSac Toxin Motorjeurone number

To n

xin10-days onwards Ivlotoneurone number

To

8

n

xin4,6and daysonly lotoneurone number

Sh

8

n

amInjected 4,6and daysonly vlotoneurone number

6

3

23,648 17,546

2

23,555 17,477

3

24,748 18,363

7

3

20,942 15,182
8

2

18,425 13,469
9

2

17,040 11,962

2

lb,392 11,507

2

24,260 17,030

10

2

15,140 10,734

2

16,525 11,716

3

24,313 17,238

12

2 2

14,022 10,096

2

13,287 9,567

2

19,455 14,008

2

14,782 10,643

3

14,555 10,480

1

13,650 9,828

14

13,670 9,665

3

11,840 8,371

2

21,652 15,308

.2

15,792 11,165

3

16,566 11,712

1

14,790 10,457

16

4

14,036 9,713

2

14,750 10,207

2

20,935 14,487

2

15,407 10,661

4

13,778 9,534

2

9,080 0,283

1

13,880 9,605

19

3

14,683 10,146

2

13,262 9,164

2

18,325 12,663

3

11,771 8,134

2

6,777 4,683

1

13,425 9,277
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Table 3.3: Number of degenerating cells per lateral
motor column: n is the number of embryos per

day per treatment. Values are mean number
per lateral motor column: where n is large
data are mean - 3.3. In groups marked with an

asterisk values are from control sides of

amputated embryos cf Chapter 4. Data for
untreated controls represented graphically in
Fig. 3.5.

Day n

Jntreated
control
Degenerating

cells

S]

n

bam injected
control

Degenerating
cells

n

Paralysed
embryos
Degenerating

cells

6 3 120 2 12 5 3 53

7 3 395

8 2 412.5

9 2 112. 5 2 145 2 137.5

10* 14 74-53 22 Sl±37 20 46-25

12 2 5 2 2.5 2 17.5

14 2 0 3 2 2 5

16 4 0 2 5 2 0

19 3 0 2 0 2 0

20* 9 0
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figure 3«5: Numbers of degenerating and non-degenerating
motoneurones per lumber lateral motor column present in
untreated control embryos at various days of incubation.
• -degenerating cells, x - non-degenerating cells,

fach point represents the mean for 2-4 embryos.
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Graphing the data for all three experimental groups

together (Pig. 3.6) the numbers of motoneurones in sham-

injected controls showed the same decline in number as

the untreated embryos. Two 16-day embryos that had been

injected into the yolk sac following the technique of

Giacobini et al. (1973) and which at no time showed

obvious paralysis also had motoneurone numbers similar to

control«However in embryos injected into the peritoneal

cavity (2.3)> which never exhibited neurogenic movements,

motoneurone number had not decreased by day-10 and after

day-10 showed only a gradual decline with the number always

remaining above control values. At each separate day

from aay-9 onwards there was, in fact, no overlap between

the 13 paralysed and the 28 control animals counted: a

highly significant result.
- N.

This result is for uncorrected motoneurone counts.

Correction factors to account for double counting of moto¬

neurones were calculated as described in Chapter 2.5 (p.70 ).

The values obtained for the various days of incubation

examined along with data on nucleolar and nuclear size are

given in Table 3«4. It was found that the correction

factors for paralysed and control embryos were not consis¬

tently different at any one day of incubation and so the

values obtained were pooled to give one value for each day.

There was, of course, a trend in the value of the correction

factor as the animals developed and the motoneurones grew

larger. In tuis context it should be noted that at any

one day of incubation there were no consistent differences
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Figure 3«oi Reduction of motoneurone loss byc£ bungaro-
tcxin treatment every second day from day-4 to day-18.
o - c-d-Bgt; • -sham-injected controls; x - untreated
controls; + - yolk sac«^.-3gt. The arrows indicate
the days of injection. Bach point represents the mean
of 2-4 animals.
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Table 3.4: Size of 'Abercrombie' nucleoli, true nucleoli,
nuclear diameters in medio-lateral and dorso-

ventrai axes with calculated correction factors.

Paralysed, control and amputated animals.

Abercrombie Correction Nuclear Diameter
iDay n nucleolus factor Nucleolus M-L D-V

6 Paralysed 1 2.8
0.742 2.5 6.9 6.2

Control 2 2.8 2.4 ' 6.7 6.5

7 Control 1 3.0 0.725 2.4 8.3 6.6

8 Control 1 2.9 0.731 2.5 7.3 6.7

9 Paralysed 1 3-4 0.702 2.65 9.8 7.8
Control 2 3.1 2.7 8.3 7.65

10 Paralysed 1 3-4 0.709 2.9 8.9 6.9
Control 2 3.3 2.8 9.1 6.4

Amputated 6 3.7 0.686 2.6 9.8 7.5

12 Paralysed 2 4.0 0.720 2.8 10.3 9.2

Control 2 3.8 2.7 10.5 9-0

14 Paralysed 2 4.1 0.707 2.95 12.2 8.5
Control 2 4.1 2.8 11.9 8.8

16 Paralysed 2 4.6 0.692 2.8 12.9 8.95
Control 2 4.3 2.7 12.75 8.95
Amputated 5 5.0 0.668 3.3 13.4 8.8

19 Paralysed 2 4.4 0.691 2.9 13-5 8.8

Control 2 4.6 2.9 13.8 8.8

20 Amputated 3 4.8 0.715 2.9 H • CO 10.2
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in the size of the motoneurone nuclei between paralysed

and control embryos. In both paralysed and control

embryos the size of the nuclei increased at approximately

the same rate.

The slight effect of the use of the correction

factors on trie raw data can be seen in Figure 3.7. The

9 and 10-day values for paralysed embryos are now slightly

reduced compared to the b-day value indicating that some

motoneurone death is occurring between day-6 and day-10

even with paralysis. The existence of cell death at this

time in paralysed embryos is confirmed by the presence of

degenerating motoneurones in 6-day and 9-day old paralysed

embryos Table 3.3.

Paralysis thus greatly decreases motoneurons loss

during the normal period in which it occurs - it increases
... v.

the number of motoneurones surviving. This is neither of

the two postulated possible results of decreased or

unaltered motoneurons numbers.

3.2.2 Second infection schedule

In the first series of experiments paralysis was

maintained from day-6 until day-19,both during and after

normal motoneurons death. In order to establish the

effect of paralysis after normal motoneurone death a

second series of embryos received their first injection of

oc-bungarotoxin on day-10. The results are given numeri¬

cally in column 5 of Taole 3.2 and graphed in Fig. 3.8.

It can be seen that tnere is no great or consistent change

from control values. Paralysis after normal motoneurone

death is over has very little effect on motoneurons numbers.
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3.2.3 Third injection schedule

Under this schedule paralysis was produced up to but

not after day-10, during but not after the normal period of

motoneurone loss, in order to see if the increase in moto-

neurone number was an irreversible or reversible effect.

The results are given in columns 6 and 7 of Table 3•2 and

in Figure 3*9* As soon as neurogenic motion returned the

number of motoneuronss fell from its artificially elevated

level. Eventually, by day-16 and day-19, the levels

reached levels well below control values.

3.2.4 Effects on skeletal muscle

In the four groups of experimental embryos there are

three different levels of motoneurons number at day-16.

Embryos paralysed from day-10 onwards have the same number

of motoneurons as controls, animals paralysed from day-4

have raised numbers and animals paralysed only from day-4

to day-10 have reduced numbers. Examining the histology

of the muscles in the three paralysed groups and comparing

with controls one sees varying degrees of abnormality.

Sections through the proximal thigh, specifically the

iliotrochantericus posterior muscle, one of the deep dorsal

muscles (Hudson et al., 1959; Homer 1927) are shown in

Figures 3-10 and 3* 11- -111 the muscles depicted are from

lo-day incubated embryos: the control and 4-day onwards

muscles (Figs. 3.10a and 3.10b) are from stage 41 embryos,

the 10-day onwards paralysed and 4 to 10-day paralysed

muscles (Figs. 3«lla and 3*lib) are from stage 42 embryos.

The control muscle depicted is thus from an embryo showing
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as much outward sign of delayed development as any of the

paralysed embryos.

The atrophy of the 4-day onwards paralysed muscle

(fig. 3*10b) can easily be seen by comparison with the

control muscle (Fig. 310a) there is some replacement of

muscle fibres with connective tissue and also a lack of

differentiation of the internal structure of the muscle

with much less development of fascicles. Thus motoneurone

number is increased but the muscle is atrophied by paralys

from day-4 onwards.

The atrophy is, however, much less than that seen

after paralysis starting later, at day-10, (Fig. 3.11s.).

There is much greater connective tissue replacement with

fewer, well developed, scattered muscle fibres. Yet,

these embryos^contain normal numbers of motoneurones

(Fig. 3.8).

In animals paralysed by injections given only on days

4, 6 and 8, the 4 to 10-day paralysed group, there is less

gross atrophy than in the 10-day onwards paralysed muscles

In fact though they are maintaining fewer motoneurones

than normal these muscles are similar to those of animals

paralysed from day-4.(3«lib, 3*10b).
In summary the results may be expressed as a table:

Motoneurone Muscle
Number Atrophy

Control Normal None

4-day onwards paralysis Increased Slight

4 to 10-day paralysis Decreased Slight

10-day onwards paralysis Normal Severe.
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(a)

Figure 3.10: Iliotrochantericus posterior muscle (Itp)
in 16-day control (a) and 4-day-onwards paralysed (b)
embryos showing atrophy of paralysed muscle, il.-ilium.
Both x 50.
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Figure 3.11? Iliotrochantericus posterior muscle (Itp)
in 16-day 10-day-onwards paralysed (a) and 4 to 10-day
paralysed (b) embryos showing in comparison with control
(Fig. 3.10a) severe atrophy in (a) less severe in (b).
il-ilium Both x 50.
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Normal motoneurons numbers can be found with either

no or severe atrophy. Slight muscle atrophy may be

associated with either increased or decreased motoneurons

numb ers.

Comparison of 14-day control (Fig. 3.12a) and 4-day

onwards paralysed (Fig. 3«l^b) muscle shows the lack of

fascicles in the paralysed muscle, the conglomeration of

components present, the preponderance of small cells and

the rarity of myofibres.

Examination of paralysed limbs revealed no obvious

sign of delayed muscle splitting though more painstaking

effort might have revealed slight abnormalities. Figures

3.13a and 3«13b show the pattern of muscles in the proximal

rostral thigh of 10-day control and 4-day onwards paralysed

embryos. It is,obvious that the anterior and posterior
. *>_

iliotrochantericus muscles which normally separate on

day-7 ( Homer 1927) have split successfully.

At higher magnification (Fig. 3«14a) many degenerating

muscle fibres can be seen in the 10-aay paralysed embryos

whereas no completely unmistakably degenerating fibres

were seen in controls (Fig. 3«14b).

3.2.5 Fffect on Vertebral morphology

v'/ork to be described in Chapter 4 involved the

determination of the spinal cord segments containing the

lumbar lateral motor column. One of the criteria used

was the position of the ventral bars normally found on

the thoraco-lumbar vertebrae, vertebrae 23, 24 and ^5 (2.7).
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(b)

■if jY #.

SSKl-a^ - - ^

Figure 3.12: Comparison of iliotrochantsricus posterior
nuscles (Itp) in 14-day control (a) and 4-day-onwards
paralysed (d ) embryos. il.- ilium. Both :c IcO.
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Figure 3.13? Comparison of the pattern of muscle in the

rostro-proximal thigh of 10-day control (a) and 4-day-
onwards paralysed (b) embryos Ita, iliotrochantericus
anterior; Itp,ilio trochantericus posterior;
s, sartorius; il.-ilium. Both x 50.
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(a)

Figure 3.14: (a) Degenerating muscle fibres in
iliotrochantericus anterior muscle (Ita) of a 10-day
4-day-onwards paralysed embryo. (b) control
iliotrochantericus anterior. Both x 320.
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It was found that these had not developed in 10-day 4-day

onwards paralysed embryos. The morphology of these

catilagenous bars which fuse the vertebrae with the ilium

can, in some measure be gathered from Figures 3.2 and 4.1.

An overall view may be obtained from Figure 3*15*

This is composed of camera lucida drawings of every 10th

section through part of the relevant region of the vertebral

column. The absence of ventral bars in paralysed embryos

is more convincingly demonstrated by this means than by

photographs of single sections.

