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ABSTRACT "

Previous analyses showed that following hete-ro'tbpic transplantation of a

thoracic neural tube segmeni into the region of the éxtirpated brgchial neural tube in

‘ experln:lental (Thor-Br) chick embryos at embryonic day -2 (day -2E) the wings of
‘hatched Thor-Br chicks are immotile. It was not known, however, .if functional
nerve-musci-e interaction occurs during embryogenesis of 'I‘hor-Bx: embryos,

although structural ﬁewe-muscle connections do form in wing muscles during initial

deveIopment of thls experimental model. From day 8.5-9E onward, however, thora-

cic nerve-brachial muscle unions progressively uhcoup]e in individual wing muscles,

The present study explored the nature of initial nerve-muscle contacts and
“employed a weﬁ documented functlonal parameter wing motility, to monitor daily
~.the develoWﬂT of functional nerve-muscle interactions in wings of mdmdual -
‘Thor-Br embryos. Control embryos were either unoperated tUC) orreceiveda homo—
topic bfachlal neu_ral tuhe transplant (Br-Br). The results demonstrated that Thor-Br
embryos exhi-bited' normal frequencies of wing movement up to day -8E; but the fre-
quency of wing movement became greatly reduced-from that 6f controls following
this initial developmental period. The loss of wing motility in‘Thor-Br-embyos coin-
_cided temporally with the withdrawal of intramuscular axons f_rorn individual wing
muscles reported previously. Thus, foreign thoracic nerves did establish initial
functional contacts with wing muscles, however, these connections‘ were subse-

quently deemed inappropriate and nerve-muscle unions progressively uncoupled.

To lnvestigate factors .responsible for the nerve-muscle uncoupling
phenomenon observed in experimental (Thor-Br) embryos the development of
heterotopically transplanted thoracic neural tubes was compared to that of neural

tubes in control (Br-Br and UC) embryos. Parameters analysed include the pattern of
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peripheral nerve outgrowth neur:a-\iJ tube histogenesis, the source- of motor lnnerva-
tion'to individual wlng mus¢éles and the pattern of motoneuron death, gmwth and

-,

'c-lifferentlatlon._ The resu]ts showed that while the pattern of nerve outgmwth was -

controlled by local environmental signals, developmental events within the- neural

4

tube were governed autonomously, independent of the p,eriﬁher_y.' Thus, heterotopi-

cally transplanted thoracic neural tubes developed according to their site of origin.

-

. - .
- In addition to the®heterotopic neural tube (Thor-Br) transplantation experi-

ments a second series of surg[c:«:ﬂly manipulated chick embryos (Thor-Br/som) was

employed to determine if nervé-muscle incompatibility is limited to a thoraclc

nerve-brachial muscle combination. Experir_nentai (‘l_‘hor-gsr/t;om) embryos were pro-
) du\ced by transplanting thoracic somitic mesod;rm into the site of éxtlrpated bra-
- cl;ial somites at day -2E. Délly wing motility analyses were berformed to det-ermlne
the extent of functional nerve-muscle interaction between in situ brachial nervés and
wing muscles derived from heterotopically transplanted thoracic somitic mesoderm.
The results demonstrated that f;mc-tiona‘l nerve-muscle interactlon did occur In
wings of Thor-Br/som embryos and.. in contrast to éxperimental (Thor-Br) embryos,
wing motilit-y was maintained in Thor-ér/som embryos throughout the developmen-

v . .
tal period analysed (daé-GE tlyough day -16E). Nerve-muscle uncoupling, therefore,

did not occur in heterot pic somitic mesoderm transplantation experiments.

& It was concluded that eventual nerve-muscle incompatibility observed fol-
lowing heterotopic neural tube (Thor-Br) transpla{n_tatlon is related to the rigidity of
developmental processes w1thin the spinal cord. Whereas heterotoplcally tran-
splanted thoracic somltic mesoderm exhibited a hlgh degree of plasticity and con-
formed to peripheral signals derived from the brachial environment, transplanted

thoracic neural tubes were unable to respond to egvironmental signals and were

fv
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eventually deemed inappropriate.
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INTRODUCTION

-

During embryonic development, structural and functional connnections are .
formed between motor neurites eiciting the neural tube and developing muscle
fibres. To understand fully nerve-mu-scle Interaction, it is necessary to study the
Telationship between developing nerves and muscles during embryogenesis.‘i.e..
prior to 4 days in ovo when the nerve and muscle components are physically
separate'd and during the remainder of embryonic development when physical
interaction exists. The present report is a detailed study of the development of

nerve-muscle interactions in the chick embryo extending from St 29(day -6E)

through St 42 (day -16E).

The chick embryo model, as opposed to mammalian models, is amenable to
numerous experimental treatments and manipulations at early embryonic stages and
experimental embryos are easily observed for extended developmental periods
through openings in the egg shell. For these reasons. many studies have employed
avian embfyos to examine embryonic nerve-muscle development. The following
review is, therefore, concerned primarily w_rith investigations into avian heuromuscu-
lar development. ‘

)
-
A. Motor Nerves Control Muscle Phenotypes After Hatching

Previous cross-reinnervation experiments demonstrated that after birth
motor nerves exert profound control over muscle fibre-type differentiation in both
mammalian (Buller, Eccles and Eccles, 1960; Barany and Close, 1971; Douglas and

Cosmos, 1974; Law. Cosmos, Butler and McComas, 1976) and avian (Koenlg and
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Fardeau, 1973; Cosmos, Butler, Allard and Mazliah, 1979; Mazliah, 1980) species. Two
particular brachial muscles in the chicken, the anterior (ALD) and posterldr (PLD) -
latissimus dorsi muscles, are especially well su-lted for cross-retnnewailoﬁ studies
because of their close proximity to each other and since each muscle expressé's dis-
ii;ct phenotypic characteristics (Cosmos, Butler, Allardwgg_ld I?Iazllah. 1979; Mazliah, .
1980; Mazliah, Cosmos and Butler, 1987). When the PLBH-(‘a-fast-twitch. glycolytic
muscle) is denervated and immediately cross-reinnervated with the nerve of the ALD
(a slow:tonic. oxidative muscle) in newly hatched chicks, the experimental PLD
assumes s:.tru_ctural. biochemical and physiological prOperties?;:f the ALD (Coémos,

Butler, Allard and Mazliah, 1979; Mazliah, 1980; Mazliah, Cosmo\and Butler, 1937).
) .

The phenotypic alterations in cross-reinnervated PLD rpuscles are most
obvious when one compares the muscle fibre-type prc_;ﬁles betwe%;x unoperated and
cross-reinnervated muscles using myos-ln ATPase histochemical reactivity; the
activity of this enzyme is correlated with the speed of muscle contraction (Barany,
1967). As is typical for fast-twitch muscles, unopera&id PLD muscle fibres stain
intensely for myo’gin ATPase activity after alkali preir:cubation only (alkali stable)
and exhibit no reactivity follov@g acid preincubation (acid labile) [Cosmos, Bﬁt!er.
Allard and Mazliah, 1979]. Conversely, fibres of the slow-tonic ALD muscle exhibit a

strong myosin ATPase histochemical reaction after both alkali and acid preincuba-

tion {Asiedu and Shafiq, 1972)\

Similar to unoperated ALD fibres, PLD muscle fibres successfully cross-

reinnervated after hatching by the ALD nerve are characterized by dual alkall and

o

acid stability, a muscle fibre phenotype not normally seen in the mature PLD (Koenig

and Fardeau, 1973; Cosmos, Butler, Allard and Mazliah, 1979: Mazliah, Cosmos and

Butler, 1987). Cross-reinnervation experiments performed in newly hatched chicks,



therefore, indlcate}that mc;tor nerves can dlcta?e muscle fibre-type expression dur-
ing ex ovo development. These experiments did not determine, however, if the &.D
-nervct actually Induces de novo formation of this new muscle fibre phenotype in
cross-reinnervated PLD musclés or, instead, de-represses an embryonic phenotype
evident early in embryogenesis and repreEJed during subsequent development of
this muscle. To investigate this question, Butler and Cosmos (1981a) first dev.eloped
modified myosin ATPase and silver-chollnestg‘rase his’tochemical reactio;'ls to -ex'am-
ine mus.cle-nerve formation in chick embryos. Using these techniques, Butler and
Cosmos (1'9§1b) then pe'rformed a détalled study into the embryorhc development
of the latissimus dorsi primordium, extending from St 16 (5 1-56. hin ovo) through St )
46 (day 20-21E). This study showed that at St 28 (day -5.5E), the earliest embryé:riic
time that a distinct latissimus dors‘i primordium is obéerved. the primordium is com-
posed of myogenic' cells which are alkali stable only. At St 29-30 (day 6-6.5E) the
latissimus dorsi primordjum divides into anterior (ALD) and posterior (PLD) parts
and now rﬁyogenlc cells within the ALD start to acquire dual acid and alkali stability.
During lﬁcipient formation of the latissimus dotsl primordium, the PLD muscle
expresses alkall stable myosin ATPase activity , similar to mature PLD muscles of
adult chickens (Butler and Cosmos, 1981b). The differentiation of muscle fibres with
dual alkall and acid stable myosin ATPase activity in PLD muscles cross-reinnervated

by the ALD nerve, therefore, would represent de novo formation of this muscle fibre

phehotype induced by the foreign ALD nerve. .

An alternative explanation, however, based on ‘the following observations
must be considerea. During the second half of embryogenesis, day -11E onwa;"d. a
s\)bpopulatlon of fibres appears within the PLD muscle which is both alkali and r;xcid
stable, These fibres, ;scajiered throughout the PLD muscle, increase in numb'er until a

g

maximum of approximately 800-800 fibres (25% Of total) is noted between day-14E

—
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and day -16E (Toutant, Toutant, Renaud and LeDouarin, 1979; Butler and Cosmos.
198fa: Renaud, Gardahaut, Rénaua and L:Douar-ln. 198§). Beyond thi; perlod, these
fibres decrease in number: by 1 montheafter hatthlng only 78 fibres remaln (Re.naud.
Gardahau‘_t. Renaud and LeDouarin, 1983; Mazliah, Cosmos and éutler.1987). Thus,
the possibility exist? that the presence of ALD-type fibres wlthln‘cross- reinnervated
PLD musclee does not r.epresen't the dé novo synthesis of these fibres due ‘to the
influence ;qf the foreign ALD nerve but, instead, a preferential innervation of those

ALD-_type fibres which appear transiently during embryogenesis (Mazliah, Cosmos
and Butler, 1987)_ '

-

B. In Ovo Expression Of Muscle Fibre Types Is IndMant Of Nerve Influences

J
The experiments of Butler and Cosmos (1981a,b) demonstrate that myosin

ATPase activi‘t.y is an excellent marker to monitor muscle differentiation in early
chick embryos. In addition, these investigators demonstrated that nerves enter the
prim‘a}ry premuscle masses of the wing bud coincident temporally with the onset of
myosin ATPase activity (Butler and Cosmos, 1881b). It was not known, however, if
nerves were necessary for the initial expression and differentiation of specific mus-
cle fibre types. Subsequent analyses of devel.p';{ing brachial muscles rendered aneu-
rogenic by surgical ablation of the brachial neural tube prior to peripheral nerve out-
growtl';. addressed this question directly (Butler, Brierley and Cosmos, 1980; Buller;‘
Cosmos and Brierley, 1982a; Phillips and Bennett, 1984). These stucllles showed that
aneurogenic and innervated (control) brachial muscles in chick emiaryos exhibit
identical myosin ATPase profiles throughout the period analysed. Furthermore, It

was reported that embryoni'c events associated with the early formation of indlvi-

dual brachial muscles, including migration of myogenlic precursor cells to the forel-

-



imb bud and cleéva‘qée of the pr.en";uscle masses‘of the wing, occur on schedule in the
absence of innervation (Butler, Cosmos and -Brl%rley. 1982a). Similarly, Sohal and
Sickles (1986) found that when an extra-ocular .r';iuscle. superior oblique, is made
aneurogenic by destruction of the trochlear nucleus in early duck embryos, it -too
differentiates myosin ATPase profiles identical to innervated superior oblique mus-

-cles. Using the same duck model, Sohal ard coworkers demonstrated %hat other

myogenic processes, including formation of acetylcholine receptors (Creazzo and h

2 - .
Sohal, 1983), differentiation of high molecular weight acetylcholinestera‘se and spe-

cialization of the sarcolemma to form postsynaptic folds and basal lamina (Schal and
Wrenn, 1984), also occur In aneurogenic superior oblique muscles. Together, these

experiments show that a number of myogenic events during early in ovo formation

and differentlation of skeletal muscle are controlled endogenously, independent of -~

»~ .

the nervous system (Butler, Cosmos and Brierley, 1982a; Phillips and Bennett, 1984;

Sohal and Sickles, 1986).