Careful examination of all the control embryos for

the paralysis experiments revealed that the bars normally

first appeared between day-7 and day-8. Fxamination of

all the paralysed embryos revealed ventral bars in only two

late incubation 4-day onwards paralysed and 4 to 10-day
- v

paralysed embryos. The bars were present, however, in

all the 10-day onwards paralysed embryos.

3.3 Discussion of Paralysis Experiments

Before discussing the main points of the results it

is worth mentioning some of the lesser findings.

That paralysis produces a greaser atrophy of skeletal

muscle than of any other tissue in the chick embryo was

also found by Drachman (19b7, 19o3) and investigated in

greater detail tnan it has been here. He further noted

that paralysis gave few gross developmental abnormalities,

landauer (i960) found generalised oedema and embryos

with relatively larger heads than bodies -when he injected

large, possibly paralysing, doses of nicotine.



126.

Figure 3.15: Absence of ventral bars in 10-day 4-day
onwards paralysed embryos. A - control; 3 - paralysed
embryo. Camera lucida drawings of every 10th section
through part of segments and 25« 1-10 ventral to
caudal, ORG - dorsal root ganglion; il.-ilium,
n - notochord; v.b. - ventral bar; v.c. - vertebral canal.
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The gross effects of -bungarotoxin paralysis on

chick embryos have all, therefore, been seen previously

with agents acting on the neuromuscular system.

With regard to the lack of thoraco lumbar ventral

bars in the paralysed chick the data would suggest the

conclusion that the bars were induced by early neurogenic

movement of the embryo. A similar lack of hypapophyses,

though from cervical vertebrae, had previously been

reported for botulinum toxin paralysed chick embryos

(Murray and Drachman, 1969). Although paralysis thus

prevents the development of both cervical hypapophyses

and thoraco-lumbar ventral bars, there is an interesting

difference between the two types of structure in that the

former are muscle attachments whereas the latter are not.

Muscle generated tension inducing muscle attachment forma¬

tion is standard text-book embryology but the ventral bars

must be being induced indirectly.

The more widely known effect of paralysis in retarding

joint formation and the production of articular cartilage

(Drachman and Sokoloff, 1966) is possibly a related

mechanism.

The fall in control motoneurone number between day-6

and day-10 in these experiments, with a simultaneous peak

in degenerating motoneurone number corresponds with the

data of the definitive motoneurons death curve for the

chick embryo lumbar region (Hamburger, 1975). The

degree of loss of motoneurones in this time, 40/t, also

agrees with the figure found by Hamburger (1975). There
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must be a close correspondence between the populations of

neurones studied.

While the results of the paralysis experiments were

being compiled and before they were published (laing and

Prestige, 1978) a very similar study was produced by

Pittman and Oppenheim (1978). These authors used curare,

botulinum toxin andp^-cobratoxin to paralyse their chick

embryos during normal motoneurons loss but'found the same

result as found here with ac-bungarotoxin: increased

survival of motoneurones. They also found that curare

paralysis started after normal motoneurons death had no

effect on normal motoneurons number,confirming the result

witho^-bungarotoxin from 10-days onwards (Pig. 3*8).

Injecting curare early but not late they found that the

increased motoneurons number was maintained unlike the

result witho£-bungarotoxin where the numbers eventually fall

below normal. In a later, more substantial paper (Pittman

and Oppenheim, 1979) they did however find that injection

of both«C-bungarotoxin ando£-cobratoxin only on days 6-9

resulted in a fall below normal numbers by day-16. They

also found that the difference between the snake venoms and

curare was due to the continued presence of unmetaboiised

curare in the closed system of the cleidoic egg. Curare

injected on days 6-9 maintained reduced levels of motility

up to day-io and after,whereas the effect of injection of

snake venom was short-lived with motility levels returning

to near normal by day-13.
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All the main results have, therefore "been produced in

two indepenaant laboratories. They indicate a role for

muscle activity in motoneurone death alongside its already-

known role in the loss of multiple innervation (1.7.1).

Inactivity reduces both the loss of motoneurone terminals

and the loss of whole motoneurones.

Confirmation of the results comes from two other

studies. Creazzo and Sohal (1978) found that^-bungarotoxin

applied to the chorio-allantoic membrane of the duck

greatly reduced cell death in the trochlear nucleus and Olek

and Idward s (1978) found that«i -bungarotoxin injected into

lenoous tadpoles increased motoneurone numbers by up to

50$. Olek and Edwards (1978) also reported that ^-bungaro-

toxin applied after the period of normal cell loss had no

effect on motoneurone number; the same result as in the

chick.

Contrary to the findings with curare, botulinum toxin,

<U. -cobratoxin and J,-bungarotoxin it has been shown in the

developing chick (Pittman et al. 1978; Hirokawa, 1978),

lenopus (Olek and Edwards, 1978) and rat (3raithwaite and

Harris, 1979) that neuromuscular blockade with ^B-bungaro-
toxin reduces motoneurone number to virtually zero. <Yhy

there snould be such different responses to the pre Pnd

post-synaptic blocking fractions of Bungarus venom is

puzzling. Obviously they must be acting at different

points in the system controlling motoneurone number. The

difference cannot, however, simply be due to the pre-synap±ic

action of -bungarotoxin since botulinum toxin, which also
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acts presynaptically, increases motoneurone number. It

is probably relevant that ^-bungarotoxin destroys not only
motoneurones but dorsal root ganglion cells, sympathetic

ganglion cells, retinal ganglion cells, cells of the spiral

ganglion of the inner ear, and trigeminal and vagal axons

(Hirokowa, 1976). It thus destroys both cells which do

and cells which do not respond to nerve growth factor :

it is widely neurotoxic.

There are two lines of evidence that the drugs pro¬

ducing increased motoneurones are acting at the level of

the neuromuscular junction and not in the spinal cord.

Firstly Pittman and Oppenheim (1979) found that the degree

of reduction of motoneurone number after radical amputation

was identical in both paralysed and control embryos. This

showed that the periphery was equally important in both
cases: paralysis did not induce an over-riding spinal cord

effect. Secondly at least one of the drugs used,

cL -bungarotoxin, seems to be ineffective in blocking trans¬

mission in the spinal cord (Miledi and Szczepaniak, 1975)

though it does apparently bind to receptors. Txactly the

same paradoxical result has been found in the superior

cervical ganglion (Brown and Fumagalli, 1977): bungaro¬

toxin binds to receptors but does not prevent "transmission

through the ganglion.

The result obtained with curare, botulinum toxin,

-cobratoxin and o(,-bungarotoxin in the experiments of

Pittman and Oppenheim (1976, 1979) and those reported here

differ markedly from the results previously obtained by
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Drachman (1967? 1968), Giacobini et al. (1973) and

Giacobini-Robecchi et al. (1976) (Table 3*1) • Reasons

for doubting the conclusions of the earlier results have

already been given (3.1.1). Further to this, both in the

present studies and those of Oppenheim et al. (1978a) it
was found that yolk sac injections, as used by most of the

previous authors (Table 3*1), did not give reduced motility.

Oppenheim et al. (1978a) in fact suggest that the results

obtained by Gordon et al. (1974)» by blind injection into

the 'yolk sac' through a hole in the egg shell, were the

result of chance injection into the chorio-allantoic membranes.

The possible fall below control motoneurons number

found by Giacobini et al. (1973) and Giacobini-Robecchi et

al. (1976) after,/ -cobratoxin and botulinum toxin injection

is very reminiscent of the effect of successful early but

not late paralysis (Fig. 3«9; Pittman and Oppenheim, 1979)•

The result could therefore have been produced by highly

variable 'yolk sac' injections.

On the other hand, the muscle atrophy seen by Giacobini

et al. (1973) and especially Drachman (1964, 19o7, 1968)
is more extreme than that found in these experiments (Figs.

3.10, 3.11, 3.11) or those of Pittman and Oppenheim (1979).

This might suggest that the neuromuscular blockade they

had obtained was complete. For Drachman's experiments

(19o4, 19o7, 1968) this may have been the case but Giacobini

et al. (1973) did not claim to have paralysed their embryos

only to have considerably reduced their motility.

There are thus unresolved problems about the relationship
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between paralysis and xiiuscle atrophy and the relationship

between muscle atrophy and motoneurone number.

Pittman and Oppenheim (1979) suggest that extreme

muscle atrophy may act as a limiting factor in motoneurons

numbertarough retrograde degeneration just as was held by

Drachman (I9b8). 3y examining embryos only on day-16 and

day-19, when there was severe muscle atrophy in their

experiments, Giacobini et al. (1973) and Drachman (19o7,

1968) may have missed an earlier phase of increased moto¬

neurone number.

It is of interest that the most atrophied 16-day

muscle found in the present study was in embryos paralysed

from day-10 onwards (Fig. 3*11a) which had normal numbers

of motoneurones. The embryos containing both increased

motoneurone numbers (4-day onwards paralysed) and decreased

motoneurone numbers (4? 6 and 8-day injected) showed lesser

degrees of atrophy (Figs. 3.10b and 3.11b). This somewhat

paradoxical result of animals in which paralysis was started

later having a greater degree of muscle degeneration was

also reported by Giacobini-Fobecchi et al. (1975) and is

another unsolved problem. The phenomenon must mean that

early paralysis in some way saves muscle from the effects

of later paralysis.

Examination of 10-day 4-day-onwards paralysed muscle

(Fig. 3.14) reveals the presence of degenerating muscle

fibres. Muscle fibres, in these animals, that are not

frankly degenerating do, however, appear similar to those

in 10-day control muscles. The undifferentiated state of
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muscle at later stages of development in long-term

paralysed animals (3.1.1) is, then, the result not of lack

of differentiation hut of. a de-differentiation; or perhaps

more accurately - a regeneration.

The concept of regeneration is especially interesting

because of the finding of Prestige (197b) that regenerating

Xenopus limbs can support the full complement of the peak

number of motoneurones despite their small'size. The

early induction of regeneration might also be what saves

early-paralysed muscle from the effect of later paralysis.

The gross appearance of muscle is thus, as is obvious

anyway from the muscles in the various groups of 16-day

animals, not the important correlate with motoneurone

number.

The relevant data is not the gross anatomy of the
- *s-

muscle but the number of contact sites for motoneurones

that the muscle contains.

However, to obtain meaningful counts of the muscle

fibres in a muscle the muscle fibres must stretch the

entire length of a muscle. This only occurs in some adult

muscles and certainly not in embryonic chick muscles which

contain myo tube-s even at day-16 (Giacobini-Robecchi et al.

1975). The impossibility of counting the components in

embryonic muscles, especially the paralysed ones, can be

seen from Figure 3.12.

Tven if ail the components could be counted the

relevance of the answer to the number of target sites

present is questionable. Paralysis increases the number
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of myoblasts and myotub© present and some at least are

contacted by nerve terminals (Giacobini-Robecchi et al.

1375) but, are they all contacted and are such components all

contacted in control embryos or not (1.4)?

Oppenheim and I/laJ ors-w'illard (1978) and Pittman and

Oppenheim (1979) have obtained some information about

numbers of contact sites in paralysed embryos from acetyl¬

cholinesterase histochemistry. They found that both the

anterior and posterior iatissimus dorsi muscles had greater

numbers of end-plates than controls. This is particularly

striking for the normally focally innervated posterior

latissimus dorsi which developed a distributed innervation.

A similar effect was not, however, obvious in hind limb

muscles but, the authors gained the impression that there

might be extra end-plates very closely associated with the

normal sites.

3.3.1 Relevance of the results to hypotheses

In the General Introduction (1.6) the rejection and

redundancy hypotheses were discussed.

The significance of the paralysis experiments is

that if the redundancy hypothesis is correct then muscle

activity must be responsible for preventing Junction forma¬

tion in normal development. If the rejection hypothesis

is correct then the rejection of non-adult connections

must come about through muscle activity. A further possi¬

bility, that motoneurons death is pre-programmed, that some

motoneurones will die on reaching a certain stage of

differentiation no matter what, is ruled out by the
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paralysis experiments. Judging by nuclear size (Table

3.4) and spinal cord cholineacetyltransferase content

(Pittman and Oppenheim, 1979) all the excess motoneurones

surviving are developing normally. The motoneurones have

all passed the stage of development at which they normally

die and so death cannot be pre-programmed.

A fourth possibility is that motor-unit size is

reduced by paralysis, thus allowing more to survive the

competition for a limited number of sites. This is perhaps

ruled out by the fact that reduction of motor-unit size,

as occurs in loss of multiple innervation is delayed, not

accelerated, by neuromuscular blockade. That motor-unit

size is not reduced should however be verified experimentally.

The hypothesis that motoneurones which die die because

they have formed,their terminal arborisations across the

future line of muscle splitting and are thereby axotomised

when the split occurs (Landmesser, 1978b) is also ruled out

since most muscles split normally in the paralysed embryos

(Fig. 3.13)• There were no obvious signs of an alteration

of muscle splitting such as seen by Sullivan (1966) in the

chick shoulder region. More effort might have revealed

slight effects but that would not have been sufficient to

explain the lack of motoneurons death.

The redundancy and rejection hypotheses are therefore

the main protagonists.

Evidence such as that produced by Oppenheim and

Majors-Willard (1976) and Pittman and Oppenheim (1979) of

ectopic junction formation after embryonic neuromuscular

blockade supports the redundancy hypothesis.
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Circumstantial evidence from other areas of research

might have suggested that this would be the case.

The first area is the well-known phenomenon of moto-

neurone sprouting which occurs with muscle inactivity in

the adult. Motoneurone terminal sprouting is found in

myasthenia gravis (Woolf and Coers, 1974) and can be

induced in experimental animals by partial denervations

(Brown and Ironton ,1979) and botulinum toxin paralysis

(Duchen and Strich, 1968; Duchen, 1970). The sprouting

results in the previous end-plates on the muscle fibres

being abandoned and new end-plates being formed at some

distance away on either the same or on different muscle

fibres. This is thus another situation in which muscle

fibre inactivity is associated with ectopic end-plate

formation.
- v

Txact correlation of motoneurone sprouting with main¬

tenance of motoneurones during development is however,

debatable. This is because two of the agents known to

reduce embryonic motoneurone death do not produce motoneurone

sprouting: -bungarotoxin (Pestronk and Brachman, 1978) and

A -cobratoxin (.Duchen, personal communication).

A more relevant model may be production in the adult

of muscles innervated by a 'foreign' nerve. A foreign

nerve implanted into an adult muscle will not form end-

plates unless the original nerve to the muscle is interfered

with. Originally (Blsberg, 1917) this was done by cutting

the nerve but now other procedures including local anaesthetic

cuffs around the nerve (Jansen et al. 1973), cobratoxin
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injection (Duchen et ai. 1975) and botulinum toxin (Fex
st al., 1966) are known to produce the result.

Prevention of the ectopic junction formation by direct

stimulation of the muscle fibres (Jansen et al. 1973;

Lomo and Slater, 1978) has demonstrated that the process

is dependent on the activity in the muscle fibres themselves.

This formation of end-plates at ectopic sites is

similar to that found on parts of muscle membrane laid down

during denervation of developing muscle (1.4) and is related

to the formation of focal innervation in fast and distri¬

buted innervation in slow avian muscles.

The property of the nerve postulated to govern the

type of innervation formed during development (Bennett and

Pettigrew, 1974a; 1.4) is thus likely to be the activity

pattern of different axons. Henaud et al. (1978) have pre-
- v_

duced elegant experimental evidence for this view. Applying

exogenous stimulation to the spinal cord of caick embryos

from day-10 onwards they altered the innervation of the

posterior latissimus dorsi from focal to at least partially

distributed. The quality and quantity of neuromuscular

activity thus alters the number of neuromuscular junctions

on muscle fibres: the number of sites at which nerve

terminals can make contact. The mechanism by which neuro¬

muscular blockade reduces motoneurons loss during develop¬

ment may therefore be by increasing target sites for nerve

terminals. This supports the redundancy hypothesis as

the means whereby normal motoneurons loss is brought about.

The question is whether the number of end-plates is
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increased by roQc/» in the chick wing or 4-0/* in the chick

hind limb where, it will be recalled, a change from focal

to distributed innervation was not seen after paralysis (3.3 p/34).
The rejection hypothesis states that in normal develop¬

ment all motoneurones make contact with sites on muscle

fibres and so an increase in sites is not necessary for

an increase in the number of surviving motoneurones. The

only necessity is that inactivity of muscle fibres should

prevent the rejection of the adult terminals.

The rejection of the non-adult connections of multiple

innervation is delayed by inactivity (1.7) but, there is no

firm evidence, only indirect evidence, for rejection taking

place during motoneurone death (1.6) or for it being

prevented by paralysis.

The evidence from paralysis experiments to date is
. s.

then that there is some formation of extra sites for moto¬

neurone connection but no information as to whether it is

on a sufficient scale to account for the decrease in moto¬

neurone death. There is as yet no evidence to support the

rejection hypothesis.

Lamb in his important series of papers on the innerva¬

tion of the Xenopus hind limb has shown (Lamb, 197o;

l.d.4, Fig. 1.5) that caudal motoneurones in the

lumbar ventral horn cease to project to the postero¬

medial tnigh, containing the knee flexors,between stages

52 and 54 and (Lamb, 1977) that this cessation comes about

through motoneurone death. In his latest paper (Lamb,

1979a) he shows that the caudal ventral horn projection to
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the knee flexors still disappears even if the rostral

three-quarters of the ventral horn, containing the moto-

neurones that normally innervate these muscles in the adult

are removed. This means that the caudal, non-adult, cells

die even in the absence of competition for sites ana/or

trophic factor and that competition cannot account for all

motoneurone death.

It is a related result to that of Brown et al. (1976)

who, studying the loss of multiple innervation, found that

motor-unit size was reduced even at the expense of leaving

some fibres denervated if there were too few motor-units

left in soleus after selective ventral root section. In

lamb's experiment also some muscle fibres were left

denervated and became atrophied.

Unfortunately since lamb's was a horse radish peroxi-
. s,

dase study it does not give any evidence as to whether the

axons had formed functional connections and were rejected

or whether although present in the postero-medial thigh

they did not form connections - were redundant.

It is however an excellent model in which this answer

could be found. 7/hether paralysis, following the procedur

for Xenopus of Olek and Towards (1978) could prevent the

loss could also be determined. There is a good opportun¬

ity here to make substantial progress: the solution to

the redundancy rejection problem may be rapidly approaching

lamb himself (1979a) holds that it is quite probable that

neither redundancy or rejection, nor the possibly unrelated

specificity suggested by his own work, wholly accounts for
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motoneurons death. There is most likely a mixture of

mechanisms. He also warns that separating out the

effects of each may he difficult since altering one may

affect the others.

3.3.2 1,10 le cular me chani sms

The formation of neuromuscular junctions does not

directly involve acetylcholine receptors (3.1.2 and

Rohhins et al. 1977) though the results presented here

suggest that they are indirectly involved. There are thus

two objectives for research in this field: one, the

discovery of the molecules that are directly related to

junction formation and two, the discovery of the relation¬

ship between the acetylcholine receptor and the molecules

directly involved.

Recent findings about the formation of retino.-tectal

connections may be a useful guide. A series of papers

has been published which first showed that there 'was a

specificity of adhesion of retinal cells to the physio¬

logically appropriate part of the tectum (Barbera et al.

1973; Barb era, 1975) and then that gangliosides and a

ganglioside synthetase enzyme are involved (Pierce et al.

1978). It has also been shown (Freeman, 1977) that

•9C-bungar0toxin applied to the tectum will alter the

physiological retino.-tectal mapping.

Thus in the formation and re-formation of retino-

tectal connections molecules other than the acetylcholine

receptor - gangliosides - are possibly involved yet acetyl¬

choline receptors still influence the process. This is
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exactly the same conclusion that we have been forced to

with regard to the formation of motoneurone-muscle

connections.

Interestingly it has been shown that, in cell culture,

synapses will form between retinal cells and myotubes and

that this occurs only after an initial phase of adhesion

(Puro et al. 1977). The synapses between these tissues,

which do not normally form connections, are later terminated:

reminiscent of rejection of non-adult neuromuscular

connections.

An investigation of the role of gangliosides in the

formation of neuromuscular junctions, through the use of

specific enzymes, might, perhaps, provide one route for

progress.

How muscle activity or the state of the acetylcholine
. V.

receptors might affect the gangliosides or the release of

trophic factor can only be speculated upon.

Returning briefly to the subject of motoneurone

sprouting, Pestronk and Prachman (1978) found that

sL -bungarotoxin paralysis not only did not give sprouting

but, prevented botulinum toxin induced sprouting when the

two agents were both injected. This is a curious result

since oC-bung,?rotoxin blocks neuromuscular transmission at a

later point than botulinum toxin - postsynaptic rather than

presynaptic blockade. Pestronk and Prachman (1975) suggest

that the result is brought about because the extrajunctional

receptors produced as a result of the paralysis are functional

after botulinum toxin blockade but blocked withJi-bungaro¬
toxin. This raises the concept of multiple states of the

acetylcholine receptors.
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The acetylcholine receptors can take up at least

three different conformations: the resting or inactive

state, the active state associated with ion movements and

the desensitised state which is an agonist induced inactive

state (review Keidaann and Changeux, 1978).

In the inactive muscle most receptors are in the

resting conformation, very few are active hut a significant -

minority are in the desensitised state. Application of

cholinergic agonist produces an increase of the active then,

in turn, the desensitised state. Antagonists will either

force the receptors into the desensitised state (depolar¬

ising blockers) or the resting state (non-depolarising

blockers).

Inactivity produced by denervation, botulinum toxin

andoi. -cobratoxin which allows ectopic junction formation

and two of which give reduced motoneurone death should be

associated with a preponderance of resting state receptors.

Whether this is in fact correlated with the effects

of the various treatments and perhaps the availability of

trophic factor in paralysed, inactive, muscles is of course

entirely unknown but,may be another worthwhile path for

investigation.

Finally, a point which is not emphasised sufficiently

in this field is that the formation of a contact with a

muscle fibre is a signal for at least that particular

terminal to stop one kind of growth: a signal for it to

change from the 'seeking' to the 'secreting' mode (Watson,

1374). A study by Aloe et al. (1975) on the sympathetic
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ganglion has reinforced this. They injected both nerve

growth factor and 6-hydroxydopamine, which destroys

sympathetic axon terminals and thus prevents junction form¬

ation, into neonatal rats. They found that this gave an

even greater overgrowth of fibres than nerve growth factor

alone. The formation of peripheral connections by sympa¬

thetic ganglion cells then acts as a break: on the growth

of axons - as is logically necessary.

The paralysis experiments have opened up the study of

motoneurons loss and neuromuscular junction formation.

They have also shown the crucial importance of muscular

activity for the morphogenesis of the spinal cord.

It remains to be seen whether target tissue activity

is equally Important for nerve nuclei containing cells

other than motoneurones. But, the results should act as
4

... N.

a stimulus to further research and lead to a better under¬

standing of the mechanisms involved in the development of

the nervous system.
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CHAPTER 4

AMPUTATION 5£P3aiII3NTS

4.1 Introduction

In Chapter 3 (p./^o) reference was made to the results

of Freeman (1977) showing slight changes in the retino-

tectal projection of toads after application of «i-bungaro-

toxin to the tectum. His results reinforced the theoret¬

ical possibility thato^-bungarotoxin paralysis of the

chick was changing the motoneurons projection pattern into

the limb. In the goldfish a whole retina can be made to

project into a half tectum1compress'> by caudal tectum

removal and optic nerve crush (Gaze and Sharma, 1970).

Similar results, on the basis that paralysis allows

ectopic junction formation (3.3.2), might be produced in
. "V-

paralysed limbs.

The projection pattern of motoneurones into limbs can

be found by graded amputations followed by examination of

the distribution of the surviving motoneurones in the

lateral motor column. Comparing the distribution in

paralysed and sham-injected animals would answer the

question of whether paralysis was altering the projection

in any way. The proportion of motoneurones surviving

similar degrees of amputation in paralysed and sham-

injected embryos would answer the question of compression.
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4.2 Results

4.2.1 3 and 4-day amputations

In the first series- of experiments hind limbs were

amputated on day-3 or day-4 and the embryos fixed at

day-10 since it was known that on this time course radical

amputation gave virtual total loss of motoneurones

(Hamburger, 1953).

The effect of radical amputation on the morphology

of the spinal cord can be seen in Figure 4.1. As

previously reported (Hamburger, 1958) there are no lateral

motor column cells at all on the amputated side in some

sections and the grey matter rounds off. Lesser degrees

of amputation leave some motoneurones.

Tables 4.1, 4.2 and 4.3 give the number of moto¬

neurones and pthe volume of muscle, calculated from camera

lucida drawings (2.6, Fig. 4.2) on the control and amputated

sides of non-injected, sham-injected andod-bungarotoxin

injected embryos.

The motoneurone number on the amputated side expressed

as a percentage of the number on the control side and the

muscle volume on the amputated side exxaressed as a percent¬

age of the volume on the control side are also given.