Peripheral nerves, however, do influence the growth and survival of develop-
ing muscles in ovo. -Aneurogenic muscles fail to grow normally and 'eventua{lly
degenerate and disappear in both duck (Sohal and Holt, 1980; Creazzo and;Sohal.
1983; Sohal and Sickles, 1986) and chick embryos (Butler, Cosmos and Brierley,

1982a; Bloom, Butler, Brierley and Cosmos, 1985). Direct electrical stimulation, how-

ever, increases the growth and survival of aneurogenic brachial muscles, indicating

Y -

that these myogenic processes rely on impulse-mediated activity (Bloom, Cosmos
and Butler, 1983; Bloom, Butler, Brierley and Cos;'nos. 1985). Therefére.‘althbu'gh the
incipient differentiation of muscle fibre types occurs ih_dé_b:endent of nerves, the
growth and survival of embryonic skeletal muscles is dependent on neuronal

influences.

f‘.\\



C. In OvoCross-Innervation Experiments

1. Foreign Nerves Do Not Affect Muscle Fibre-Type Differextiation In Ovo

-~

To'lnvestigate further the respective roles of\ nerves and muscles during
embryogenesis, surgically manipulated chick embryos were employed In Dr.
Cosmos' laboratory in order to impose a foreign innervation on developing brachlal
muscles (Butler, Cosmos and Brierley, 1982b; Butler, Cauwenbergs and
Cosmos,1986). [n these croés-lnnervatlon experiments, the brachlal neural tube was
removed T;lt St 13 (48-52 h in ovo). prior to peripheral nerve outgrowth, and replaced
with a thoracic ggural tube segment; thus, thoracic nerves derived fr_om the heterbto-
pic neural tubegnsplant were paired with brachial muscles (targets which thoracic
nerves never innervate normally). Experimental emb'ryos were analysed to deter-
mine if, similar to cross-reinnervation experiments performed after hatching,
foreign motor nerves in ovo alter fibre-type expression of individual brachial mus-
cles. Histochemical analyses of myosin ATPase activity, however, demonstrated that
embryonic brachial muscles cross-innervated by foreign, and inapbropriate. thoracic
nerves exhibit appropriate fibre-types~{Butler, Cosmos and Brierley, 1982b; Butler,
Cauwenbergs and Cosmos, 1986). Eventuaily. however, the union between brachial
muscles and thoracic nerves Is deemed inappropriate; the expetimental muscles ulti-
mately degenerate to the point where they resemble aneurogenic muscles (Butler,
Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos‘.\1986). In contrast,
brachial muscles cross-innervated by foreign but appropriate lumbosacral nerves
survive throughout the embryonic period. Furthermore, these experimental muscles
analysed during the last week of embryogenesis exhibit normal myosin ATPase pat-

terns (Khaskiye, Toutant, Toutant, Renaud and LeDouarin, 1980; Laing and Lamb,
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1983a). Recently, Vogel and Landmesser (1987) showed that chick embryo leg mus-
cles Innervated by férelgn nerves following extensive rotations of the lumbosacral

neural tube also exhibit normal myosin ATPase profiles, although a small percentage .

of the total number of muscles examined (14%) showed altered fibre types.

As reviewed recently by Sanes (1987), the ploneer research in Dr. C;osmos'
labotatory (Bufler and Cosmos, 1981ab; Bloom, Butler, Brierley and Cosmos‘. 1985:.
| Butle;._é:wenbergs and Cosmos, 1986), using differential myosin ATPase activity as
a marker to study muscle fibre-type differentiation during both unaltered and exper-
imentally altered development, has been amply co\nﬁrmed by others who employeg—.
elther the same paraméi'e.-r introduced by Cosmos or monoclonal antibodies for fast
and slow muscle fibres, Thu—s. to date, experimental evidence supports the view that
fibre-type differentlation occurs early in ovo and that this process proceeds indepen-

dent of neuronal influences.

2. Foreign Nerves Induce Growth And Survival Of Embryonic Muscles}

Although foreign nervés fail to influence muscle fibre differentiation in ovo, -
nerves derlved from a thoracic neural tgbe transplanted to the site of the extirpated
brachial neural tube exert a signiﬁcant growth promoting affect on individual bra-
chial muscles (Butler, Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos,
1986). Volumetric analyses of individual wing muscles demonstrated that, in con-
trast to aneui‘ogenic wing muscles which exhibit limited growth (Butler, Cosmos and
Brierley, 1982a; Bloom, Butler, Brierley and Cosmos, 1985), the growth of wing mus-
cles innervated by foreign thoraclfc nerves is equivalent to that of control muscles

during the first week of embryogehesis (Butler, Cosmos and Brierley, 1982b; Butler,

/



Cauwenbergs and Cosmos, 1986). In addition, the PLD is rescued by these nerves
since PLD muscles innervated by foreign thoracic nerves survive well beyond the
- émbryonic time when aneurogenic PLD muscles disappear (Butler, Cauwenbergs and
Cosmos, 1986). In these experiments, therefore, thoracic nerves establish effective
contacts with b_rachlal muscles as evidenced by increased growth and survival of

individual wing muscles innervated by nerves derived from the heterotopically tran-

splanted thoracic neural tube.

s

During the second week of embryogenesis, however, initial nerve-muscle
contacts in the brachial region of heterotopic neural tuiae trans;;lant embryos uncou-
ple and wing muscles degenerate progressively and are replaced by :llpid (Butlgr.
Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos, 1986). Although-
foreign thoracic nerves can Initially support m-uscle growth and survival, permanent
neuromuscular junctions are not obse;‘ved in wing muscles‘ of these hete‘rotoplc
innervation experiments; thus; foreign thoracic nerves establish Initlal contacts with

wing muscles, but these nerve-muscle unions are eventually deemed Inapproprlate

and are severed.

D. Objectives And Rationale Of The Present Study

in the present study, analyses of the heterotopic innervation model used by
Butler, Cosmos and Brierley (1982b) were performed to explc;re further the nature of
initial nerve-muscle contacts which have been demonstrated to induce growth and
survival of wing muscles in these experimental embryos. Speclﬁcal.ly. a major alm of
the present experiments was to investigate the expression of a functional interac-
tion between brachial muscles and tl"10rac1c nerves derived from a transplanted

thoracic neural tube. Furthermore, since compatibility at other levels is not



* expressed throughout embryogeneslis, -it was necessary to se}sct a non-invasive '
parameter which was amenable to daily analyses of lnﬁlvlgual experimental embryos
durin§ an ext‘ended efnbryonlc period, lLe., day -6E to day -16E. Wing motllity, a well
documented method to monitor functional nerve-muscle interaction- (for review,

Oppenhiem, 1982; Provine, 1986), satisfied this criterion.

1. Embryonic Motility

Embryonic movements were first examined by Preyer in the late 1800's; how-
ever, little effort was given to a thorough analysis of embryonic behavior until Ham-
burger and coworkers initiated the first systematic studies in the early 1960’s. These
investigaters gave a detailed &evelopmental account of chick embryonic behavior
and. aiso performed elegant surgical manipulations tol determine Its origin and
slgniﬁcénce (Hamburger and Balaban, 1963; Hamburger, Balaban, Oppenheim and

Wenger, 1965; Hamburger and Oppenheim, 1967).

The first movements performed by chick embryos occur at day 3‘3-4!-1 arlld
consist of so called S-wave contractions of the body axis (Hamburger and Balaba_p.
1563). These initial movements and all movements throughout embryogenesis are
periodic, that is}they occur during periods of activity interrupted by quiescent
periods of variable length. Limb movements are initiated on day -6E (Hamburger and
Balaban, 1963, Hamburger and Oppenhiem, 1967), an event knox;rn to coincide tem-
porall.y with the onset of polyneuronal bursts of activity within the spinal cord (Pro-

ine, 1972). .
. vine, 1972) N

Hamburger and Balabag;_ (1963) reported that reflex responses to sensory
stimull cannot be elicited until day -7.5E, and Sugges'ted that embryonic limb move-

ments may be non-reflexogenic in nature. The spontaneous, non-reflexogenic nature
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of embryonic limb motility was subsequently proven by Hamburger, Wenger and
' Oppenheim (1966} who surgically isolated the lumbosacral neural tube at day -2E
from all sensory, propriospinal (intersegmental) and supraspinaknputs and demon-

'strated high frequencies of leg motility even up to day -17E.

To investigate further the spontaneous origin of embryonic limb motility,
Provine and coworkers initiated several pivotal studies on the neurophysiological
basis of behavioral development {Provine, Sharma. Sandel and‘Hamburger. 1970).
Specifically, by using sensitive recording electrodes placed at precisely defined loci
within the lumbosacral spinal cord of chick embryos, Provine (1972) showed that,
although electrical signals were recorded from most spinal cord regions, prominent
electrical burst discharges were restricted to the ventral spinal cord. Ripley and Pro-
vine (1972) demonstrated that these polyneuronal burstsrof electrical activity
represent the neural correlate of embryonic limb motility, since burstu:xg a?uvlty and

limb mottlity are temporally coincident.

Provine (1380) demonstrated further that wing and leg motility phaﬂé‘es.occur
concurrently in chick embryos.‘ The electrophysiclogical studies of Provine and col-
leagues indicate that spontaneous polyneurona] bursts of electrical activity ?ri-
ginate throughout the ventral spinal cord a,pd rapidly propagate along its.length

3 :
{Provine, 1971; Provine and Rogers, 1977). Motor cutput from the brachf.;l and lum-
bosacral spinal cord regions, therefore, occurs synchronously and elicits concurrent
wing and leg motility (Stokes, 1976; Provine, 1980). Propagation of electrical activity
through the developl;ig spinal cord is thought to occur along propriospinal (inlter-
segmental) connections, demonstrated as early as day -3E in chick embryos

(Oppenheim. Chu-Wang and Foelix, 1975; Singer, Skoff and Price, 1978; Nornes, Hart

and Carry, 1980). Synchronous motility of ipsilateral wings and legs in embryonic



chicks, therefore, is an overt expression of the synchronized pattern of motor sig-

nals emanating from the spinal cord.

During "embryogenesls of the chick, therefore, electrical signals can be
recorded from the developing spinal cqrd from the earliest stﬁge examined (day -5E)
onward (Provine, 1972). Initially {day -5E) only unit activity is evident, indic‘a.ting
that at this time in development isoléted neurons discharge singly. Polyneuronal

_burst discharges, which appear to be simple accelerations of unit activity. become
evident by day 5.5-6E. Then, as develop-ment proceeds, clusters of burst discharges
, oceur, first separated by 1-2 minutes of inactivity at day -6E (onset of limb motility)
followed by a progressive increase in the duration of bursting activity; by day -13E,
when peak frequencies of limb motility are obé:erved (Hamburger, Balaban,
Oppenheim ar'ld_ Wenger, 1965), interburst intervals, periods when bursting activity
is not observed, disappear. From day -13E tf]rough day -15E, the long duration bu_rst
discharges become replaced by shorter, more frequent bursts which occur at irregu-
lar intervals. Provine (1972) suggested that altered electrical activity after day -13E .
may reflect elther the decreased capacity of spinal neurons to discharge spontane-
ously or the influence of inhibitory circuits, possibly from supraspinal levels. 1t was
later demonst{ated- that supraspinal input does not influence the frequency of limb
movements until after day -13E (Oppenheim, 1975; Sohal, 1976; Provine and Rogers,
" 1977: Butler, Cauwenbergs and Cosmos, 1986). guring late embryonic stages, _how- A
ever, coordinated movements necessary for hatching fail to occur in the absence of

oy

supraspinal control (Oppenheim, 1975).

" These motility studies, therefore, eliminated the former stimulus-response
theory of embryonic motility held by most early embryologists (for review, Provine,

-1973; 1986; Oppenheim, 1982) and-ﬁrmly established the spontaneous origin of limb
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motility within the developing spinél cord. The Qbsence of wing motllity in chick
embryos from which the brachial neu;a! tube was removed at day -2E demonstrated
further the neurogenic origin of limb motility (Bloom, Butler, Brierley, and Cosmaos,
1985). Limb motility, therefore, is an overt expression of the response of limb mus-
cies to electrical signals generated autonomously by splr;al motoneurons. Wing and
leg movements observed from day -6E onward can, therefore, be used to monitor the

development of functional interactions between limb muscles and spinal motorneu-

rons.

For the present study, embryonic.wing motility ana!yses were employed to
determine if indeed functional interactions occur between wing muscles and foreign
nerves derived from a heterotopically transplanted thoracic neural tube. If wing
motility is evi;ient in these heterotopic innervation experiments, It was reasoned

(‘that abnormal frequencies of wing movements might reflectlthe nerve-muscle

L)

uncoupling phenomernon reported previously (Butler, Cosmos and Brierley, 1982b).

2. Analyses Of Developmental Events Within The Spinal Cord

A second aim of the present studv was to perform a detailed developmental
analysis of the heterotopically. transplanted thoracic neural tube in an effort to
understand possible factors responsible for the eventual incompatibility observed
i)etween wing muscles and foreign thor;cic nerves. Parameters examined include
the pattern of peripheral nerve outgrowth and neural tube histogenesis, to deter-
mine the morphological properties of transplanted neural tubes, as well as retro-
grade horseradish peroxidase (HRP) motoneuron labelling to define precisely the
origin of motor innervation of wing muscles supplied By foreign thoracic nerves. In

addition, the pattern of motoneuron death, growth and differentiation, parameters
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never before analysed in thoracic neural tube's. were examined to investigate the
effects of contact with an enlarged periphery (wing \'nuscula_ture) on thoeracic

motoneurons.

(a) Properties of the Thoracic Neural Tube: The developfng spinal cord becomes
regionalized very early in development, prior to day -2E (Wenger, 1951). Distinct
morphological regions, however, are not recognized until day 4.5-5E (Levi-
Montalcini, 1950). The thoracic neural tube characteristically develops a medial
motor column {(MMC) which is continuous with and simitar in size to the MMC of both
the brachial and lumbosacral neural tube regions (Wenger, 1951). The lateral motor
column (LMC) of the thoracic spinal cord, however, is composed of small intermit-
tent clusters of neurons located ventrol.aterally. similar to the location of the LMC in
limb innervating spinal reglons where the ILMC is large and prominent. Also, the
thoracic neural tube region typically develops a discrete column of neurons -located
medially near the dorsolateral margin of the central canal, called the column of Terni
{Levi-Montalcini, 1950; Oppenheim, Maderdrut and Wells, 1982). The column of
Terni (CT), which in chick embryos is evident only in the thoracic and first two lum-
bar spinal segments (Oppenheim and Chu-Wang, 1983), is composed of sympathetic
preganglionlc neurons which innervate target postganglionic cells within the sym-

pathetic chain of ganglia located bilaterally adjacent to the vertebral column.

-~

The following is a brief summary of the developmental events which give
rise to the LMC, MMC and CT as first described by Levi-Montalcini (1950}. All three
cet* columns are comprised of cholinergic neurons (Oppenheim, Maderdrut and
;Vells. 1982) which originate early in development (day -3E) frem a single morpho-
logically uniform column of cells located ventrolaterally in the neural tube. Starting

at day -4.SE, neurons destined to form the MMC and CT migrate medially from this
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primordial cell column, while cells forming the LMC remain in a ventrolateral posl-

tion. Then, while MMC motoneuron migration stops in a ventromedial position, CT

neurons separate from the MMC and migrate dorsally to reach their final location
near the central canal by day -5.5E. It should be noted that thesource of all neurons

-

in the nervous system, including those early cells which form the uniform column of

~

cells mentioned above, is the ependymal layer of the neural tube. [t was demon-
strated, however, that primitive neuroblasts of the kependymal layer only proliferate
to produce presumptive motoneurons up to c.'lay -4E (Hamburger, 1948; Corliss and
Robertson,, 1963; Hamburger, 1975; Hollyday and Hamburger, 1977) and once migra-

tion of motoneurons from the ependymal layer is initiated, proliferation ends.

Although motoneuron proliferation stops at day -4E, lateral ﬁlgration of pri-
mordial nlotoneurons from the central proliferative region of the neural tube into
the LMCQontlnues to'day -5.5E (Hamburger, 1973). Thus, during incipient formation
of the LMC, MMC and CT primitive neurons migrate in opposite directions: MMC and
CT neurons migrate medially away from the uniform, ventrolateral cell column and

at the same time LMC motoneurons migrate laterally into this column.

Coincident temporally with these migratory events all three neuronal popu-
lations (LMC, MMC and CT) extend neurites into the periphery (Levi-Montalcinl,
1950). LMC, MMC and CT fibres all exit the neural tube via the ventral roots, but,
while LMC and MMC neurites join sensory fibres to form segmental spinal nerves, CT
fibres immediately upon exiting the neural tube branch awa}; from the ventral roots
to form communicating rami which enter the sympathetic chain ganglia, where post-
ganglionic target cells ar_e located. Since the CT is restricted to the thoracic and

upper lumbar spinal segments, communicating rami are observed only at these spi-

nal levels and never occur in the brachial region (Levi-Montalcini, 1950; Oppenheim,

-
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r;{aderdrut and Wells, 1982). An abortive CT which forms early In embryogenesis and
then disappears has been described, hov;fever. in the cervical region of chick
embryos {Levi-Montalcini, 1950). This transient cell column, which follows t'h'e same
developmental pattern as noted for the thoracic CT, extends neuronal processes into
adjacent cervical sympathetic ganglia via te‘rnporary communicating rami. The cervi-
cal CT fibres then, for réasons that remain unknown, abruptly withdraw from‘th;:
cervical sympathetic ganglia, communicating rami disappear and the cell column
degenerates by day -5E (Levi-Montalcini, 1950). If, however, the cervical neural tube
is transplanted into the thoracic neural tube region, the CT within the heterotopi-
cally transplanted neural tube no longer degenerates and stable structural contacts
with thoracic sympathetic chain ganglia are established (Shieh, 1851). The observa-
.tions of Shieh (1951) indicate that the cervical CT can substitute for thoracic CT neu-
rons and, in doing so, establish contacts with suitable target cells within the sym-

pathetic chain ganglia.

In the present study, the development of structural phenotypes within tran-
splanted neural tubes, such as the LMC, MMC and CT, were investigated to determine
If morphogenetic factors in transplanted thoracic neural tubes are related to the
eventual uncoupling'observed between wing muscles and foreign thoracic nerves

derived from a heterotopic neura!l tube transplant.

\
{b) Source of Motor Innervation: In add]tion to structural analyses of transpianted
{

neural tubes, the source of motor innervation to individual wing muscles innervated
by foreign thoracic nerves was determined using HRP retrograde labelling of spinal
motoneurons. Based on the well documented knowledge that individual limb mus-
cles are innervated in a highly specific manner by motoneuron pools localized pre-

cisely within the spinal cord (for reviews, Landmesser, 1980; _G.rlnnell and Herrera,
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1981) it was hypothesized that abnormal nerve-muscle connectivity might account

for the eventual Incompatibility observed between wing muscles and foreign thora-

cic nerves. - ¥

Outgrowing motor neurites follow distinct, stereotyped pathways into the
developing limb bud to establish initial nerve-muscle contacts (Lance-Jones and
Landmesser, 1981a). Thu$, individual neurites form specific connections with
approp/::tate limb m;lscles [i.e., embﬁonic nerve-muscle connectivity is the same as
that of adult animals (Landmesse;. 1978a,b; Landmesser, 1980)]. Starting at the earll-
est embryonic time [St 27-28 (day 5-5.5E)] that nerve-muscle contacts can be demon-
strated in leg muscles using in vitro stimulation of spinal nerves (Landmesser and
Morris, 1975), discrete clusters of motoneurons, located in characteristic positions .
along the rostrocaudal and mediolateral axes of the LMC in the limb innervating
regions of the spinal cord, are connected precisely with specific limb muscles (Land-
messer, 1978a,b; Hollyday, 1980; 1983; Oppenhelm, 1981a). Motoneurons located in
a dorsomedial position within the LMC Innervate limb muscles derived from the ven-
tral premuscle mass (flexors), while ventrolateral motoneurons in the LMC lnﬁervate
muscles which originated from the dorsal premuscle mass (extensors;./r'\lerve-
muscle specificity, therefore, Is expressed throughout embryogenesis. lnappropri-
ate nerve-muscle connections, however, also occur in normal development, but these
are rare and are subsequently eliminated (Landmesser, 1878b; Laing, 1982; Hollyday,

1983; but see Pettigrew, Lindeman and Bennett, 1879).

Since the majority of axons establish appropriate connections, neither
retraction of inappropriate nerve projections nor death of motoneurons having
incorrect muscle connections is the primary mechanism for generation of nerve-

muscle specificity. In fact, when naturally occurring motoneuron death (see sum-
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mary of Fnotoneuron development below) Is experimentally reduced using chronic
injections of d-tlﬁ{bo;urarlne. a neuromuscular blocking agent, peripheral motor
ner\;re projectlo' are unaltered from the normal pattern, indicating that natural
motoneuron déeath during embryogenesis does not function_- to remove errors in

motor nerve connectivity (Oppenheim, 1981a).

To date, the developmental mechanisms which control nerve-muscle
specificity ére not clearly defined, although evidence from surgically manipulated
chick embryos Indicates that motoneurons are specified for particular muscle tar-
gets prior to the onset of peripheral nerve antgrowth (Landmesser, 1980; 1984).
Lance—Joneé and Landmesser (1980a) demonstrated that following deletions of a
small portion of the lumbosacral neural tube which normally innervatés proximal leg
muscles, peripheral motor nerves exiting the remaining portion of the neural tube
grow past uninnervated proximal muscles and innewaté only appropriate distal leg
muscles. Remaining motor neurites, thierefore, do not respond to environmental sig-
nals which normally direct growing axons to proximal leg muscles. Further experi-
ments of Whitelaw and Hollyday (1983) and Tosney and Landmesser (1984} demon-
strate that when hindlimb buds are partially deleted appropriate motor innervation
develops in the remaining Ieg.muscles. Motoneurons deprived of their normal mus-
cle targets, due to limb deletion, selectively exhibit excessive degeneration during
the perlod of natural motoneuron death (Hamburger, 1958: Oppenheim, Chu-Wang
and Maderdrut, 1978). These experiments (Lance-Jones and Landmesser, 1980a; Whi-
telaw and Hollyday, 1983; Tosney and Landmesser, 1984) indicate that motoneurons
which normally innervate particular leg muscles can recognize and respond to

specific environmental cues which guide them to appropriate muscle targets.
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Further evidence from surgically manipulated chick embryos show that both
actlve and passive guidance of outgrowing axons to appropriate llmb muscles occurs
{Stirling and Summerbell, 1385). Limb bud transplantation studies in' which llmtg.prf-
mordia were dorsoventrally or anteroposteriorly reversec.l. indicate that in some
cases Invading axons make contact with appropriate muscle targets and in other
operated embryos inappropriate ﬁerve-muscle connections result (Stirling 'and Surm-
merbell, 1980; 1983; 1985; Summerbell and Stirling, 1981; Ferguson, 1983; Lalng,
1984). For example, in dorsoventrally reversed wings (Laing, 1984) and legs (Fergu-
son, 1983) approprlate-neuromuscular connections develop, indicating that out-
growing neurites are able to actively seek out appropriate pathways and muscle tar-
gets. Others have reported, however, that appropriate nerve-muscle connectivity is
evident only in anteroposteriorly reversed wings and that inapprapriate connec-
tions are observed if wings are dorsoventrally reversed (Summerbell and StirNpg,
1981; Stirling and Summerbell, 1985). These investigators (Stirling and Summerbel!,
1985) suggest that the differences between their findings and those of others may be
due to the exact location of the plane between host tissue and reversed donor tissue
in each experiment. If the reversal plane is positioned distal to the nerve plexﬁs of
the limb, then invading axons first sort inte specific nerve tracts within the plexus
and then, as growth continues, they encounter the reversal plane and passively fol-
low inappropriate nerve pathways, unable to correct for their abnormal position
within the reversed limb. The inability of motor nerves to seek out appropriate tar- ]
gets under these experimental conditions may be due to the fact that individual
axons are displaced a large cﬂstance from their normal position in the limb and are
now unable to respond to local environmental cues (Landmesser, 1984, Stlrﬁng and

Summerbell,, 1985). If, however, the reversal plane is proximal to the nerve plexus,

then outgrowing axons encounter the reversed pe'ripheral tissue before entering the
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plexus and now are able to compensate for their displaced position, sort into
. - ‘ A
appropriate nerve tracts and establish connections with their normal muscle

partners (Stirling and Summerbell, 1985).