Plotting the number of motonaurones surviving in the

amputated side lateral motor column against the degree of

muscle remaining after amputation (Fig. 4«3) reveals a

linear relationship between the two variables for both

sham-injected and paralysed embryos.
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Table 4.1: Non-injected controls, 3 or 4-day amputations
fixed at 10-days: motoneurone number, percentage
of motoneurones on amputated compared to control
side, muscle volume and percentage, length of
lateral motor column.

Animal 3 tage

Gorrt
IIIG Cel

R

scted
Ll No

1

Gell No
/" age
R/L

i.iUS C >L 6

Volume
(mm5)

H 1

Muscle
Volume
/• age
N/L

.. .....

1 IMG
Length
(mm)

3 78 36 9,590 9,007 106. 5 19.3 20.1 96 3.68

3 83 36 11,511 11,463 100.4 3.84

A142 36 8,074 8,822 91.5 3.36

A144 36 11,532 13,686 84. 3 3.92

A149 36 6,757 8,349 80. 9 3.36

A151 36 9,741 10,798 90.2 4.40

A155 36 9,474 11,923 79-5 11.04 13.84 79.8 3.04

A156 36 9,494 10,660 89.1 3.68

A157 36 9,611 9,906 97.0 3-36

A178 35-36 2,874 9,872 29.1 3.52

A183 36 2,23b 9,865 22.7 3.99 12.76 31.3 3.36

A1S4 36+ ryr O
/ UJ 8,911 8.6 3.68

A19o 35+ COO 9,494 6.2 3.7 o

A200 36 906 10,455 8.7 0.18 11.84
;

1 R
1

3.44

X 10,229 3 • 60

3.3. 1,429 i 0.33

n 14 14
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Table 4.2: Shan-injected controls, 3 or 4-day amputations
fixed at 10-days: motoneurone number and percentage,
muscle volume and percentage, length of lateral
motor column.

t-

Animal ctage

Corrected
I2IC Cell No
A oj

Cell No
/ age
2/L

LIuscle
Volume
(mind)

2 1

LIuscle
Volume
fo age
2/1

L IilC
length
(mm)

0148 36 10,290 9,330 110.3 3-52

0157 36 9,220 8,678 106.2 10.05 10.26 98.0 2. 56
A102 36 1,454 10,276 14.2 3.36
A104 36 727 10,619 6.8 0.14 20.38 0.7 3.6
A106 3o 960 10,324 9-3 3.68
A120 36 5,961 9,810 60.8 10.19 17.38 58.6 3-92

A121 36 6,538 9,467 69-1 10.13 11.66 86.9 3-76
A160 36 9,721 10,365 93.3 3.92

A161 36 8,602 10,064 85.5 17.31 19-1 90.6 3.84
A163 36 6,599 10,482 63.0 8.89 13-44 66.1 3*76

A165 36 10,132 10,736 94.4 15.9 15.3 104.1 3-44

A167 36 "6,387 11,346 56.3 3.6
A172 36 3,266 10,345 79-9 13.93 18. 31 76.1 3.6
A17o 36 2,525 8,493 2 9-7 2.69 10.37 2 5.9 3.04

A319 3b 5,941 10,660 55-7 10.18 18.83 54.1 3.92
A 320 36 5,742 10,050 57.1 11.89 23.81 49.3 4.08

A327 36 4,274 10,530 40.6 7.70 18.99 40.5 3.44

A328 3b 5,378 10,818 49.7 10.51 21.26 49.4 3.92

A32 9 36 o, 12 b 13,199 4b. 4 9.76 22.29 43.8 3.68
A3 30 36 7,114 11,703 60.8 3.6
A3 31 3o 7,930 11,971 66.2 15.2 24.03 63. 3 3.84
A332 3o 3,355 10,530 31.9 5-51 17.61 31. 3 3.68

10,445 17.69 3.63
o * 0 * 1,036 4-42 0.33 |
n 22 16 22
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Table 4»3« oL -bungarotoxin paralysed embryos 3 or 4-day
amputation, fixed at 10-days: motoneurone number
and percentage, muscle volume and percentage,
length of lateral motor column

Animal Stage

Corrected
HiC Cell 11o
B L

Cell No
r age
B/L

LIuscle
Volume
(mm-3)

H 1

LIuscle
Volume
$ age
B/L

t t t r r*
Jj jJLVIl/

Length
(mm)

D267 36 17,219 18,474 93.2 9 • 98 5 11.69 co vii • v_n 3.36
12 76 36 12,657 13,9o0 90.7 3-08
B 30 36 14,900 17,287 86.2 7.34 8.05 91.2 3-36
B 47 36 14,969 15,634 95-7 3.28
3 84 36 12,444 15,627 79.6 5.21 6.19 84.2 2.72

3 88 36 14,461 17,177 84*2 8.47 10.34 81.9 3.76

3102 36 10,921 16,766 65*1 3.35 7.22 46.4 3.52

3105 36 10,839 16,917 64 • 1 3.04 6.43 47.3 3.04

3106 36 9,906 15,929 62.2 4.01 7.11 56.4 3.68
3112 36 7,601 lo,308 46.4 2.63 6.83 38.5 3.36
3116 36 5,193 14,879 34.9 1.91 6.45 29.6 3.60
3128 36+ 1,530 17,459 8.8 0.01 7.12 0.1 3-44

3132 36 1,132 16,313 6.9 0.17 8.70 2.0 3-52

3135 36 5,845 16,539 35.3 3.28
3136 36 12,979 16,615 78.1 5-51 7.95 69.3 3.68
3141 36 9,041 14,413 62.7 4.39 6.95 63.2 3-92

3144 36 10,763 15,737 68.4 4-08 9.57 42.6 3.60
3147 36 12,307 18,796 65. 5 5.78 10.03 57.6 4.08
3149 36 12,568 16,697 75.3 4.62 7.57 61.0 3.28
3150 36 17,459 20,127 86.7 5.51 6.77 81.4 3.92

X 16,586 7.94 3-47

•j • 1 •

-i a rQ1, 1. 59 0.33
n 20 17 20
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Figure 4.1: Effect on morphology of spinal cord of
radical amputation at aay-3. On the left side of

photograph, right side of embryo, the grey matter has
rounded off with no sign of a lateral motor column.
Note presence of ventral bar (v.b.). Section through
segment 25 10-day embryos x 50.
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Figure4.2:Cameralucidadrawingsofeverytwentiethsectionthroughthelumbar regionandhindlimbsof4-dayamputatedembryofixedatday-10.A-amputatedsid C-controlside;ac-acetabulum;F-Femur;f-fibula;il-ilium;K.Jt.-knee joint;n-notochord;S.N.-sciaticnerve(dots);V.C.-vertebralcanal, blackareas-muscle.
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controls.
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The linear relationship is clouded however by the large

variation in motoneurone numbers in the control sides.

The difference in numbers of motoneurones in paralysed and

control embryos also prevents direct comparison between

3ham-injected and paralysed embryos. Expressing moto¬

neurons number, as well as muscle volume, as a percentage

of the control side (Fig. 4.4) allows direct comparison,

ruling out between-animal variation in numbers. The

remarkably linear relationships that exist between muscle

volume and motoneurone number remaining after amputation

can be plainly seen. The correlation coefficient for

the sham-injected group is 0.97 for the paralysed group

it is 0.96.

Using the standard statistical technique of examining

tne confidence limits of the two groups it was revealed

Paralysis thus does not produce any major variation from

the control relationship. There is no gross alteration

of the projection of the motoneurones into the limb: there

are no signs of 'compression' being induced by the paralysis.

What is more there is a constant mean innervation d ensity

(number of motoneurones per unit volume of muscle) through¬

out the limb at this stage of development.

There are two possible reasons that the regressions do

not go through the origin other than that the survival of

some motoneurones is independent of limb muscle (1.5.1).

One is that one of the most useful guides as to what is

or is not a motoneurone is the presence of other motoneurones

that they were not significantly different
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in the section. When there are very few motoneu.rones

per section, as after radical amputation, it becomes

difficult to correctly identify large interneurones which

look very like motoneurones and are now at the ventro¬

lateral margin of the grey matter. Some may be incorrectly

identified as motoneurones thus producing an overestimate

of low motoneurone numbers. The second is that defining

muscle volume by camera lucida drawing scattered muscle

fibres, as may be present after radical amputation, will

be excluded from consideration and thus muscle volume will

be underestimated. Both these errors would lead to the

regression lines crossing the y axis at a positive value.

Plotting the muscle volume against the motoneurone

number (Pig. 4.5) reveals the separation between the

paralysed and sham-injected populations due to lack of
. N.

muscle and increased motoneurone number in the paralysed

embryos. Paralysis has significantly reduced muscle volume

even as early as 10-days (p< 0.001, Mann-Whitney U-test).

The earliest grossly observable effect in the embryos of

Chapter 3 had been at 12-days.

Calculating the regression line through the control

side data for the sham-injected embryos in Figure 4.5

reveals a significant correlation (r= 0.73) between the

muscle volume in the limb and the number of moton8U.P0I19S

innervating it. Thus in control embryos some of the

large variations seen in motoneurone number is brought

about through the varying sizes of the limbs. larger

control limbs support larger numbers of motoneurones.
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Comparing the degree of amputation with the number

of motoneurones on the contralateral side of the embryo

(Fig. 4.6) reveals no relationship between them in either

the paralysed or control embryos. Amputating one hind

limb of a chick embryo does not affect the number of moto¬

neurones in the contralateral side of the spinal cord.

From Figure 4.6 it can also be seen that there is a

total separation in the numbers of motoneurones in the

control sides of the two groups of embryos - paralysed and

sham-injected. This confirms, with a much larger sample,

the result reported in Chapter 3 of significantly increased

motoneurone number at aay-10 after paralysis from day-4.

The increase, from a mean of 10,445 in controls to a mean

of 16,556 in the paralysed embryos is an increase of 59$»

This is approaching the theoretical maximum of 67$ for the

chick lumbar region where 40$ of the motoneurones created

die (1.5«1» Supernumerary limb grafts).

For seven of the sham-injected animals the volume of

the whole limb was calculated in addition to the volume

of the muscle (2.6). Table 4.4 contains the values

obtained and expressing the result graphically (Fig. 4.7)
reveals this relationship is also linear.

4.^.2 10-day amputations

From the long-standing belief that large proximal

muscles have larger motor units than smaller more distal

muscles concerned with finer movements (Sissons, 1374) a

linear relationship between motoneurone numbers and muscle

volume throughout the limb had not been expected. The
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Table 4.4i Volume of amputated and control side limbs.
Amputated limb volume expressed as a percent¬
age of control and number of motoneurones on

amputated side expressed as a percentage of
number on control side. Sliam-inj ected embryos
amputated at day-3 or day-4 fixed at day-10.

Amputated
Volume
(rnrn-^)

Control
Volume
(mm^)

Percentage
Volume

Percentage
Llotoneurones

A 104 1.6 44.25 3.6 6.8

A 176 5-9 23.3 25.3 29-7

A 120 19.8 39.6 50.0 60.8

A 163 18.7 36.5 51.2 63.0

A 121 19.8 29.1 68.0 69.1

A 161 25.75 34.5 74.6 85.5

0 157 27.3 26.7 102.2 106.2

X + S.D. 33.4-7.4
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The hypothesis had been that above the knee - less than

60fo of muscle remaining (Table 4.7) - there would have

been fewer motoneurones for a given volume of muscle.

It was possible that in the experiment involving amputa¬

tion at day-3 or day-4 compression up to a maximum innerva¬

tion density was occurring, even in controls, and dis¬

guising the true non-linear relationship. To test whether

this was the case amputations were carried out at day-10.

Remembering the work of Prestige (1976) which showed

that motoneurones survived amputation longer after the

main period of normal motoneurone loss in Xenopus (1.5.1,

Pig. 1.7) preliminary experiments were carried out to

discover how long 10-day motoneurones took to die. The

result is shown in Figure 4.8. Motoneurons numbers fell

steeply with no sign of a delayed effect. A plateau in
... N.

numbers on the amputated side, with variations due to

variations in degree of amputation, was apparent from

day-13 onwards. It was decided nevertheless to leave

the embryos to day-16 to be certain the effect was complete.

The result of graded 10-day amputations on 16-day

motoneurone numbers (Table 4.5, Pig. 4.9a) is a linear

relationship which can be superimposed on that obtained

in the 3 and 4-day to 10-day experiments.