™,

Neural tube {eversal experiments in which varying lengths of the lumbosa-
cral neu1;al tube were reversed craniocaudally show that motoneurons within spinal
segmenls displaced a short distance from their-normal position in the spinal cord
are able to e‘xtend neurites into the developing leg and actively seek their appropri-
ate muscle targets (Lance-Jones and Landmesser, 1980b; 1981b). On the other hand,
if a large length of the lumbosacral nMube is reversed craniocaudally, so that

spinal segments are shifted a large distance from their normal position, motor neu-

+

rites growing into the periphery are no longer able to correct for their abnormal
position and. consequently innervate inappropriate leg mus¢1es {Lance-Jones and
Landmesser, 1981b; Vogel and Landmesser, 1887). Under extreme experimental con-
ditions, therefore, inappropriate motor innervation does occur and is related to the
distance motor neurites are disi)laced from their normal position (Lance-Jones and
Landmesser, 1981b; Stirling and Summerbell, 1985). Forelgn motor nerves invading
peripheral tissues distant from thelr normal environment, therefore, may be too far
removed from and unhable to respond to specific, localized cues which would nor-
’

mally guide them to appropriate muscle targets (Landmesser, 1984). Thus, inap-

propriate innervation occurs only after extreme experimental manipulations.

The present study sought to determine, uSing retrograde HRP labelling ana-
lyses, the source of motor innervation to wing muscles within a thoracic neural tube
transplanted to the site of the extirpated brachial neural tube. In these heterotopic
innervation experiments, nerves exiting the heterotopically transplanted thoracic

neural tube enter a brachial environment far removed from their normal peripheral



20

field. It was reasoned that abnormal localization of motoneuron pools supplying
wing muscles may be a factor contributing to the inabllity of foreign thoracic nerves

to maintain structural unions with wing muscles.

Once the origin of motor innervation to wing muscles in these heterotoplc
innervation experiments was deﬁr}ed. it was then possible to investigate the
development of thoracic motoneurons known to be in coni-ﬁét\‘with target (wing)
muscles which they never innerv-ate normally. Specifically, the developmental pat-
tern of motoneuron death, growth and differentiation during the pericd extending
from St 29 (day -GE}'to St 42 (day -16E} was studied in heterotopl-cally transplanted
thoraclic and appropriate contro! neural tubes. The analyses of motoneuron
development were based on ther reporis of Hamburger (1934; 1939a,b) which demon-
strated that factors derived from the periphery influence the number of motc"neu-

rons which develop in the limb innervating segments of chick embryo spinal cords.

(¢) Pattern of Motoneuron Death, Growth and Differentiation: The control of

motoneuron numbers during embryogenesis was examined further by Hamburger
and coworkers who reported that following limb bud removal before peripheral
nerves exit the neural tube, many fewer motoneurons develop in"the neural tube
region that normally supplies the missing limb {(Hamburger and Keefe, 1944). Ham-
burger and Keefe (1944) suggested that the size of the periphera'l target field may
determine either the recruitment or differentiation of neurons from a population of
unciiﬁerentiated. pluripotent stem cells to supply the limb, a theory which was sub-

sequently disproven.

Up to the tfme when the report of Hamburger and Levi-Montalcinl (1949)

-—

appeared, .embryonic development was considered to be totally progressive in

nature and'the idea of regressive developmental mechanisms, such as cell death, had

rd
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not occurred to embry}ologlsts of the day. Hamburger and Levi-Montalcini (1949)
indicated that massive loss of dorsal root ganglion cells occurs during normal
development. Su’bseq;xent re-examination of the limb bud removal experiments
confirmed the presence of a period of massive motoneuron death during normal
ontogeny and this cell loss was accelerated\%nd-increased greatly from normal in the
absence of a limb (Hamburger, 1958: Chu-Wang and Oppenheim, 1978a). Detailed
duantltative comparisons ot;the lumbosacral LMC following limb bud removal at day
-3E den;onstrated that by day -5E equivalent numbers of motoneurons develop on
thé operated and control sides (Hamburger, 1958, Chu-Wang and Oppenheim,
1978a). Thus, remo‘val of the limb bud early in development did-not lnﬂuence either
the initial production or migration of motoneurons during formation of the LMC.
Between St 29 (day -6E) and St 35 (day -9E) a period of cell degeneration is observed
in the lumbosacral spinal cord during which 40% of motoneurons present initially
are lost through natural cell death on the control side and up to 90% of motoneurons
die during the iamg period on the limb budpremoval side {(Hamburger, 1958; 1975;
Chu-Wang and Oppenheim, 1978a,b). These observations identified the period of
naturally occurring motoneuron death in the lumbosacral LMC during normal
development and further indicated that the anet of induced (target deprived)
motoneuron death coincides temporally with that of natural neurothanasia of these
cells. Similarly, a period of natural motoneuron death exténding from St 34 {day -8E)
through St 40 (day -14E) has been identified in the brachial LMC of chick embryos
(Oppenheim-and Majors-Willard, 1978; Laing, 1982; Cauweﬁbergs. Cosmos and Butler,
1983; 1986).

Although much has been learned concerning the pattern of motoneuron
death during embryogenesis, to date the ontogenetic mechanisms which control

motoneuron death remain poorly understood and controversial (Hamburger and
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Oppex_}heim. 1982; Oppenheim :and Chu-Wang, 1983; Oppenheim, 1984). Hamburger
(1958I)\ “frst suggested that the temporal colncidence of induced anc!_-,patural
motoneuron death may indicate the presence of é\ trophic or maintenance factor(s),
similar to nerve growth factc;r (NGF), which is derlved frorr; the periphery and acts lc;
regulate motoneuron death during normal ontogeny. Tanaka angLandmesser (1986)

indicated furtheT that such a trophic factor is derived from developing myotubes

and, therefore, motoneuron death is inversely related to the number of myotubes

- present in the periphery, although McLennan (1984) suggested that target size is not

the primary factor governing motoneuron death.

Recent evidence indicates that survival of cult_ured chick embt:yo sensory
neurons is supported by a neurotrophic factor(s) extracted from pectoralis muscles
of day -18E cl'lick embryos and that this neurotrophic activity was greatest during
the period of naturally occurring death of these cells (Davies, Thoenen and Barde,
1986). Similarly, Hulst and Bennett (1986) reported that the survival of chl;k embryo
motoneurons in vitro is promoted by media conditioned over dissoclated embryonlc
skeletal muscle and that this neurotrophic effect is mediated by a trophlic factor(s).

similar to NGF, derived from the cultured muscle cells.

Other reports indicate that the regulation of naturally occurring motoneuron

_death is more complex than originally anticipated (for reviews, Oppenheim, 1981b;

1984). For example, initiation of motoneuron dsath during normal development may
be related to the formation of permanent néurgmuscular Junctions (Hamburger,
1975). Also, synaptic activity at the mygneural junction functions to determine the
degree of iﬁotoneuron death since cher;ﬂcal blockers of bo&: acetylcholine release
(botulinum toxin) and postsynaptic acetylcholine receptors (curare or a-

bungarotoxin) reduce motoneuron death, so that in the absence of synaptic activity
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93% ofjnitl'al motoneuron numbers survive the no\Qal cell death period {Pittman

and Oppenheim, 1978; 1979). -

Natural motoneuron death, on the other hand, Is not related to an inability of
motoneurons destiréd to dle either to differentiate normally or to extend peripheral
p‘rocesses. Oppenheim, Chu-Wang and Maderdrut (1978) showed that after limb bud
removal at day -3E all motoneurons on the operated side send out axonal processes
which enter a neuroma {a densely packed tangle of nerve fibres) at the base of the
removal site. Although no synapses developed in the neuroma, nearly all motoneu-
rons were labelled retrogradely after. HRP injection into the neuroma at day -SE.
Oppenheim, Chu-Wang and Maderdrut (1978) also demonstrated tha_t target
deprived LMC motoneurons develop normal ultrastructural features' and
. differentiate levels of cholinergic enzymes (choline acetyltransferase and acetylcho-
linesterase) similar to those of control motoneurons prior to the onset of motongu—
ron degeneration. Thus, these embryonic properties of motoneurons are controlled

autonomously, independent of peripheral factors.

Avallable evidence, therefore, sup‘torts the competition hypothesis for con-
trol of naturally occurring motoneuron death, as proposed by Hamburger (1975).
According to this hypothesis.‘ large numbers of motoneurons send axonal processes
into a peripheral target field which is restricted in availability of synaptic sites.
Invading neurons consequently compete either for specific anatomically defined tar-
gets or for a limited supply of trophic substance or maintenance factor derived from

target cells’

Based on the fact that peripheral factors tnfluence natural motoneuron death
during embryogenesis, the present investigation was directed toward elucidating

the pattern of motoneuron death first in unoperated contro! thoracic neural tubes,
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since this was previously unknown, and then in heterotopically transplahted thora-

cic neural tubes. Thus, quantitative comparisons of motoneuron numbers wege per-

. formed between experlmental and control neural tubes from St 29 (day -6E) through

St 42 (day -16E)} to determine if structural contacts and interactions with an enlarged

.periphery (wing musculature) affect the pattern of motoneuron death in heterotopt-

cally transplanted thoracic neural tubes. These analyses also allowed comparisons
of peripheral (wing) and central (spinal cord) embryonic events, first during the tni-
tial dévelopmental perlod when structural nerve-muscle contaéts are observed in
heterotopically innervated wings and then fdllowirig nerve-muscle uncoupling and
muscle degeneration. It was reasoned that loss of previously compaﬂble nerve--
muscle union‘s observed in these heterotopic innervation experiments during the
second week of embryogenesls‘(Butler. Cosmos and Brierley, 1982b) might severely

affect the survival of foreign thoracic motoneurons.

}

-

3. Somitic Origin Of Skeletal Muscle

InN\ad {lon to the heterotoplc innervation experiments, a second series of
surgically r%anipulated chick embryos was employed in the present study to deter-
mine if the nerve-muscle uncoupling phenomenon observed in heterotopfc Innerva-
tion experiments is i.mlque to a thoracic nerve-brachial muscle combination.
Whereas in the first experimental serigs the source of motor innervation to brachial
muscles was replaced by a thoracic neural tube, in the second series of experiments
the source of myogenic precursor cells was altered surgically. Specifically, the bfa-
chial somites, from. which the myogenic component of wing muscles is derived nor-

mally (Jacob, Christ and Jacob, 1978), \?ras removed and replaced by thoracic somitic

-mesoderm which normally gives rise to abdominal muscles (Christ, Jacob and Jacob,

1978a). 'As in the present heterotopic neural tube transplantation experiments, wing
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motility analyses were performed from St 29 (day -6E) through St 42 (day -16E) to

determine the extent of functional nerve-muscle interaction following heterotopic -

L

somitic mesoderm transplantation.

During ea.rlyy somlt-ogencsis two distinct regions are evident in the somites,
the ventral sclerotome éqd ;iorsal de’rmatomyﬁtor_ne (Christ, Jacob and Jacob, 1877;
1978b). As development prbceedg. the dermatomyotome subdivides further into
outer dermatome and lnr;er m‘y;ot,g.rhe layers, and it is from the myotomal layer that
myogenlc.pre‘cursor cells of_.sk;élétal m/;:lscles originat'e (Christ, Jacob and Jacob,
1978b). In the brachtal region of chick embryos presumptlve myogenic cells start
their mlg;'atio‘n from-the i’nyotom@f region of individual somites at St 14 (48-52 h in
ovo), s'horrlj{ after segméhtation of brachial 'somites- is complete {Christ, Jacob and
Jacob. 1977: Jacob, Christ and Jacob, 1978). Similarly, ﬁwogenic cells begin their

migration into the htndlimb bud immediately following segmentation of the lum-

bosacral somitic mesoderm (Jacob, Christ and Jacob, 1979).

-

_Several studies which utilized the distinctive nucleolar marker :in
c‘hick/quail chimaeras developed by LeDouarin (1973) showed that individual skele-
tal muscles are deri;.red from two separate mesodermal structure (Chevallier, Kieny
and Mauger, 1977; 1978; Christ, jacob and Jacob, 1877, 1978b; Chevallier, 1979). Only.
the myogenic componeﬁt of skeletal muscles is derived from donor somitic meso-
derm when somitic mesoderm of quail genotype is transplanted homotopically (sites
of origin and implantation are the same) into the region of extirpated brachial
(Christ, Jacob énd Jacob, 1877; G!;evalller. Kieny and Mauger, 1977), thoracic {(Christ,
Jacob and Jacob, 1978a; 1983; Chevallier, 1979) or lumbosacral (Chevallier, Kieny a:-'xd
Mauger, 1977) somites in chick hosts. Connective tissue elements within skeletal

muscle, such as tendons, perimysium and endomysium, are derived from the soma-
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topleure (lateral plate mesoderm) [Chevallier, 1879; Christ, Jacob and Jacob, 1983].
The somltic origin of muscle cellls was demonstrated further by Chevallier, Kieny and
Mauger (1978) and Lewis, Chevallier, Kieny and Wolpert (1981) who showed that
| skeletal muscles fail to dcvafgp in regions where the somitic mesoderm was

removed surgically or by X-irradiation.

_Chevallier and coworkers demonstrated further that the development of
indlvidual limb muscles is not dependent on the segmental origin of the somitic
. mesgdefm giving rise to these muscles (Chevallier, Kieny and Mauger, 1977; Cheval-
lier, 1979). Thus, the develgpment of wing_’muscle's. following interspecific tran-
splantation of either cervical, l'mial. thoracic or lumbosacral somites 1n't)cr:he site
“of extirpated brachial somites i.s unaltered from that of unoperated controls (Che-
vallier, Kieny and Mauger, 1977; Cauwenbergs, Butler and Cosmos, 1986b). Myogenic
somitic mesoderm, therefore, is not regionalized at day -2E when the heterotopic

somite transplantations were performed.

The aim of the experiments of Chevqlller and colleagues was to use the
structural marker iﬁ chick/quail chimaeras to determine the myogenic potentials of
somitic mesoderm taken from various segmental lévels. éc;nsequently. experimen-
tal embryos were analyzed to day -12E only (Chevallier, Kieny and Mauger, 1977,
Chevallier, 1979). For the present study, thoracic somitic mesoderm was_ tran-
splanted heterotopically into the site of extirpated brachial somites and wing motil-
ity analyses were compared between operated and control embryos. The specific
aim of the present investigation was to determine if in the intraspecific chimaeras
used, functional interactions (wing motility) occur between in situ brachial motor
nerves and wing ‘musc]es derived from the heterotopic somhﬁ‘gmesoderm graft.

More‘over. motility analyses were carried out to-5t 42 (day -16E) to see if functional
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nerve-muscle Interactions were maintained in experimental Thor-Br/som embryos
or If, Instead, nerve-muscle uncoupling occurred, as was the case for heterotopic

neural tube (Thor-Br) transplant experiments.

E. Summary Of Aims And Objectives

The specific ai.m of the present s:!.udy was to investigate the nature of initial
nerve-muscle contacts observed previoﬁsly in experimental chick embryc wing mus-
cles cross-innervated by foreign thoracic nerves (Butler, Cosmos and Brierley,
1982b). Analyses were directed toward gaining a better understanding of possible
factors\_i.ntrinslc and extrinsic to the spinal cord responsible for the eventual nerve-

muscle uncoupling reported .previously (Butler, Cosmos’ and Brierley, 1982k), as

summarized in the following list of objectives:

1. To utilize the well documented functional parameter, wing motillty, to
determine if initial nerve-muscle unions between wing muscles and foreign nerves
derived from a heterotopically transplanted thoracic neural tube are functional.

2. To define the extent of functional nerve-muscle interaction by performing
wing motility analyses in individual heterotopic innervation experiments
throughout an extended erribryonic period (day -6E through day - 16E).

3. To investigate developmental events within the heterotopically tran-
splanted thoracic neural tube including neural tube histogenesis, the origin of motor _
inner_vatlon (HRP analyses) and the pattern of motoneuron death, growth and
differentiation during the embryonlc period from St 29 (day -6E) to St 42 (day -16E).

4. To determine if the eventual nerve-muscle incompatibility observed in
heterotopic thoracic neural tube transplant embryos is limited to a thoracic nerve-

brachial muscle combination, wing motility analyses were performed in a second



28

experimental series in which, now, in situ brachial nerves innervate wing muscles

which originate from heterotopically transplanted thoracic somitic mesoderm. -

During the course of this thesis re@arch. the following papers have been published:

Cauwenbergs, P., Cosmos, E. and Butler, J. {1983): Alterations of wing motlllty-and
motoneuron number following heterotopic neural tube transplantation in chick
embryos. Soc. Neurosci. Abstr. :373.

Cauwenbergs, P., Cosmos, E. and Butler, J. (1986). Pattern of neuronal cell death
within the medial motor column (MMC) of a thoracic neural tube transplanted to the
brachial region (Thor-Br) of chick embryos. Soc. Neurosci. Abstr. 12(2}871.

Butler, J., Cauwenbergs, P. and Cosmos, E. (1986): Fate of brachial muscles of the
chick embryo innervated by inappropriate nerves: structural, functional and histo-
chemical analyses. J. Embryol. Exp. Morph. 95:147-168.

Cauwenbergs, P., Butler, J. and Cosm¢s, E. (1986a). Impaired muscle-nerve interac-

tion (motility) characterizes the brachial region of dystrophic embryos. Exp. Neurol.
94:41-53.

Cauwenbergs, P., Butler, J. and Cosmos, E. (1986b): Intraspecific chick/chick
chimaeras: dystrophic somitic mesoderm transplanted to a normal host forms mus-
cles with a dystrophic phenotype. Neurosci. Lett. 68: 149-154.

Butler, J., Cosmos, E. and Cauwenbergs, P. (submitted). Positional signals: Evidence

for a possible role on muscle fibre-type-patterning of the embryonic avian limb.
Development Under Review,
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MATERIALS AND METHODS

A. Embryos

The majority of experiments in this study were performed on normal chick

embryos from a local strain of White Leghorn chickens (Martindale Farms). In

addition fertile eggs from a strain of chickens (51) afflicted with hereditary muscu-

[}

lar dystrophy were obtained from the University of Connecticut (Storrs). The S1

was initally produced by outcrossing the Davis line 301 of dys-

A
K

dystrophic&s‘

trophic chicke{ { (New Hémpsﬁire strain) to normal White Leghorn birds because

of the latters” su \e_t:i\or fertility and vigor (Chung, Morton and Peters, 1960). More
- | _,""‘\/ -~
M - l
recently the genetically related, dystrophic (S:o) and normal (S“) strains have
become available from the University of Connecticut (Storrs).. All four embryonic

lines were used in the present study.

1. Preparation of Embryos

All eggs were incubated on their sides, without rotation in table top incu-
bators at a temperature of 37.4° C and 56% relative humidity for approximately
two days. This method of incubation rendered the embryos accessible for surgical’
manipulation_since, due to the relative densities of the embryo and yolk.“thg
embryo floated to the top of the egg. Embryos which were to be used as thoracic
tissue donors (neural! tube or somitic mesc;derm) were incubated four hours in
advance of those to be used as hosts. After two days of incubation the embryos

were exposed by the following technique: A small hole was made through the shell

into the air space at the blunt end of the egg with fine scissors and another was

29
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made over the embryo. The shell overlying the émbryo was then carefully lifted
away from the adherent shell membrane and a small slit was made in this mem-
brane, allowing the air space to shift and come to overlie the embryo. In this way
the embryo dropped éway from the shell allowing enlargement of the shell open-
ing. At this point eggs designated as unoperated controls (UC) were fitted with
glass coverslips {24 x 30 mm), sealed with soft dental wax and returned to the
incubator. The glass window provided excellent visibifity for subsequent motllity .
analyses. Eggs to be used for transplantation exp@®iments were sealed with cello-
.phane tape and placed in the incubator until surgery. Host embryos were
removed from the incubator approximately 15 minutes prior to surgery and left at
rocm temperature. This procedure was observed to prevent qzmage to develop-
ing blood vessels during surgery since the heart rate slowed consi.derably at the
cooler temperature. Occasionally host and donor eggs were kept at room tem-
perature for variable lengths of time (upl to two hours) in order to matntain the
embryos at the desired stages for tyansplanta;ion procedures. Although it has
been shown that avian embryos may develop abnormally and exhibit growth retar-
dation with prolonged (2-10 days) or continuous exposure to low incubation tem-
peratures {(Romanoff,1972), no deformities were observed follozving the short
exposures employed in the present study. similar to the findings of\ Romanoff
(1960),however, the formation of somites was slowed in embryos cooled for a
brief period; thus, it was ‘possible to extend slightly the period during which
donor and host embryos were at the desired stages. All embryos were staged
prior to surgeryJ(and throughout this study) according to the morphological cri-

teria established by Hamburger and Hamilton (1951).
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B. Surgical Procedures

To investigate factors which influence nerve-muscle interaction during
embryogenesis, two series of experimental surgical manipulations were employed:
removal and heterotopic transplantation of either (1) neural tube segments or (2)
somitic mesoderm. The surgical techniques f:mployed were established and are
used routinely in Dr. Cosmos' laboratory (Butler, -Cosmos. and Brierley, 19823;_
Butler, Cauwenbergs and Cosmos, 1986; Cauwenbergs, Butler and Cosmeos, 1986b).
For the neural tube transplantation series the brachial neural tube segment of the.
host embryo was removed and replaced by (1) the thoracic neural tube segment
from a donor embryo (Thor-Br) or (2) by a donor brachial neural tube (Br-Br). The
somitic mesoaerm transplantation series of experiments (Thor-Br/som) | were
comprised of two groups of operated embryos. One group in which the bre;chia[
'som.ltes of the host embryo were extirpated and replaced by thoracic somitic
mesoderm from a donor embryo of normal genotype (NThor-NBr/som) and a
second group in which the host brachial somites were replaced by thoracic somitic
mesoderm from a donor embryo of dystrophic genotype (DThor-NBr/som). All
host embryos in the somitic mesoderm transplant series of experiments were of

the local normal strain.

1/Neural Tube Transplantation

(a) Experimental Embrvos: In the first series of experimental embryos heterotopic
neural tube transplantation (Thor-Br) was achieved by removing the brachial
neural tube from host embryos at stage (St) 13 (48-52 h in ovo) and inserting into
the removal site a thoracic neural tube from a St 14 (50-53 h in ovo) donor embryo

(Fig. 1). The brachial neural tube develops adjacent to somites 16 to 21 inclusive
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Figure 1. Diagram to illustrate heterotopic neural tube transplantation, ie

replacement of host brachial neural tube segment by thoracic neural tube

{nt) segment ofgonor embryo. S refers to somite number.
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(Butler, Cosmos and Brierley, 1982a), whereas the thoracic neural tuBe forms oppo-
site somites 22 to 26 inclusive; thus, the nﬁmber of formed somites and an esti-
mate of unformed somites (caudally) was used to define the cranial and caudal
limits of both the brachial neural tube removed from host embryos and thoracic

(Thor-Br) or brachial (Br-Br) neural tube taken from donor embryos.

(i) Preparation of Donor Tissue: 'I‘hc; donor thoragic neural tube \~;as obtained as
follows: Thg donor embryo was removed from the egg By cutting around the area
vasculosa with small iridectomy scissors and placed in a small pet.ri dish contain-
ing.sterile Hank's balanced salt solution (HBSS; see Appendix la). The vitelline
membrane was then teased away using forceps, t‘he embryo was orientated dorsal
side up and excess HBSS was suctione.d away. The dish was then placed on a black
background to facilitate vir;ualization of the embryo with a dissecting mlcror:cope
(X40) illuminated with a fibre optic light source. Next the donor embryo was
staged and the cranial and caudal boundaries of the thoracic neural tube were del-
ineated as described above (Fig. 1). The entire thoracic reglon of the donor
embryo was removed by making two transverse culs, one at the level of somite 22
and a more caudal cut between presumptive somites 26 and 27, with an electro-
phoretically etched tungsten needle. To maintain proper cranio-caudal and
dorso-ventral orientation of -the donor neural tube, the caudal incision was made
at a slight angle. The transverse incisions were then joined 1a£ ly by longitudi-
nal incisions. The excised tissue was then placed in a sterile O.ZS%stin solu-
tion (Gibco Laboratories) (see Appendix Ib) for 10-15 minutes while the brachial
neural tube segment was removed from the host embryo. After trypsinization the
donor neural tube was carefully dissected free of extraneous tissues {(ectoderm,
endoderm, somitic mesoderm and notochord} and immersed for approximately 10

seconds in a trypsin inhibiting solution of 5% fetal bovine serum (Gibco
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Laboratories) in complete HBSS (see Appendix Ic). The donor neural tube was then
transferred to the host egg by pipette and positioned as described below.