Finally, knowing that multiple innervation in the

chick hind limb is lost in the days just prior to hatching

(J.X.3. Jansen Jr., personal communication) and postula¬

ting that this might affect the relationship, some embryos

were amputated at day-10 and allowed to survive until
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Table 4.5: Habryos amputated at day-10 fixed at day-16:
Motoneurons number, percentage of motoneurones on

amputated side compared to control side, soft
tissue weight and percentage, length of lateral
motor column.

Animal o tags

Corrected
IMC Cell No
A L

Cell No
/- age
R/L

Soft Tissue
Mass (g)
R 1

Soft
Tissue
A age
R/l

■ ■ ■

T TTTf*
AJ A^..± m

Length
(mm)

C163 42 7,415 7,709 96.2 0.494 0.492 100.4 o. 20

C165 42-43 0. 606 0. 661 91.7

C166 42-43 0.594 0.603 93. 5

C1S8 42 3,370 9,051 92.5 0.673 0.716 94.0 6.6

A207 42-43 3,113 3,771 35.5 0.247 0.708 34.9 6.4

A209 42 3,661 10,741 34.1 0.206 0.733 26.3 7.1

Ail 3 42-43 3,901 3,133 47-7 0.276 1.012 27.3 6.3
A216 42 795 8,403 9-5 0.037 0.756 4.9 6.0

A217 42 0.239 0.433 i 54.6
A220 42-43 7,322. 9,492 82.4 0.535 0.622 3o. 0 6.2

A222 42-43 6,326 8,811 71.8 0.457 0.635 72.0 6.2

A229 42-43 4,703 3,043 58.5 0.280 0.480 53.3 6.1

A230 ! O
T C- h- j -

•"7 l~7 C
/ ) 1 w „ M 0.150 0. 554 30.8 6.5

A231 41-42 6,433 3,911 72.2 0.355 0.614 57.3 6.7

A^37 42 O.623 0.693 89-9
A240 42 7,943 9,813 31.0 0.440 0.573 76.3 6.1

A241 42 6,314 3,490 SO. 3 0.531 0.662 30.2 6. 3

A245 42 1,917 9,113 c. J.. 0 0.104 0. o47 16.1 6.9
A2 52 43 o, b 5 2 5,031 62.0 0.385 0.740 52.0 6.4

X 3,324 0.654 6.40
O.J. 79o 10.127 0•w. • J _L

n 15 19 1 ^
— J
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day-20 (Table 4.6, Fig. 4.9b). The relationship is

still linear. The embryos might have been left longer

than day-20 but the mortality was high and increasing

rapidly and the embryos could not be allowed to hatch.

The linear relationship has thus been found in three

separate experiments. In 10-day embryos the volume of

muscle in the thigh, knee amputated animals, was approxi¬

mately 63% of the control side total (Table 4.2: A 120,

A 163, A 331). The control side limbs of 16-day and

20-day 10-day amputated embryos were dissected in such a

way (2.4) that the weight of thigh muscle could be found

and expressed as a percentage of the total muscle in the

limb. This gave values of around 64%: no significant

change. To check if the ratio, thigh: total, varied after

hatching six adult limbs were also dissected. This gave

a result of 61.4%. The mean values are in Table 4.7 and

graphed in Figure 4.10. The fall from day-20 to adult

is not significant but that from day-16 to adult is (Mann-

Whitney U-test, p^0.05). The change in the value is not

great and dissecting the adult limb was very different

from the much smaller embryonic limbs. Only a very small

systematic change in the dissection would have produced

the 'result'.

The final columns of Tables 4.1, 4.2, 4.3, 4.5 and

4.6 show the rostro-caudal lengths of the lateral motor

column in the various groups of 10-day, the 16-day and

20-day embryos. The means of these along with the values

for the embryos of Chapter 3 are given in Table 4.8 and
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labia 4.6: Nmbryos amputated at day-10 fixed at day-20
motoneurone number, percentage of motoneurone
on amputated side compared to control side,
soft tissue weight and percentage, length of
lateral motor column.

!

Animal Stage

Corrected
HIC Cell No
A L

Cell No
age
A/1

ooft Tissue
lass (g) •
R 1

Soft
Tissue
/" age
ii/1

T T r' t ^
1j J-ii-'m. O

length
(mm)

0172 45 10,060 10,153 99.1 1. 581 1.519 104.1 8.76

0173 45 10,174 10,410 97.7 1.368 1.367 100.0 9-0

An 8 3 45 4,569 9,295 49-1 0. 556 1.034 53.8 7.8

A2 95 45 2,831 11,040 25.6 O.4o5 1. 580 29.4 9.0

A303 45 6,959 9,331 74-6 0. 595 0.830 71.7 7.56

A304 45 3,146 7,786 40.4 0.216 0.579 37.7 7.32

A335 45 4,319 9,753 44.3 0. 540 1.031 52.4 7.44

A339 45 -1,316 10,840 12.1 0.100 1.796 5.6 7.68

A345 45 4,898 8,437 58.1 0. 506 1.028 58.9 7.56

X 9,672 1.196 8.01

3 .A. 1,082 0.393 0.70

n 9 9 9
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Table 4»7? Thigh muscle expressed as percentage of
total hind limb muscle. 16-day, 20-day and
a.dult animals muscle mass determined by
dissection. 10-day percentage average of
those animals amputated through the knee joint
no shank muscle. No values for weights of
10-day muscle since percentage calculated
from camera lucida drawings - volume estimate.
Other values mean - 3.0. Oifference lo-day
to adult p < 0.05 (Llann-7/hitney U-test).

10-day 16-day 20-day Adult

n = 3 15 9 6

Thigh
Muscle (g)

- 0.39*0.05 0.76±0.24 79.0-10.6

Total Limb
Muscle (g)

- 0.6li0.09 1.20-0.39 128.6-17.4

Thigh at
Percentage
Total

62.7 64?* -2.4?; 64.3-3-7 61.4-1.2$
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100

50

8 10 12 14 16 18 20

I

Adult

Day of incubation post hatch

Figure 4.10: Percentage of total limb muscle volume,
or soft tissue weight, present in thigh at various
days of incubation and in the adult.
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Table 4.8: Mean length lateral motor columns (mii)at
various days of incubation in untreated,
sham-injected and paralysed animals. n is
the number of embryos for each day. Where
n is large valuesare mean - S.D. In groups

marked with an asterisk the data came from

the control sides of amputated animals.

Day

Untreated
Controls

Sham-inj ected
Controls

Pa.ralysed
• Snbryos

n
Mean
length

n
Mean
length

n
Mean
length

6 3 2.45 2 2. 52 3 2.45

7 3 2.42

8 2 2.92

9 2 3.16 2 3.44 2 3-52

10 2 3.68 2 3-4 3 3.4

10* 14 3j 6^0. 33 22 3.63-0.33 20 3.47-0.33

12 2 4.1 2 3.45 2 3.4

14 2 4.9 3 4.43 2 3.8

16 4 6.37 2 6.35 2 5.8

16* 15 6.4-0.3

19 3 8.1 2 7.05 2 6.45

20* 9 8.0±0.7
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graphed in Figure 4.11. At day-10 there is no signifi¬

cant difference "between sham-injected and paralysed

embryos (Mann-Whitney U-test, p<0.1). Paralysis thus

does not affect the gross growth in length of the lateral

motor column up to this time. After day-12 however

there is a tendency towards lesser growth in the paralysed

embryos though the small number of embryos involved means

that no stronger statement than that can b-e made. Never¬

theless the tendency does suggest a lack of differentia¬

tion of the cord in the paralysed embryos. The lack of

development may reside in the interneurones, the develop¬

ment of the dendritic arborisations of or inputs to the

motoneurones. The motoneurone nuclei themselves are

individually not different from control embryo motoneurones

(3.2.1) and of course are present in larger numbers than

in controls.

4.2.3 Distribution in the lateral motor column of moto¬

neurones innervating different limb regions: control and

paralysed embryos

It can be seen from Figure 4.12 how the total numbers

of motoneurones in the lateral motor column may be divided

up into the number contained in each rostro-caudal tenth

of the lateral motor column or into the numbers present

in the different spinal cord segments (2.7). Impressing

the total in each tenth or segment as a percentage of the

control side total rules out, as before, between animal

variation and allows direct comparison of paralysed and

control embryos.
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8

Jb

X

o

X +

X»+ o

10 12 14 16 18 20

day of incubation

Figure 4.11: Length of lumbar lateral motor column at
various days of incubation as found from the number of
serial sections containing lateral motor column cells,
o -bungarotoxin; • - sham-injected; x - untreated
controls; + - control sides from 10-day amputation
experiment.
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Control Sides

The results obtained for the control sides of the

10-day 3 or 4-day amputated embryos are given in Table 4.9

and graphed in Figure 4.13. It can be seen that in the

controls there is a plateau in the numbers per tenth

from tenth 3 to tenth 7« This is not the case for the

paralysed embryos where the numbers rise to a peak at

tenths 4 and 5 and then fall again in a smooth curve,

there is much less indication of a. plateau. Using

Student's t-test on the values for each separate tenth

there are significant differences between paralysed and

sham-injected controls in most tenths.

One possible explanation of this result is that

although the overall growth in length of the lateral

motor column was unaltered in the paralysed embryos (4.2.2)
i

paralysis might have produced differential growth of

different regions within the lateral motor column. To

explain the result on this basis the rostral half of the

lateral motor column would have had to grow proportion¬

ately less in the paralysed than in the control embryos.

Examination of the lengths of segments 23-30 in sham-

injected and paralysed embryos did not reveal any such

overall effect. One segment, segment 29, was longer in

the oi. -bungarotoxin treated embryos but that is not suffi¬

cient to explain the magnitude of the effect. The first

three segments 23-25 comprising 40/1 of the length of

segments 23-30 were identical in control and paralysed

embryos.
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Sobryos amputated at day-3 or day-4. Fixed
at day-10. Number of motoneurones per rostro-
caudal tenth of the control side lateral motor

column expressed as a percentage of the control
side total. Sham-injected and paralysed
embryos mean - S.D. Probability values
(difference between sham-injected and paralysed)
- Student's t-test.

1
Unoperated 3ham-injected Paralysed

14 22 20

5.0 4.8±1.08 4.9-1.60

10.2 10.7-1.24 11.2-2.01

13.1 13.1^1.12 14.lil.89 p4 0.05

13.2 13.3il.28 14.sil.48 p < 0.001

13.3 13.lil.18 14.7il.04 p < 0.001

13.4

12.3

10.1

6.1

3.4

13.6-0.99

12.6il.13

9.7il.l8

5-7io.89

3.5-0.74

12.8il.05

10.9il.40

8.2il.42

5.5il.06

2.9i0.69

p/ 0.05

p < 0.001

p 4: 0.001

0 < 0.01
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Figure 4.13: Fmbryos amputated at day-3 or day-4 fixed
at day-10. Difference in distribution of control side
motoneurones in rostro-caudal tenths between paralysed and
sham-injected embryos. * significant difference
(ph. 0.05' tenths 3 and 6, ph.0.01: tenth 10, p< 0.001
tenths 4,5» 7 and 8). Student's t-test.
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Another explanation of the result must he sought.

The main difference between paralysed 10-day embryos

and sham-injected embryos is that in the former moto-

neurone death has been greatly reduced. It was of

interest therefore to find the distribution of moto-

neurones in 6-day control animals in which, also, few

motoneuronss have died (Chu-'i7ang and Oppenheim, 1973a).

The values are given along with those for 6-day 4-uay-

onwards paralysed embryos in Table 4.10 and graphed along

with the curve for the 10-day paralysed embryos in

Figure 4.14. The overall shape of all three distributions

is the same though the curves for the two groups of

paralysed embryos are shifted slightly rostrally.

It is then possible to say that the difference

between the 10-day sham-injected and 10-day paralysed
... N_

curves (Fig. 4.13) is mainly due to the effect of moto¬

neurons death. The fact that the curves are different in

Figure 4.13 means that there are different ratios for cell

death in the different tenths. If motoneurons death was

a constant proportion of the total throughout the length

of the lateral motor column then the two curves would be

superimposed on each other.

Where the line for paralysed embryos (little moto¬

neurons death) lies above the control line (normal moto¬

neurons death) there is a greater ratio of cells dying to

surviving than the overall mean and where it lies below

the control line tnere is a lesser ratio than the
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Table 4.10: Distribution of motoneurones in rostro-

caudal tenths of lateral motor columns of

o-day control and 4-day-onwards paralysed
embryos. Values are percentage of total
control number. n is the number of lateral

motor columns examined.