(l}) Preparation of Host Embryos: While the donor tissue was ‘being trypsinized,

the host embryo was prepared as follows: The host egg, which was opened previ-
ously as c.lescribed above, was reopened by removing the cellophane seal. A small
volume (approximately 0.2 ml) of sterile India ink (Pelikan #17, diluted 3:1 with
HBSS) was injected between the embryo and the underlying yolk with a finely
drawn glass needle (Butler, Cosmos an.d Brierley, 1982a) to allow proper visualiza-
tion of the embryo. All surgical procedures were performed using a dissecting
mlcroscope at a magnification of 40X. To expose the brachial region of the host
embryo, a drop of sterile HBSS was placed on the vitelline membrane and a small
incision was made through this membrane. An additional drop of sterile HBSS was
then added to ralse the vitelline membrane and allow better access to the embryo
beneath. To prevent the embryo from becoming dehydra,éd. additional drops of
HBSS were added when necessary. Next, two longitudinal incisions were made on
elther side of the-brachial neural tube, separating it from adjacent brachial somitic
mesoderm (somites 16-21). Care was taken not to damage the somites or underly-
ing endoderm. The neural tube was then transected at the cranial (Setween som-
ftes 15 and 16) and caudal (between presumptive somites 21 and 22} limits of the
brachial region. Removal of the host brachial neural tube was done with fine for-
ceps and any fragments were suctioned away with a finely drawn capillary pipette.
After removal of the neural tube, the somites, notochord and endoderm were care-
fully inspected for injury resulting from the operation and injured areas were

recorded.

Once the host embryo was prepared, the donor thoracic neural tube was

removed from the trypsin solution, rinsed in trypsin inhibitor and placed into the
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host egg. The donor tube was then aligned with the host neural tube and 1n cases
where it was longer than ‘the removal site a small piece was trimmed off caudallw).
Then, with a finely etched needle the ‘donor neural tube was gently manlpulaied
into the host removal site, while maintaining proper cranleo-caudal and dorso-
ventral orientation. Once the deonor neural tube was positioned correctly, excess
fluid overlying the operated embryo was suctioned away to allow the donor thora-
cic neural tube to sink down into the removal site. Operated eggs were then fitted

with glass coverslips, sealed with soft dental wax and returned to the incubator.

(b} Surgical Controls: In addition to the uncperated contro.L (UC)\embryos. surgi-
cally minipulated control embryos included the Br-Br gr 7 For the Br-Br
embryos the b;-achial neural tube was removed at St 13 (48-52.h in ovo) as
described for experimental (Thor-Br) embryos and replaced by a brachial neural
tube from a donor emblyo at St 13 (48-52 h in ovo). The s‘urglcarte‘.chniques used
in this procedure (Br-Br) were identical to th':ase outlined for the Tl;d;-Br‘ experi-

R

mental series.

A second series of surgically manipulated control embryos, namely the
pre-brachial removal (PBR) group, was used specifically for wing motility analyses
to determine if the loss of prope‘r supraspinal or propriospinal {intersegmental)
inputs would affect adversely either the qualitative or quantitative nature of wing
motility. The PBR embryos were prepared by the surgical removal of a small por-
tion of the pre-brachial (cervical) neural tube opposite sordr:ites 11-13 Inclusive at
St 13 (48-52 h in ovo) (Fig. 2). The surgical technique employed was the same as
that described for removal of the brachial neural tube from host embryos in
Thor-Br experiments:; however, in PBR embryos, the extirpated neural tube seg-

ment was not replaced. Following surgery, the eggs were sealed with a glass
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AN
Figure 2. Diégram to illustrate removal of a prebrachial neural tube segment {PBR

embryo) adjacent to somites 11 through 13. S indicates somite number.

S
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coverslip and soft dental wax and placed In the incubator. Dissection of PBR
embryos at the terminatio.n of the experiment revealed that in all cases the neural
tube had not regenerated into the removal site and a large spinat g_ab persisted in

the upper cervical region.

2. Somitic Mesoderm Transplantation

The second series of experiments consisted of surgically manipulated
embryos in which thoracic somitic mesoderm was transplanted heterotopically
in;d’the sit.e of the extirpated brachial‘somites (Thor-Br/som) which normally give
rise to the wing muscles (Beresford, 1983). The surgical techniques used are
described below. : .

(I} Preparation of Donor Tissue: As in the neural tube transplantation experi-

ments, donor embryos were removed from the egg at St 14 (50-53 h in ovo)‘placed
in a petri dish containing sterile HBSS, and the thoralcic region extending from
somite 22 to presumptive somite 26 inclusive was excised. The excised tissue was
thcnp[aceld {n'a sterile solution of 0.25% try,rpsir1{‘..“(:at‘+ and Mg*‘; free HBSS for
10-15 minutes, while the brachial s‘_omites were removed.fl:om the host embryo.

-

Following trypsinization the thoracic somitic mesoderm from the right side of the

donor embryo was dissected free from surrounding tissues (ecto_derm. endoderm,
neural tube, mesonephric duct and lateral plate mesoderm), transferred by pipette
to trypsin inhibitor (5% fetal bovine serum/ HBSS) for approximately 10 seconds '.

and then placed in the host egg.

(ii) Preparafion of Host Embrvos: Host embryos were prepared by extirpating the

brachial somites (somite 16 to presumptive somite 21 inclusive) from the right

" side of the embryo at St 13 (48-52 h in ovo) (Fig. 3). Removal of host brachial som-
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ites was achleved by using an electrophoretically sharpened tungsten needle.
After penetrating the vitelline membrane as described previously (Section B-1(a) of
MATERIALS AND ME’I‘HODS) a longitudinal incision through the surface ectoderm
was made dorsal to the right lateral edge of the brachial neural tube. Transverse
incisions through the ectoderm\al layer wére then made to join this initial cut, first
at the cranial end of the removal site (between somites 15 and 16) anéi then at the
caudal end (between presumi)tive somites 21 and 22). The flap of ectoderm over-
lying the }arachial somites was then folded laterally to expose the somites beiow.
Two deeper longitudinal incisions were then®*made medial and lateral to the bra-
chial somites, being careful not to damage either the posterior cardinal vein,
uﬁderl};i_ng aorta or mesonephric duct (Fig. 3B) which is just forming at this stage
(Patten, 1957). Transverse incisions were then made at the cranial and caud'al lim-
its of the removal site and the brachial somiteg were gently lifted away \;vith fine
forceps. After removal of the brachial somités.. the gperation site was suctioned
with a finely drawn glass pipette to remove any possible fragments of somitic

mesoderm left behind and the removal site was inspected for injuries to either the

brachial neural tube or lateral plate mesoderm; damaged embryos were discarded.

Fol[ov\-fing removal of the hosi brachial somites, the donor thoracic somitic
mesoderm was placed into the host egg and manipulated into the removal site
using a fine wire probe. By cutting the caudal end of the donor tissue at a slight
angle at the time of removal.fl;om the donor embryo, it was possible to maintain
proper cranio-caudal and dorso-ventral orientation of the graft. Occasionally the
donor tissue did not completely fill the host removal site. In these cases (20 of
the 177 total), a short length {equal to approximately 1 somite) of unsegmented
thoracic somitic mesoderm from the left side of the donor embryo was used to fill

the space at the caudal end of the removal site. To do this, the somitic mesoderm

4"
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Figure 3. (A) Diagram to illustrate the heterotopic transplantation of thoracic som-
itic mesoderm from a donor embryo to replace the extirpated brachial som-
ites of a host embryo. S refers to somite number and stippled area

represents unsegmented somitic mesoderm.

{B) Diagram to illustratf cross-section of a St 13 (48-52h in ovo) host

embryo following removal of the brachial somites on the right side (arrow).
PCV. posterior cardinal vein: MD, mesonephric duct; C, embryonic coelom:

DA, dorsal aorta; En, endoderm: Ec, ectoderm; NT, neural tube: N, notochord:

S, somite.
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from the oﬁposlte_slde was rotated 180" to preserve proper medio-lateral orienta-
tion of the transplant. These embryos were not 'segregated from Thor-Br/som
embryos {vhich received donor tissue from only the right side sincg_ subseé;uent
wi::lg motility analyses indicated neither qualitative nor quantitative di_ﬁ‘erences
between these experimental groups. Following surgery, the eggs‘were s?aled with

a glass coverslip and soft dental wax and placed in the incubator.

C. Analyses

A number of analyses were used to investigat.e the development of func-
tional neﬁe-mu§cle interaction in chick embryos. These included wing motility
measurements in both ekpe‘:'imental series (Thor-Br and Thor-Br/som) of embryos
and analyses of the development of transplanted neural tubes in experimental

A
(Thor-Br) and control (Br-Br and UC) embryos. These investigations were per-
formed: (1) to determine the extent of functional nerve-muscle interaction (wing
motility) in experimental (Fhor:Br and 'I‘I"lor-Br/som) embryos and (2) to better

understand ontogenetic events which occur within the developing spinal cord

under experimental (Thor-Br) conditions.

1. Embryonic Motility

Embryonic limb motility originates within the developing spinal cord from
f;pontaneous. poly_neuronal bursts of electrical ‘_':\ctivity and is non-reflexogenic in
nature-(for feview. Oppenheim, 1982). Limb m_otility is, therefore. an excellent,
non-invasive parameter which can be used to investig‘ate functional nerve-muscle

interaction during embryogenesis.
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To monitor the development of functio_nal interaction between brachial
muscles and their motof. innervation, qualitative and quantitative analyses of wing
motility were compared between.'experimental and control EIpups of embryos.
. First wing motility in expef‘ifnental (Thor-Br, n=36) and control (Br-Br, n-3§; PBR.
n=33 and UC, n=74) embryos was analysed. Wing motility analyses \~;ere then also
performed on-experimental (Thor-Br/som, n=51) embryos. Of these (’l‘hor-Br/som)
operated embryos, 39 received donor thoracic somitic mesoderm of dystrophié
genotype and 12 recelved donor thoracic somitic mesoderm of normal genotype.
In addition to the UC control group, two strains of unoperated dystrophic (S‘.

n=53 and Sw' n=20) as well as a group of unoperated Sl normal (n=15) embryos

served as controls for the somite transplant experimental serles.

As a further internal control for wing motility analyses in unoperated dys-
trophic and normal embryos, motility measurements were performed on the ipsila-
teral wing and leg of a separate series of dystrophic (Sl. n=14) and local White
teghorn (n=14) embry-os at embryonic day -8 (day -8E) and day -12E. This analysls
was done to determine if genotypically dystrophic leg muscles, which are less

“severely affected than wing muscles by the dystrophic process during ex ovo

development{for review, Cosmos et al. 1979: 1980), exhibit embryonic motility pat-

terns similar to dystrophic wings. . -

Motility measurements were carried out as follows: Daily counts of wing
motility were pérformed from day -6E, when overt wing movements are initiated
(Hamburger and Balaban, 1963), through day -16E. Since wing n-'lotility analyses

| were performed daily on individual experimental and control embryos, the data
are expressed as the number qf right wing movements/10 minute observation

period (M/10) versus days in ovo. To ensure that the developmental stage of the
4
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embryos matched their chronological age (days in ovo), all embryos were staged

daily using the morphological criterial of Hamburger and Hamilton (1951). Prior
to day -13E, the embryos were staged accurately through the glass shell window at
the time of motility measurements Embryos at day -13E or oIder however, could
not be staged thrdugh the window du_e to their increased size. All embryos.were
staged upon removal from the egg at the termination of the experiment to ensure

that their developmental stage continued to correlate with their chronological age.

(a) Total Frequency of Wing Movements: To quantify wing motility, the embryos

were placed in a temperature (38° C) and humidity (56%) controlled viewing
chamber and were allowed to equilibrate for 10-15 minutes. The embryos were
{lluminated with a fibre optic light source and were observed through a low power

magnifying glass. Since chick embryos characteristically lie on their left side, the

v
total number of right wing movements (total frequency) which occurred in a ten °

minute observation period (M/10) we;s recorded on a hand counter. All spontane-
ous right wing movements which occurred during the observation period were
counted. Single counts were defined as any movement of the wing in relation to
the body, including movements at the shoulder, elbow al"ld carpus. In addition, if
the wing was moving in one direction and then abruptly changed direction, this
combination was counted as two separate movements. Simultaneous movements
of more than one segment of the wing were treated as a single count. All passive
movements of the wing which resulted from either contractions of the amnion or

motility of other body parts were excluded.