Dostral

tenth

Caudal

6-day control 6-day paralysed

n 10 6

1 3.5 4.2

2 9-5 10.8

3 13.4 13.85

4 14.35 14.9

5 14.8 14.7

... -6 13.7 12.9

7 12.1 10. 5

8 9.8 8.5

9 5.7 6.4

10 3.1 3.2
....
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1 234 56 789 10

rostral caudal
tenth

Sham-injected day-6

Paralysed day-10

X Paralysed day-6

Figure 4-. 14-: Number of motoneuronss per rostro-caudal
tenth of control side lateral motor column expressed as

a percentage of the control total. * - significant
difference 10-day paralysed to 6-day control (p<0.02:
tenths 1 and 7> p^. 0.05i tenth 2, p < 0.002 tenth 8)
I.Iann-Whitney U-test.
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Looking at (Fig. 4.13) then there is greater moto-

neurone death rostrally in the lateral motor column than

caudally.

The distribution of motoneuronss in segments for

the control sides of 10-day embryos showing normal plexuses

(2.7) is shown in Figure 4.15. A remnant of the effect

seen with division into tenths is still present. But,

even in these embryos which did not show extremes of pre-

or post fixation of the cord (2.7) there were still con¬

siderable variation. The lateral motor column sometimes

started in segment 22 sometimes segment 23. This lead to

a large scatter in the values for any one segment. For

example in segment 23 of paralysed embryos the values

varied between 2.3 and 14-4 per cent. Segments, because

of these pre and post-fixation effects are not useful
... N»

subdivisions.

Amputated Sides

The distribution of motoneurones in tenths on the

amputated sides were also calculated. The values for

various degrees of amputation at 3 and 4-days,(sham-
injected and paralysed embryos fixed at day-10^ are given

in Tables 4.11 and 4.12 and graphed in Figure 4.16.

In the sham-injected control animals (Fig. 4.1oa) as

more and more thigh is left intact, up to the 63/* knee

amputation line, there is a gradual build up of motoneurones

in the rostral tenths. This means, because the 635* line

is not different from the control side line in the first

three tenths that in control embryos all motoneurones
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Figure 4.15 s Number of motoneurones per spinal cord
segment on the control side of amputated animals
expressed as percentage of control total.
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Table 4.11: Sham-injected embryos amputated at day-3 or

day-4 fixed at day-10. Number of motoneurones
per rostro-caudal tenth of lateral motor column
ipsilateral to amputation expressed as a per¬

centage of the control side total. 100/4 data
is the distribution on the control sides

(Table 4.9). Other columns represent varying
degrees of amputation. n is the number of
embryos in each group.

Rostral

Tenths

Caudal

Perc
af
entage Motor
ter amputat:

leurones Remaining
Lon

8£ 31 46 56 63 83 94 100^

n = 2 2 3 3 4 2 2 22

1 0.3 3.7 3.5 4.8 4.4 3.2 4.7 4 • 8

2 0.3 5.7 7.9 9-9 10.3 8.3 9.8 10.7

3
...

0..9 5-9 8.6 11.6 12.7 12.0 12.3 13.1

4 0.6 4.5 7.4 8.6 10.9 12.9 13. 5 13.3

5 0.6 2.3 4.0 4.7 6.1 10.3 12.3 13.1

6 0.5 1.7 2.8 4.0 4 • 6 9.9 12.5 13.6

7 0.9 1.4 2.5 3.7 4-4 9-5 11.6 12.6

8 0.6 1.4 2.5 3.0 3.0 8.8 8.5 9.7

9 1.7 1.9 3.4 3.1 3.5 4.9 5.7 5.7

10 0.9 2.5 2.7 3.1 r~,

2.9 3.5 3. 5
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Table 4.12: Paralysed embryos amputated at day-3 or

day-4 fixed at day-10. Number of motoneurones
per rostro-caudal tenth of lateral motor
column ipsilateral to amputation expressed as
a percentage of the control side total.
100/c data is the distribution on the control
sides (Table 4. 9). Other columns represent

varying degrees of amputation. n is the
number of embryos in each group.

Hostral

Tenths

Percentage Motoneurones Remaining
After Amputation

CO 35 46 64 75 86 93 100?;

n = 2 2 1 5 4 3 3 20

1 0.7 2.6 3.0 4.0 5.1 3.8 4.4 4.9

2 0.4 5-9 6.5 8.5 11.0 9.8 H ro • o 11.2

3 ... . 0.4 5.9 6.0 11.9 13.3 13.8 14.9 14.1

4 0.3 4.9 4.3 10.7 11.3 13.6 13.7 14.9

5 0.5 3-7 5.1 7.2 8.2 11.4 13.8 14.7

6 0.9 2.7 6.0 6.1 8.4 9.6 12.3 L2.8

7 1.2 1.9 5.6 5.2 6.5 9.3 8.9 LO. 9

8 1.1 2.1 4.5 3.8 5-0 6.8 6. 6 8.2

9 1.1 3.4 4.1 3-7 4.3 5.0 4.4 5-5

•10 j 1.3 1.9 1.4
i

2.8 2.7 2.6 2.3 2.9
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present in the rostral three tenths innervate the thigh.

The distribution of thigh innervating motoneurones

in controls is then a rostral peak and caudal plateau:

more innervation by rostral than caudal segments.

In paralysed embryos it has already been demonstrated

that the control side line has a different shape to that

of sham-injected embryos (Fig. 4.13). Comparing Figures

4.16a and 4.16b it can be seen that there are slight

differences at other levels in the limb also. Examining

the 647= line in particular reveals that it, unlike the

sham-injected 637= line, does not coincide with the control

side line in tenth? 2 and 3 and in the caudal tenths is

higher than the sham-injected line. This tendency is

also apparent in the 467- lines.

Figure 4.17, allows comparison of the values for the
. - A*

control sides and the approximately 607- embryos. This

emphasises that the values for the rostral three tenths

in the sham-injected 607"- embryos are distributed amongst

the control side values whereas in tenths 2 and 3 of the

paralysed bOfo embryos the values are all below the mean

for the control sides. The differences in the paralysed

embryos segments 2 and 3 are significant p< 0.002 and

p< 0.02 respectively (Liann-iYhitney U-test).

In Figure 4*16 the motoneurones represented by the

area between the 637= and 047= lines and the 1007-, control

side line, must be those that innervate shank muscles.

It can be seen that they are in general more caudal than

the thigh innervating motoneurones.
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To obtain the distribution of motoneurones

innervating the shank in isolation the values for the

approximately 0O5- embryos may be subtracted from the

control side values. To do this most accurately the

control sides of the o05- embryos alone should be used.

The appropriate values are given in Tables 4.13a and 4.13b.

Plotting the percentage distributions of the 605-

of proximal innervating motoneuronss for sham-injected

and paralysed embryos gives Figure 4-18, the distribution

for the distal 405- gives Figure 4.19« In both these

figures where the*/.-bungarotoxin line, little motoneurone

death, is above the control line, normal motoneurone

death,there is a greater ratio of cells dying to surviving
tnan the mean, just as in Figure 4.13. It can be seen

therefore that amongst thigh innervating motoneuronss
. s.

there is a greater degree of cell death in the caudal

tenths whereas amongst the shank innervating motoneurones

cell death is greater in the rostral tenths.

Graphing the values for the actual number of moto¬

neurones present (Fig. 4*20) reveals that amongst the shank-

innervating motoneurones there is very little death at

all in the caudal segments.

In order to compare the distribution of the motoneurones

in paralysed and control embryos more directly, ruling out

the effect of there being greater numbers in the control

sides of paralysed embryos, the number of motoneurones

in each rostro-caudal senth on the amputated side was

expressed as a percentage of the number in the contralteral,
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Distribution of cO^ of motoneurones innervating

proximal tissue and 40^ innervating distal tissue,
a) sham-injected 10-day b) paralysed 10-day numbers
of cells per tenth on 60/- survival and control sides
with by subtraction numbers for 40/* of motoneurones
innervating distal tissue. Distributions expressed
as percentages of control side total.

Proximal
oO/s
Cell

Numb er

Control
Sid e

Cell
Number

Distal
40/9
Cell

Number

Proximal
oOjc

Distri¬
bution

Control
Distri-

722 699 -23 4o 4.4

1,656 1,724 68 10.3 10.8

2,020 2,099 79 12.6 13.1

1,739 2,107 368 10.9 13.1

974 2,041 1,067 6.1 12.7

737 2,237 1,500 4.6 14-0

701 2,052 1,351 4.4 12.8

495 1,584 l-,089 3.1 _9mi.
556 883 327 3.5 5o

460 599 139 3.7 0.3

10,060 ! 16,025 5,965 I 62.9 100.0 37.1

980
,043

1,117

2,557

137

509

4.1

3.5
4. 6

10.6

0-5

2.1

2,871 3,403 532 11.9 14.1 2.2

2 , 586 3,507 921 10.7 14. 5 3.8
1,732 3,431 1,699 7.2 14.2 7.0

1,4 8a 172 1,630 O . C. 13.1 6.9

1,146 a, 00^ .,416 11. u 2 •°

931 2,123 1,192 3. 8.8 j 4*9

1, 420 R9' j. 1 a . <L

671 749 78 ! 2. 8 3.1 0.3

.5,456 124,141 Q cZ Or- I : a o
O^Ovj^) \ o 4* • ^ 99-9 35.7
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control side, tenth. The values for each of the four

sham-injected and the five paralysed approximately 60$-

motoneurone survival embryos are given in Table 4.14.

Graphed (rig. 4.21), it can easily be seen how in the

first three tenths the sham-injected animals show virtually

no shank innervating motoneurones. Taken together the

values for tenths 2 and 3 of the paralysed embryos are

significantly different from the controls p<0.02 (Llann-

iYhitney U-test). Combining the values for tenths 6 and

7 and comparing paralysed with control the difference is

also significant at p< 0.02.

The results shown in Figures 4.20 and 4.21 would

suggest that in motoneurone death in the chick lumbar

lateral motor column non-adult segmental innervation is

being lost. This must be happening for the rostral tenths
. N.

and shank innervation where the values fall to below

significant levels and the same could be happening in

other regions.

10-day amputations: distribution of motoneurones in

control and amputated sides.

Calculating the distribution of motoneurones in the

control and amputated sides of the spinal cords of the

lo-day 10-day amputated embryos gives the values in

Table 4.15* Comparing the data for the control sides with

the control sides of the sham-injected 10-day embryos

(Fig. 4.22).reveals, as might be expected, few differences.

The difference in segments 5 and 10 are, however, signifi¬

cant p< 0.002 and p< 0.05 respectively. (Llann-.Vhitney U-test).



Numberofmotoneuronesperrostro-caudal amputatedaideexpressedasapercentage (a)Sham-injectedembryos(b)paralysed A120

A163

A330

A331

Prox X60/k

Dist 40/"

Rostral

1

102.0

o4-7

130

99.3

99

1

2

116.1

86.3

98.0

86.0

97.1

2.9

3

99.8

104.6

97.6

84.6

96.7

3.3

4

99.9

90.9

65.0

81.9

84.3

15.7

Tenth

5

55.0

37.3

37.8

61.6

47.9

52.1

6

30.4

34.0

26.1

40.5

32.7

67.3

7

24.2

39.1

25.1

46.7

33.8

66.2

8

16.2

43.8

22.2

42.4

31.1

68.9

9

34.9

79.b

71.4

64-9

02.7

37.3

Oaudal

10

57-6

76.5

93.4

87.1

78.7

21.3

Table4.14: (a)

tenthoflateralmotorcolumnonthe ofthenumberinthecontrolsidetenth, embryos. (b)

B102

B105

B106

B141

B147

Prox x60/i

Jist 40';:

1

124.7

63.5

154.4

111.1

57.8

102.3

-2.3

2

94.5

76.0

82.1

00r00.b

o7.7

81.8

18.2

3

82.3

76.5

7o.5

91.5

96.3

84.6

15.4

4

76.9

67.7

64.4

79.6

80.9

73.9

26.1

5

48.6

51.6

42.2

54.0

56.3

50.5

49-5

6

39-5

53.5

48.0

39.9

53.7

46.9

53.1

7

51.0

49-4

55.5

37.8

40.4

46.8

53.2

8

48.3

51.0

51.9

25.I

42.1

43.7

56.3

9

53.3

61.9

62.2

58.4

80.3

63.2

36.8

10

76.8

127.9

72.5

88.2

94.0

91.9

8.1
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Table 4.19: 3abryos with varying 10-day amputations fixed
at day-lo. Number of motoneurones per rostro-
caudal tenth of the lateral motor column on

the amputated side as a percentage of the
control side total. 100J* data is the
distribution on the control sides, n is the

number of embryos in each group.

Rostral

Tenth

Caudal

Percentage Motoneuroi
After Amputa

aes Remaining
tion

36 61 72 81 94 100#

n = 1 2 2 2 2 2 13

1 0.6 2.9 4.7 4 • 6 4.5 3-9 5.2

2 2.4 4.7 10.7 12.3 12.0 9-3 11.1

3 1.8 6.9 12.7 12.3 14.7 13.8 13.4

4 0.6 5-3 8.7 10.5 11.1 11.6 12.6

5 0.5 3.5 6.3 8.0 10.7 13.3 14.5

6 0.2 1.4 4.4 6.5 8.0 11.7 13.2

7 0.4 1.1 3.0 5.3 7-7 11.9 12.3

8 0.2 2.7 3.3 4.9 5.0 9.0 9.1

9 0.6 4.9 4.3 4.1 5.0 6.2 5-7

10 2.1 2.3 2.5 2.9 2.6 2.9 2.8
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Once again this effect could be due to differential

growth within the lateral motor column. Examination of

the lengths of segments 23-30 (Table 4.16, Pig. 4.23)
showed significant differences in the lengths of two of

the segments: 25 and 30. But, the differences are in

the wrong direction to produce the significant differences

in the motoneurons number distributions (Pig. 4.22). The

tendency for all the six rostral segments to have increased

in length more than the caudal segments would tend to

decrease motoneurons numbers in the rostral and inter¬

mediate tenths increase the numbers in the most caudal

tenths. This is the opposite to the effect seen with the

increase in number in tenth 5 decrease in tenth 10.

It is probable taat the slight differences between

the 10-day and 16,-day distributions came about through
... v

continued motoneurons death between day-10 and day-16.

The numbers of motoneurones on the control sides of

10-day and 16-day embryos are 10,445 - 1*036 and 8,324 -

793 (Tables 4.2 and 4.5) indicating a 15.5^ loss of moto¬

neurones in this time. This is possibly an ecaggeration

since the number found in 20-day embryos was 9*672 - 1,082

(Table 4.6). The 16-day values are significant lower

than the 10-day values (p< 0.002 liann-V/hitney U-test) but

the 20-uay values are not (p> 0.1 Ilann Vfuitney U-test)

though they are down. However, Pittman and Oppenheim

(1979) find a decrease in motoneurons numbers in the chick

lumbar lateral motor column between day-10 and day-16 of

1,500 - 2,000 cells. They also noted that in different
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Table 4.1o: Length of each spinal segment as a

percentage of total length cf segments
23-30. Control sides of amputated and
sham-injected animals fixed at day-10 or

day-16. Result graphed in Fig. 4.13*

10-day lo-day

n 12 13 '

23 14.8 15.2

24 14.7 <x>•1—1

25 13.1 13.9

26 12.0 12.2

27 11.9 12.3

*28 ' 11.7 11.9

29 10.8 10.3

30 10.9 9.6
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strains of Y/hite leghorn different numbers of motoneurones

,vere present at day-16. This source of variation is

unlikely to have affected the results in the present

work since all eggs were obtained from the same supplier

but it should be borne in mind.

Taken together the evidence is that there is likely

to be some motoneurone death continuing oh after day-10.

In support of this some degenerating cells were seen in

12-day embryos (Table 3»3). The change in pattern of

motoneurons distribution between day-10 and day-16 (rig.

4.22) may well have come about through cell death.

This is further supported when the distribution of

motoneurones in the 20-day embryos is calculated (Table 4.17»

Fig. 4.24). The distribution of the motoneurones in the

control sides of the 20-day embryos is identical to that
... N.

of the 16-day control sides. It has never been suggested

that there is motoneurons degeneration after day-16 in

tile chi ck lumbar c 0rd.

It would seem, then, that the change between day-10

and day-16 in the final change due to motoneurons death

though post-hatching differential growth may alter the

distribution.

Figure 4.25 shows the distribution of the motoneurones

in the amputated sides of trie 16-day and 20-day embryos.

The data should not, however, be over-emphasised since there

are so few embryos for each line especially in the 20-day

group (Table 4.17). In the 16-day group (Fig4.25a) more

embryos are represented (Table 4.15) and it is interesting

that the peak in tenth 5 seen in the control side distri¬

butions can also be seen in the 8ly and 94/- lines.
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Table 4.17: Rmoryos with varying amputation at day-10
fixed at day-20. Number of motoneurones
per rostro-cauaal tenth of the lateral motor
column on amputated side expressed as per¬

centage of control side total. 100/- data is
distribution on control side.

Rostral

Tenth

Caudal

" - — —

Percentage Tissue Remaining
After Amputation

12p 26 45 49 58 75 HOO

n = 1 1 3 1 1 1 9

1 0.6 1.8 4.0 4.6 5-0 3-5 4.4

2 1. 6 5-5 9.3 10.9 9.2 12. 5 11.2

3 2.2 3.8 10.1 12.1 10.1 12.1 13.5

4 0.7 2.9 5.6 4.7 7.4 11.3 12.8

5 *0.5 1.7 3.2 3.2 5-4 9.3 14.5

6 0.3 0.6 1.7 1.8 4.0 7.7 13.0

7 0.2 0.7 2.0 2.4 4.9 6.0 12.6

8 0.6 1.9 2.2 2.9 4.1 4.7 9.5

9 1.9 3.9 3.4 3.9 3.9 5.6 5.6

10 3.6 3.1 3.0 2.5 3.8 1.9 3.0
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4.3 Amputation experiments; discussion

As in Chapter 3 there are some small points to discuss

before the main results.

That significant muscle atrophy was found by the

camera lucida method at 10-days following paralysis from

day-3 or day-4 (Fig. 4.5) agrees well with the data of

Dachman (19o7» 1968) of slight muscle bulk reduction in

11-day 7-day-onwards botulinum toxin paralysed embryos.

A similar finding to the relationship between the size

of a control limb and the number of motoneurones inner¬

vating it (Fig. 4.5) was previously obtained by Decker

and Kollros (1969). They produced increased limb size by

rearing Rana pipiens larvae in cooler than normal water

and found greater numbers of motoneurones proportional to

the increase in Limb size.
- --

The result that 3-day or 4-day amputation does not

alter the number of motoneurones in the contralteral side

of the spinal cord at 10-days confirms the result of

Hamburger (1946) for 7 and 8-day embryos.

The first major result to come from the amputation

experiments is the linear relationship found throughout

the limb between muscle volume and the number of moto¬

neurones innervating the muscle. This was shown in three

separate experiments: amputation at day-3 or day-4 with

fixation at day-10, amputation at day-10 with fixation at

either day-16 or day-20. Taken together with the horse

radish peroxidase study of Landmesser (1978a) which showed

a linear relationship between the wet weight of a muscle
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and the number of motoneurones innervating it, there is

good evidence for the relationship. Hamburger (1934)
also found a linear relationship between tissue surviving

amputation and motoneurons number but in that study moto¬

neurons number was only reduced to 40/c of control though

tissue volume was reduced to 4/" (1.5*l)«

It is, however, impossible to extrapolate from this

constant innervation density that has been demonstrated

to say anything about motor unit size. The packing of

muscle fibres in the muscle, the ratio of muscle fibres

to intramuscular connective tissue and the size of indivi¬

dual muscle fibres could easily vary from proximal to

distal in the limb and vary the relationship between muscle

volume as measured by camera lucida and the number of

motor units contained in the muscle.
... ^

In rat soleus muscle Brown et al. (1976) found a

greater variation in individual motor unit size in the

neonate before and during multiple innervation loss than

after multiple innervation loss was over. The mean motor

unit size could however be constant throughout the limb at

the early stages of development though it isn't in adult

animals (Sissons, 1974). further analysis of whether in the

chick e±ryo motor unit size is constant or not will require

appropriate electrophysiological investigation.

The fact that with paralysis there is no sign of any

major 'compression' of motoneurones onto the stump

remaining after amputation would suggest that paralysis

does not give any major re-routing of axons into muscles
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they do not normally innervate in the adult. That the

relationships between motoneurone number and degree of

amputation in the paralysed and sham-injected embryos are

not significantly different (p ) at 10-days also

suggests that the ratio of innervating motoneurones dying

to surviving is constant throughout the hind limb in the

chick embryo .

The finding (Fig. 4.3) that hind limb' amputation at

day-10 gives a rapid fall in motoneurone number reveals

that motoneurones are not stabilised in the chick lumbar

cord at this time though at an equivalent stage in the

kenonus (Prestige 19o7b, 1970; Fig. 1.7)* they are.

Pittman and Oppenheim (1979) found that the excess of moto¬

neurones, produced with curare paralysis, if maintained

until day-13 would not then be removed even in the face

of normal levels of motility. As these authors state

this suggests that stabilisation of chick lumbar motoneurones

occurs at around day-lS. Although 10-day chick lumbar

motoneurones have survived normal motoneurons death they

are not in an identical position to such cells in Senoous.

Tither there are different controls of motoneurone death

in the two species or using the trophic factor model (1.5*1)

the 10-day chick motoneurone is in what used to be called

Phase II: it has picked up sufficient trophic factor to

stay alive but does not have enough to remain alive after

amputation (is not Phase III).

4.3.1 Distribution of motoneurones within the lateral

motor column

The distribution of thigh innervating motoneurones,
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rostral peak and caudal plateau (Fig. 4.16a), can be

pieced together from the horse radish peroxidase data of

Landmesser (1978b, text-Fig.3). She found that the part

of the dorsal thigh she injected at stage 28 is innervated

mainly by lumbosacral segments 1-3 (23-25) the ventral

thigh by segments 1-8 (23-30). Remembering the anatomy

this is not surprising. Lumbosacral segments 23-25 form

the crural nerve (Fig. 4.12) which innervates dorsal thigh

muscle. The ventral thigh is innervated by the ischiadic

nerve which arises from segments 25-30 (Fig. 4.12). Thus

the segments containing the motoneurones which innervate

dorsal thigh give rise to the nerve that innervates dorsal

thigh. What is surprising is that Landmesser (1978b)

finds that some of the ventral thigh is innervated by moto¬

neurones in segments 23 and 24 and that one dorsal thigh

muscle, iliofibularis (biceps femcris) is innervated by

segments 26-29 (1978a). However, the obturator nerve

which innervates the ventral thigh muscles adductor and

obturator (Romer, 1927) arises from segments 24 and 25

and the biceps femoris is one of the two dorsal thigh

muscles that is innervated by the ischiadic nerve (Romer,

1927). Thus the at first sight slightly surprising

results may be explained.

In the present studies the differences in lateral

motor column moto neurone distribution seen between the

various groups of embryos may all be most readily inter¬

preted as coming about through the agency of ceil death:

on the basis that there are varying degrees of motoneurons
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death, throughout the length of the lateral motor column.

Though there is no variation in the ratios in the proximo-

distal axis of the limb (4-. 3) there is in the rostro-

caudal axis of the cord.

The 6-day paralysed and control embryos show generally

the same smooth curve of aotoneurone distribution in the

rostro-caudal axis (Pig. 4.14). The same curve is

retained by 10-day paralysed embryos (Pigs. 4.14, 4.13)
in which there has been little motoneurone loss but, the

sham-injected 10-day embryos, in which there has been con¬

siderable motoneurons death, have a different distribution

(Pig. 4.13) with a plateau in numbers in the middle tenths

of the column. The 16-day and 20-day control sides have

identical distributions (Pig. 4.24) and the slight differ¬

ences from the 10-day control embryos (Pig. 4.22) may

easily come about through continued cell death between

day-10 and day-16.

The most likely alternative to different ratios of

motoneurone death, differential elongation of segments

containing the lateral motor column, receives little support

for the change between day-6 and day-10 and none (Pigs. 4.22,

4.23) for the change between day-10 and day-16.

The differences between the 6-day control and o-day

paralysed distributions are at first sight more difficult

to explain since the definitive motoneurons death curve

for the chick lumbar region maintains that the day-o value

is the peak or ore-cell death value (Hamburger, 1975).
However Chu-'«7ang and Oppenheim (1973a) did find motoneurone
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death in control embryos from day-4- 5 onwards. Pittman

and Oppenheim (1979) found that curare paralysis from

day-4 gave greater numbets of motoneurones at day-10 than

paralysis from day-6 also suggesting the existence of some

motoneurons death prior to day-6. In the present studies

also, although too few embryos were examined for any firm

statement to be made the mean number of motoneurbnes in

the o-day paralysed embryos was higher than the mean number

in controls (Table 3.2). The difference between 6-day

paralysed and b-day control embryos could therefore have

been produced by motoneurone death.