(b) Absolute Frequency of Wing Movements: In addition to daily analyses of the

total frequency of wing movements, the total time occupied by activity versus

inactivity phases during a ten minute observation period was determined using a

i

Ligd
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stop ;vatch in e:lxperimental {Thor-Br} and control (Br-Br and UC) embryos. To
accomplish this, an inéctivity.phase- was operatlonélly defined as any perléd
greater than 5. seconds duration during which no wing or le:g movements were
cbserved. It is known that activity and inactivity pﬁases for wing and leg motility,
as well as the total frequency of wing and leg movements a're highly correlated in
unoperated normal chick embryos; i.e.. wing and leg movements occur synchror-
nOLfsly during normal developmen? and the duration of activity/inactivity phases
is determined by the synchrond‘?) outflow of electrical discharges from the
developing spinal cord to both limbs (Provine, 1973; 1980). Similarly, in experi-
mental (Thor-Br) embryos wing activity and inactlvity phases were aobserved to be
temporally coincident with those of the ipsilateral leg. This between limb syn-

chronization of motility in Thor-Br embryos provided a useful means to identify

' periods of electrical activity and inactivity within the spinal cord as a whole.

Althoﬁgh the frequency of wing motility in Thor-Br embryos was reduced at
pecific embryonic stages, the phasic nature of leg motility in Thor-Br embryos ~
remained unchanged from that of controls and could, therefore, be used as a true
indicator for the duration of spinal electrical activity and inactivity phases. Thus,
the initiation and cessation of leg motility was used to designate the onset and
termination of spinal electrical activity. During each activity phase only..wlngr
movements were counted. Using this technique the absolute frequency of wing
movements was determined as follows: With a stopwatch the total Inactivity
period during a ten minute observation was measured and from thls both the
activity period {10 minutes minus the inactivity period) and the absolute fre-
quency of wing motility (frequency of wing movements/minute ofy activity) were
Ealculated. In this way it was possible to determine if alterations ffom the normal

developmental pattern of wing motility observed In Thor-Br embryos resulted '
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from achange in either the duration of spinal electrical activity or the absolute

. |
frequency of wing motility.

All motility data were stored in a computor and were analyzed for statisti-
cal significance 'ﬁsing both the Mann-Whitney U-test and the Student's t-test at

both the 95% and 99% confidence levels.

2. Developmgnt of Transplanted Neural Tubes

In addition to developmental events which occur in the periphery (wing
motility)analyses of spinal cord ontogenesis were compared between experimental
(Thor-Brjand control (Br-Br a.nd UC) exabryos. Experimental and control embfyos
were sacrificed between St 26 (day -6E) and St 42 (day -16%). The embryos were
dissected free from extra-embryonic membr-;n;; and volk sac, weigﬁed. staged
{(Hamburger and Hamilto}l. 1951) and decapitated. After evisceration, embryos to
be used for analyses of neural tube morphogenesis and motoneuron number were
fixed in 2% glutaraldehyde/0.1M phosphate buffer (pH 7.2). for 4 hours. The tis-
sueé were then washed (5 minutes) in 0.1M phosphate buffer, processedufpr
paraffin embedding' and cut in cross-section. Prior to paraffin embedding, St 40
(day -14E) and St 42 (day -16E) embryos were decalcified in 12.5% EDTA (disodium
salt) for two weeks in order to facilitate sectioning of calcified bomi ‘stmctures
[ossification of the vertebral column and limb girdles is initiated at St 40 (day
-14E)(Johnston and Comar,1855)]. The section thickness was selected according.to'
the age of the embryo, thus, allowing for growth of the motoneurons which were
to be enumerated: 8 um for embryos younger than St 36 (day -10E), 10 um for St
36 embryos ang'IZ psm for embryos older than St 36 (Hamburger, 1975). The seé-

tions were mounted on albumin coated slides and stained with 0.05% aqueous
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thionin (Chu-Wang and Oppenheim, 1978a).

A

An additional group of Thor-Br and UC embryos were terminated at St 29
(day -65) and either frozen by immersion (30 seconds) in 2-methylbutane (J.T.
Baker Chem. Co. Phillipsburg, N.J.) suspended in liquid nitrogen (-160 *C) for sub-
sequent histochemical analysis using a silver-cholinesterase reaction {Butler and
Cosmos, 1981a) or fixed in Bouin's fluid (4 hours) and embedded in paraffin. The
paraffin embedded tissues were cut in cross-section and mounted on albumin
coated slides and st.ained witﬁ the urea-silver nitrate method of Ungerwitter
{1951) (see Appendix ll). Both silver-stained preparations were usedbto determine
the pattern of nerve fibre outgrowth from experimental (Thor-Br) and control {(UC)
embryos. In addition the peripheral&ewe pattern within the brachial plexus was
determined using reconstructions from serial thionin-stained cross-sections drawn

with the aid of a camera lucida drawing tube (Mag = 100X).

(a) Morphogenesis of Transplanted Neural Tubes and Brachial Plexus: To assess

the development of transplanted neural tubes, camera lucida drawings of thionin
stained cross-sections (Mag = 100X) of the second spinalg;egment contributing to '
the brachial plexus (segment 14 in UC embryos) were compared between experi-
mental (Thor-Br) and control (Br-Brland uQ) emb::yos between St 29 (day -6E) and
St 42 (day -16E) inclusive. Spinal segment 14 was chosen since it contains the
most prominent lateral motor column and the greatest number of motoneurons
amongst the brachial spinal segments in UC embryos. In addition, similar draw-
ings of the second thoracic spinal segment (segment 18) in UC embryos were used
to compare the development of an in situ thoracic neural tube with that of a
heterotopically transplanted thoracic neural tube. This thoraclc segment was

chosen since.in experimental (Thor-Br) embryos this segment corresponded to the

C
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second brachial segment (segment 14) of control (Br-Br and UC) embryos. On
¢ N these drawings the presence of: (1) a lateral motor column (LMC); (2) a medial
motor column (MMC); and (3) the sympathetic preganglionic column of Terni (CT)

’

were Indicated.

Also during the course of these morphometric analyses, It was observed
that a féw neural_tube transplant (Thor-Br and Br-Br) embryos exhibited a smail
spinal gap at either the cranial or caudal end of the neural tube transplant, indicat-
ing that the grafted neural tube segment had not established morphological 'con-
tact with the host neural tut'ae in these regions. The number of experimental
{Thor-Br) and control (Br-Br) embryos displaying such a gap—was ‘thereforg
recorded. This data was important since it was not &ertain that the absence of
proper supraspinal or propriospinal (intersegmental) influences could affect
adversely wing motility in experimental (Thor-Br} embryes. In addition, the pat-
tern of nerve outgrowth from transplanted (Thor-Br and Br-Br) and unoperated’(in
situ brachial) neural tubes into the brachial plexus was analyfed us;ing serial
reconstructions of th;e brachial plexus with the aid of a camera lucida drawing
tube (Mag=100X). .Although the brachial plexus formed bilaterally in. all experi-
mental (Thor-Br} and control (Br-Br and UC) embryos, the pattern of peripheral
nerves was analysed on the right side only. The morphogenetic analyses of the
neural tube and brachial plexus were performed on all experimental (Thor-Br) and
control (Br-Br and UC) embryos used for analyses of the pattern of motoneuron

death (see below).

{b)} Localization of Motoneurons Innervating Wing Muscles of Thor-Br Embrvos:

.Horseradish peroxidase (HRP) retrograde labelling analyses were used to identify

the spin'al origin of pe;ipheral motor nerves innervating wing muscles of Thor-Br
&

%
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versus Pﬁ'-Br and ucC embryo;s. Two developméntal ages were examined in this
study: (1) St 34'{day -8E), a time when the total frequency o.f wing motility was
equivalent in experimental (Thor-Br) and control (Br-Br, PBR and UC) embryos and
(2) St 38 (day -12E), a time when greatly reduced frequencies of wing motility were
observed in Thor-Br embryos. By employing the method of Oppenheim (1981),
~ either the biceps brachii or the triceps brachii muscle was injected with HRP in
individual experimental (Thor-Br) and control {(Br-Br and UC) embryos. These mus-
cles weré‘cﬁ‘o!;en since extensive, detailed HRP_anaIyses of their motor innervation A
in unoperated chick embryos were available in the ljterature (Oppenhelm, 1981).
For HRP injection, the glass window was removed from the egg and the embryo
was viewed tﬁrough a dissecting microscope (Edag = §.3X}). All surgical instru-
ments were  sterilized with 70% ethanol at the start of each experiment. Tp
expose the embryo, a small incision through the .chorlo-allanto‘;c and amnlotic
membranes was made avoiding major blood vessels of the e&tra-ern‘(bryonic clrcu-
lation. Then, using a fine sterile hair loop, the right wing was pulled‘ through this'
artificial opening and secured to the egg shell with soft dental wax, thus exposing
the upper segment of the wing. Occasionally a similar hair loop around the foot
was required initially to move the embryo into a more favourabie positlon for
looping the wing. In these émbryos, the foot loop was released at:tef the wing had
been secured. Periodic drops of sterile chick embryo Ringer’s solution (CER) were
used throughout the injection procedure to kt;_-ep the exposed wing moist. Prior to
HRP injection, a small incision was made through the skin overlying the muséle to
be injected, resulting in a small amount of bleeding Which always stopped within a
few seconds. Next, using a finely drawn glass needle fixed to a 10 pl Hamilton

syringe, a 0.5 ul volume of a 50% HRP/sterile CER was i‘njected into the belly of the

muscle. Leakage of HRP solution from the injection site occasionally occurred at
»
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rthe time of injection and was clee_:red away into the extra-embﬁonlc fluid with a
few drops of sterile CER. The hair loop was then removed and the wing was
placed back into the émn}otlc sac. Immediately after HRP injection, the majority'of
embryos were treated with 50 ul of 0.1% hydrocortisone/CER to promote survival
after Injection, as suggested by Oppenheim (1985). The eggs were then refitted
with a glass coverslip, sealed with soft dental wax and returned to the incubator.
Injected embryos were inspected every730 minutes and ofxly those which sux;vived
beyond 3 hours post-injection- were frozen by immersion (30 seconds) in 2-
"methylbutane (J.T. Baker €hem. Co., Phillipsburg, N.J.) suspended in liquid nitrogen
(-160 °C) for subsequent histochemical analysis. The frozen Eissues. mounted on
. cork blocks, were cut into 12 pm cross-sections using a cryostat set at -25 *C and
serial sections were, mounted on albumin coated slides. The histochemical method
used to visualize the HRP reaction produt in spinal motoneuron§ (sée App‘endix
111) was similar to the technique described by Sickles and Oblak (1983) which used
the chromogen 3,3'5.5" tetramethylbenzidine (Sigma Chem. Co., St. Louis, M.0O.). All
sections were counterstained with 1% neutral red/4mM sodium acetate buffer (pH
4.8). | @ ¥
Preliminary observations indicated that each HRP labelled cell was present
In up to three consecutive serial sections; therefore, to prevent double counting of
labelled cells, the total number of densely labelled cells was counted on camera
lucida tracings of every fifth serial section. In this way, estimates of the total
number of HRP labelled cells a;id ]

columns were compared between experimeﬁta‘l {Thor-Br) and control (Br-Br and

their crani@sm'cial distribution’within the motor

UC) embryos. Also, the medio-lateral and dorso-ventral position of HRP labelled

cells within the motor columns“w_as noted.

w»
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A total of 6 experim'éntal (Thor-Br) and 11 controi (Br-Br, n=5; UC, n:—G)
embryos was analyzed by the HRP technique at St 34 (;iay -8E). Due to the exceed-
ingly high post-operativc;_ mortality of Thor-Br (77.5%) and Br-Br (72.9%) eml_)ryos
and the additi;;)nal mortality (56.3% a;.nd 64.3% respectively) following HRP injec-
tion, only one 5t 38 (day -12i£) Ihor—Br embryo survived the HRP injection pro-

cedu;-e and was analyzed and compared to similarly treated UC-(n=3) embryos of

the same stage.