An alternative is that the oC -bungarotoxin could be

slightly altering the migration of motoneurones into the

lateral motor column (1.1).

In this study it was found that paralysis increased
... N.

the numbers of motomeurones present in the rostral tenths

of the lateral motor column (Fig. 4.20). This differs

from the result reported by Pittman and Oppenheim (1973,

1979) for their botulinum toxin and curare paralysed embryos

and from that reported by Kollyday and Hamburger (1976)
as occurring after supernumerary grafting. Why the

results do not agree is not yet explained. The worm of

Pittman end Oppenheim and Eollyday and Hamburger would

suggest either that there was very little motoneurone

death in the most rostral part of the column or that their

treatments cannot prevent motoneurone death in that region.

In the control embryos examined during the normal period

of motoneurons loss for the present studies degenerating
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motoneurones were seen even in the rostral most part of

the column. But, bearing in mind what Pittman and

Oppenheim (1979) had to say about varying motoneurons

death in different strains of White Leghorn - the strains

used by them and Hollyday and Hamburger may differ in this

respect from those used here.

The distribution of motoneurones innervating the

stumps surviving various degress of amputation in control

and paralysed embryos revealed that the effect of moto¬

neurons death on the whole population, greater death

rostrally, came about' through selective effects of cell

death in different limb regions (Fig. 4.16). The approx¬

imately 60/^ survival animals were concentrated on though

the effects could be seen at other levels.

Cell death amongst motoneurones projecting to thigh

muscle occurs throughout the rostro-caudal length of the

lateral motor column but to a slightly greater degree

eauaally. Amongst motoneurones projecting to the shank

cell death occurs to a much greater extent rostrally than

caudally. This in fact gives evidence for preferential

loss of non-adult segmental innervation such as seen in

many motoneurons muscle systems (l.<_.4, School I) but

previously denied in the chick hind limb on the basis of

the electrophysiological and horse radish peroxidase work

of Landmesser and IJorris (1975) and landmesser (1978a,

1976b) (l.s.3, School II).

Criticisms could be levelled at all three experimental

methods used.
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In the paralysis experiments, although there is no

sign of a gross effect on axon outgrowth, it could be said

that small changes were brought about and that that and

not the normal motoneurons death was the basis of the

observation. Occam's razor could be used on behalf of

the belief that cell death was responsible but combined

horse radish peroxidase and paralysis might give an

experimental answer as to whether the normal axonal out¬

growth was being altered. It should be noted that Pittman

and Oppenheim (1979) do not consider any other alternative

than motoneurons death.

There are however severe draw backs to the use of

horse radish peroxidase.

Landmesser (1978b) did in fact see some significant

changes in the pattern of innervation before and after cell'—
i

...

death but played them down because they were not on a

large enough scale to explain all the motoneurons loss.

But, only 31^ of the total number of motoneurones present

at day-6, taken as pre-cell death, were labelled by

landmesser's injections (1978b). This came about for

at least two reasons. The peroxidase could not be injected

into all parts of the muscle masses without it crossing

the boundaries between muscle masses that were being

investigated. So not all the periphery was loaded with

peroxidase. Secondly not all the axon terminals in a

muscle territory take up peroxidase (lamb, 1979). The

effect of these two selective actions on perhaps altering

the true map into an observed map and perhaps not allowing
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the full effect of motoneurons death to "be seen is unknown.

Peroxidase data should he treated with caution.

Plectrophysiology as used by Landmesser and Llorris

(1975) did not take into account any non-transmitting or

sub-threshold terminals and so does not give a complete map

of the innervation pattern. Recording from intramuscular

nerves (Pettigrew et al. 1979) will take all axons into

account but one cannot say whether any loss of axons seen

is due to retraction of collaterals or death of motoneurones.

It may be necessary to combine all three techniques.

However, positive changes seen with horse radish peroxi¬

dase (Lamb, 1975; Pettigrew et al. 1979) are less open to

questioning than the generally negative results of

Landmesser (1973b). TTnat one needs to find in the chick

hind limb is a muscle in which the innervation pattern is
. -• N-

likely to change.

The lack of motoneurons death in the caudal projection

to the shank (Pig. 4.20) is of great interest. Lamb (1976;

Fig. 1.5) discovered that in Xenoous there was little

change in the pattern of innervation of distal limb regions.

Prom this starting point lie has hypothesised (personal

communication) that there might be a lesser degree of

death amongst these later generated (caudal and lateral)

motoneurones. In the chick lumbar cord, shank

innervating motoneurones are in general mors caudal and

thus younger tman thigh innervating motoneurones (Pig. 4.20).

That this is so and the fact that it is amongst the most

caudal shank innervating motoneurones that the least moto¬

neurons loss is seen would support Lamb's idea.



210.

However, examination of Landmesser's data (1978a)

reveals that the motoneurones innervating the dorsal thigh

muscle iliofibularis, in.the 10-day embryo, are amongst

the most caudal and lateral in the lateral motor column.

If lamb's hypothesis is correct this motoneurone pool

should show very little motoneurons loss at all. Further

study of the projection to this muscle might prove

rewarding. lamb (1976) found that the dorsal thigh muscle

of Xenoous received an early innervation pattern (stage 50

and 51) that entirely disappeared, being replaced by later

generated motoneurones by stage 54. 'The chick ilio-

fibularis ultimately receives innervation from late

generated motoneurones it may previously have received a

different innervation which entirely disappears. The

iliofibularis splits from the dorsal muscle mass very early

and because of its position was only injected once, by

accident, at early stages by landmesser (1978b). lut,

on that occasion no evidence of any innervation other than

'adult' was seen.

In the Xenoous lumbar ventral horn the change from

the early to the later pattern can be seen to occur in

the rostro-caudal and medio-lateral axes (Fig. 1.5). In

the chick lumbar lateral motor columns previous to this

work there was little evidence for any change in the rostro-

caudal axis. There might have been scope for change in

the medio-lateral axis but landmesser (1978b) found little

to no evidence for such a change.



211.

In the medio-laterai and rostro-caudal axes of the

chick and Xenopus lateral motor columns there are gradients

in the time of origin of the motoneurones (1.1). There

is a difference in the timing of events between chick and

Xenoous. In Xenoous the first motoneurone axons enter

the hind limb at stage 50 (Iamb, 1974) long before moto¬

neurone production in the lumbar cord is over (Prestige,

1973; 1.1). In the chick on the other hand the first

axcn_ enter the mind limb at stage 24 (Oppenheim and

Keaton, 1975) by which time greater than 99/- of lumbar

motoneurones have been generated (Hollyday and Hamburger,

1977; 1.1). Thus there is at first sight greater scope

for temporal mis-matching in the Xenopus. There may not

be the same opportunity in the chick for the formation of

different early and late innervations. In the chick wing

there is the same lack of opportunity for temporal mis¬

matching and although there is evidence of loss of an

initial pattern of innervation the nature of the loss

appears different to that in Xenonus since it is not

associated with the major period of motoneurone death

(1.6.p 43). The timing hypothesis has been played down

in recent years (Prestige and 'willshaw, 1975; Lamb, 1975)

"out it should not be forgotten.

The results reported in sue present Chapter indicate

a low degree of selective loss of non-adult segmental

innervation in the chick lumbar spinal cord where pre¬

viously such an effect has been denied. There are how¬

ever problems of methodology on both sides. It would be
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well to see the effect of paralysis on the pattern of

innervation in the Xenoous to test the paralysis method¬

ology. ~.7ould the stage 51-51 pattern he retained along

with the adult pattern, would the adult pattern still

appear (paralysis in Xenonus only increased motoneurons

number by 50^ when it could increase it by 300^

(3»3, p/«£?)) or would a totally different pattern' appear?

The differences between the chick hind limb and other

motoneurone-muscle systems: chick wing, Xenoous hind limb,

rat diaphragm (1.2.4) remain unexplained. The different

hypothesised controls over motoneurone death School I,

School II, redundancy, rejection, specificity may be

prevalent to different extents in the different regions.

Combining the different experimental techniques in

the different regions may allow investigation of this
1

... N.

possibility.
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CHAPTTP 5

G-TNTHAL CO ITGLU51PITS

The experimental work of this thesis demonstrates

the importance of muscular activity in normal motoneurone

d eath.

llotonsurones up to the commencement of degeneration

look histologically alike, though some are about to die

while others will survive. Motoneurons death is an

example of the working out of the principle of 'non-

equivalence • (Lewis and 7/olpert, 1976) and it needs

activity in the muscle fibres themselves to be expressed.

Previously the muscle fibres have been held to be equiv¬

alent with their non-equivalence being conferred on them

by the surrounding connective tissue (Y/olpert, 1978).

This may be st> but the muscle fibre must be playing some

part in the process.

Now that muscle activity has been demonstrated to

be a constituent of the previously nebulous peripheral

stimulus for motoneurone death (1.5*1 ppto-#) there are

several routes which could be followed, all of which have

the ultimate aim of discovering more exactly the relation-

snip between neuromuscular activity and motoneurons death.

The JB -bungarotoxin results point to one possibility:
different neuromuscular blockers may affect motoneurons

loss differently. By using depolarising blockers one

may start to uncover the role, if any, of the different

states of the acetylcholine receptors in motoneurons death.

Ilistrionicotoxin blocks the acetylcholine receptor ionophore
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while still allowing the binding of ligands (Heidmann and

Changeux, 1978) and may thus be a key to analysing the

role of the different acetylcholine receptor sub-units in

motoneurone death. Dantrolene sodium, which produces

paralysis by uncoupling excitation/contraction coupling

(Lowndes, 1975)» could be used to examine the effect of

muscle action potentials on motoneurone death.

These disparate agents could therefore reveal some¬

thing of the molecular mechanisms involved.

On the other hand it would be very interesting to

measure the actual activity in motoneurones and their

axons during normal cell death.

Henaud et al. (1978) showed that the pattern of

innervation in the posterior latissimus dorsi could be

changed from 1 fas.t' type to 'slow' type by altering the
. -- N-

pattern of activity in the cord. Pittman and Oopeniieim

(1979) found the same with paralysis and of course at the

same time found decreased motoneurone death. A possible

role of 'fast' and 'slow' properties in motoneurone death

has not however been seriously investigated. It is an

interesting problem.

The fast posterior and slow anterior latissimus dorsi

muscles apparently have fast or slow type innervation:

from the very first (Bennett and Pettigrew, 1974a; Burden,

1977). Does this mean that the activity in the moto¬

neurones projecting to the two muscles is different from

the start?



215.

It could be postulated tliat the two types of axons

are segregated while growing out to the muscle and there¬

fore only go to one of the muscles. Alternatively the

muscle nerves could contain both types of axon and only one

might form stable connections.The basis of redundancy or

rejection could lie in fast/slow properties. finally

axons may not be differentiated early in development and

may become 'fast' or 'slow' later as suggested for the

complexus muscle of the chick by Pittmann and Oppenheim

(1979) and as seems to occur in mammals (Puller et al. I960).

It is difficult to see how this latter could be happening

in the latissimus dorsi muscles,however, where the pattern

of innervation is different so early; just after the

start of cell death.

In most mammalian and cnick muscles there is not such
... N_

a fine separation of muscle fibre types as there is in

the latissimus dorsi group, most muscles having both fast

and slow muscle fibres. At the level of the individual

muscle fibre the problem is nevertheless the same,

following the hypothesis of Bennett and Pettigrew (1974a)
if a fast avian axon ever contacts a muscle fibre the

muscle fibre must be irrevocably made 'fast1 and a slow

distributed pattern could not develop. On a slow muscle

fibre if a fast axon made contact at one site or during

the formation of multiple innervation the rest of the muscle

fibre membrane should be made refractory 00 further inner¬

vation and the muscle fibre would have a part-distributed

innervation. The slow, distributed pattern that had
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already formed might also be removed. The fast axon must

be viewed as dominant over the slow axon.

Study of the physiology of the anterior and posterior

iatissimus dorsi muscles, nerves and motoneurone pools

would therefore give information about mechanisms controllin

axon outgrowth, redundancy and rejection, motoneurons death

and the production of fast and slow properties.

The field of study of which this thesis forms a part

is rapidly expanding and very fluid. There must inev¬

itably be many loose ends, unanswered questions. Although

it means that many 'results' are liable to be denounced

rapidly, progress is being made and shall continue to be

mad e.
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