(c) Pattern of Motoneuron Death: To assess the pattern oh-m:r/neu::o'n death in

Thor-Br versus Br-Br and UC embryos, motoneuron counts were performed from St
* 29 (day -6E) to St 42 (day -16E). The total number of a-motoneurons/spinal seg-

-

ment‘in the Iatera‘!vmoto‘r coluan (LM_C) ans:l medial mofor column (MMC) 6f the
brachial neural tube in control (Br-Br and UC) érﬁbryos was first counted. Thesc
values were then compared to the total number of motoneurons/spinal segment )
present. in the MMC of both ihe het;rotoplcally-transplanted thoracic neural tube
of Thor-Br embryos and the in situ thoracic neural tube of UC embryos. To

——

prevent double counting of single motoneurons, aIl. counts were done on the right
side of every tenth serial cré:ss-section (th[onin stained) of the neural tube (Ham-
burger, 1675) with the aid of camera lucida tracfngs {(Mag = 400X). Since a-
motoneurons are characterized by haviag larggbnuclei containing relatively llttle-
heterochromatin and prominent nucleoli, only motoneurons with nuc:l%g containing
one or more distinct nucleoli were counted (Hamburger, 1975},_In addition, the
total number of degenerating motoneurons was recorded. D;ageneratlng cells were
characterized by shrunkén. pyknotic nuclei and condensed cytoplasm (Chu-Wang

and Oppenheim, 1978a), Cell fragments were not counted since these could have

originated from more than one degenerating cell.

*
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The daia are eipressed as the total number of moteneurons (healthy or
degenerating) per spinal segment. To determine these values, it was first neces-
sary to define accurately the cranial and caudal boundaries of each spinal segment
analysed. This was done as described by Hamburger (1958) by counting the
number of serial cross-sections-of the neural tube extending from the last ventral
rootlette of one spinal segment (say segment 13) to the first ventral roctlette of
the next (more caudal) segment (segment 14). Dividing this number of sections by
2 therefore gave the midpoint between the.two spinal seg‘ments (13 and 14). This
sectlon (midpoint) was then designated as the boundary between segment 13 and
14. Thus, the borde‘;s between all spinal segments analysed were determined by
this method. With }f]is information it was then possible to determine the total
number of healthy or degenerating motoneurons in each spinal segment analysed.

The data were stored in a computor and compared statistically using the Student's

t-test at both the 95% and 99% confidence ievels.

(d)_Motoneuron Growth and Differentiation: To determine if the growth of
motoneurons in the transplanted neural tube of Thor-Br embryos was affected by
their association and interaction with brachial muscles, measurements of the
cross-sectional area of a random sample of motoneuron nuclei were compared
betu‘feen experimental (Thor-Br) and control (Br-Br and UC) embryos (Oppenheim
and Chu-Wang, 1983). This analysis was performed on the same embryos used for
motoneuron counts. Thus, all measurements were made on camera lucida tracings
{Mag = 1000X) of thionin stained cross-sections. The population of motoneurons
measured in each embryo was bbtainéd by taking random samples throughout the
appropriate length of the neural tube. To do this the cross-sectional area of 100

-~

motoneuron nuclei distributed throughout the length of the brachial LMC in Br-Br
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and UC embryos was ‘measured with the ald of an image analysis system (Carl
Zeiss Videoplan). Mean values were compared to the means of similar measure-

ments made on 50 motoneuron nuclei sampled from the MMC of either the trans-

planted thoracic (Thor-Br embryos) or in situ thoraclc (UC embryos) neural tube,

-

To determine the state of motoneuron differentiation in experimental
(Thor-Br) and control (Er-Br and UC) embryos, the number of nucleoll (3, 2 or 1)
present in their imclei was recorded on the same tracings used for measurements
of nuclear growth rates. As motoneurons g'"x—‘ow and differentiate, the number of
nucleoli evident in their nuEIei changes' from 3 (immature state) to 2 {intermediate
state) to 1 (mature stat_e) (Hamburger, .1958). Therefore, - the percentage of

4 .
motoneuron nuclei containing 3, 2 or 1 nucleoli was used as an estimate of the

state of motoneuron differentiation.

A total of 66 experimental {Thor-Br, n=23) and control (Br-Br, n=14; UC,
/
n=27) embryos were used for analyses of neural tube morphogenesis, and

motoneuron number, growth and differentiation.

4



RESULTS

-

A. Survival of Operated Embryos

To examine the respective roles of developing motor nervés and peripheral
muscle targets during chick embryogenesis, two series of surgically manipulated .,
embryos were employed in this study: 1. The brachial neural tube was extirpated
and replaced by a thoracic neural tube segment (Thor-Br) and 2. The brachial somitic
mesoderm was removed and repiaced by a thoracic somitic mesoderm transplant
{Thor-Br/som). Both series of operafed embryos experienced exceedingly low sur-
vival rates post-operatively (TABLE 1). A totalof 293 embryos underwent the Thor-
Br transpTant'atlon procedure and 66 (22.5 56) survived for analysis. In additiona t;)tal
of 133 Br-Br e}nd 99 PBR control'op.erations were performed. Of these 36 (27.1%) Br-
Br and 33 (33.3%) PBR embryos survived for analysis. Similarly, in the somitic meso-
‘derm transplantation series of experiments a total of 143 DThor-NBr/sgm and 34
NThor-NBr/som operations were performed an'd‘only 39 (27.3%) and 12 (35.3%)
operated embryos, respectively, survived for subsequent wing motility analysis
(TABLE 1). .Mortality of operated embryos was Ereatest during the 24 hour period
immediately following surgery. After this initial peak in post-operative mortality
many surgically manipulated embryos died at various times thr.oughout the
embryonic period analysed, even as late as 5t 42 (day -16E). In many cases where the
operated embryo survived for a period of time and then died abruptly, the dead
embryos were developmentally malformed with either spina bifida or open thorax.
In addition, a small number of operated embryos exhibiting abnormal morphology

did not die as a result of the defect (see be'low).

33
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B. Heterotopic (Thor-Br) Neural Tube Transplantation

P
In the first series of experiments a thoracic neural tube of a donor embryo

was transplanted to the region of the extirpated brachial neural tube of a host
embryo to study the development of nerve-muscle interactions between ectopic
thoracic motoneurons and in situ brachial muscles.

:\_
1. Morphology of Thor-Br Experimentél Embryos

Examination of experimental (Thor-Br) and control (Br-Br) surgically manipu-
la'ted embryos rsevealed that the majority of operated embryos exhibited norr;xal
morphology and their chronological age (days in ovo) matched the morphological
staging criteria of Hamburger and Hamilton (1951). Thus‘..f.or:thé majority of experi-
mental (Thor-Br} and control (Br-Br) operated embryos the éurgery per se did not
alter normal morphogenesis. A small number of Thor-Br embryes which survived,
however, .exhibited either a spina'biﬁ(.:ia (n=4 (6.1%)), open thorax {(n=5 (7.6%)) or

scoliosis; i.e, curvature of the vertebral column (n=2 (3.1%)) in the brachial region.
Similarly a few surgical control (Br-Br) embryos developed either a spina bifida (n=1
(2.8%)), open thorax {n=4 (11.1%)) or scoliosis (n=1 {(2.8%)) in the brachial region.
The low percentage of operated embryos which exhibited either a spina bifida or
open thorax were eliminated from this study. The three operated embryos which

displayed a slight scoliosis, however, were retained in the study since this malforma-

tion did not affect wing motility adversely.

Measurements of embryonic wet weights indicated that surgically manipu-
lated (Thor-Br and Br-Br) embryos grew normally (Fig. 4). By St 42 (day -16E) the
mean wet weights of Thor-Br, Br-Br and UC embryos were 14.3 + 0.13, 15.7 £ 0.72 and

14.8 = 0.91 gms, respectively. The slightly lower wet weight of the Thor-Br embryos -
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at St 40 (day -14E) and St 42 (day -16E) was statistically significant at St 40 (day -14)
only and may be due to the loss of muscle mass observed in the brachial reglon of

Thor-Br experimental embryos during this emhryonic period (Butler, Cauwenbergs

and Cosmos, 1986).

A striking characteristic of Thor-Br experimcntal‘bmbryos appeared after St
37 (day -11E). Whereas the wings of Thor-Br er-nbryos were held in a normal position
prior to and including St 37 (day -11E), beyond this embryonic period the wings of alt
Thor-Br embryos exclusively were in a downward position. In surgical contro! (Br-Br
and PBR) and unoperated embryos the wings were ﬁeld close to the body in a flexed
position throughout the developmental period analyged: however, in ex;ﬁerlr}ental
(Thor-Br) embryos older than St 37 (day -11E) the wings were not flexed and hung
between the lower Iirﬁbs In a downward position. This abnorm.al wing posltion
which was maintained even after hatching (Butler, Cauwenbergs, and Cosmeos,' 1986)
was not due to joint ankylc;ses since thé wing joints were freely moveable when

manipulated with forceps.

2. Win? Motility Analyses of Thor-Br Experimental Embryos

(a) Total Frequency of Wing Movements: To monitor the development of functlonal

nerve-muscle intex_'aclion between ectopic thoracic rr;otor nerves and in situ brachlal
muscles, the total number of right wing movements per ten minute observation
period (M/10 - total frequency) was compared between experimental ('I‘hor-Br)r\a}:\Q
control (Br-Br, PBR and UC) embryos from day -6E to day -16E, inclusive (Fig. 5). Thek
total frequency of wing mo:rements characteristic of UC embryos increased from 9 =

0.8 M/10 on day -6E to a peak value of 328 + 7.1 M/10 on day -14E; the latter fre-

quency was maintained to day -16E. The total frequency of wing movements exhi-
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bited by Br-Br control embryos was- statistically equivalent to that of UC embryos
throughout the developmental period analysed. reachlng a peak level of
326+ 6.2M/10 on day ;14E. From day -6E through day -11E the total frequency of
wl;ug motility obsex;ved in PBR embryos also paralleled that of UC embryos. After
this period, however, PBR ;:mbryos exhibi'ted lower frequencies of wing movement;
this reduction, however, was only statistically significant (p < 0.05} at day -15E and

day -16E.

Conversely, the pattern of wing motility recorded for Thor-Br experimental
embryos was strikingly different from that of control emb'ryos (Fig. 5). Although the
M/10 values of Thor-Br experimental embryos were eguivalent to those of control
(Br-Br, PBR and UC) embryos during the initial perod extending from day -6E through
day -8EL, the total fr’equency of wing motility for experimental (Thor-Br) embryos was
significantly reduced (p < 0.05) from day -9E onward. Experimental (Thor-Br)
embryos exhibited a peak M/10 value of only, 135 + 5.1 on day -10E and this level of
activity was maintained up to day -12E. After day -12E the total frequency of wing
m‘o'vements observed in experimental (Thor-Br) embryos declined precipitéusly

until by day -16E only 30 & 2.6 M/10 were counted.

{b) Absolute Fre&'ﬁency of Wing Movements: To calculate the absolute freq}.réncy of
wing movements (i.e.the number of wing movements/minute of activity) for experi-
Jmental '('i;hor-Br) and control (Br;Br and UC) embryos it was first necessary to deter-
mine the length of time each embryo spent moving (activity period) during a ten
minute observation period. This was done by using a sto-pwatch as described in Sec-
tion C-1B of MATERIALS AND METHOQODS. The activity periods observed for both

experimental (Thor-Br) and control (Br-Br and UC) embryos increased from approxi-

/\/ mately 0.6 minutes on day -6E t¢ a peak value of approximately 7.3 minutes on day
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Figure 5. Mean frequency = SEM of wing movements characteristic of experlmenta}
(Thor-Br) and control (Br-Br, PBR and UC) embryos from day -6E through day
-16E. Wing motility in Thor-Br embryos was significantly reduced from con-

trol values from day -9E onward and declined rapidly after day -12E.



RIGHT WING MOVEMENTS/10 MINUTES + SEM

63

340 (-

- v -e-- //%"é; -0
300} e 2210 A

26({—
220\:
180 |
140 |

100 -

I T SO T |

) (

6 7 8 9 10 11 12 13 14 15 16
DAYS IN OVO



- .
. 64
-12E; this level was maintained through day -16E (Fig. 6A). No statistlcally significant

differences were found between the activity periods of experimental (Thor-Br)

embryos and those of control (Br-Br and UC) embryos at any days tested.

In cbntl‘ast. strik_llng differen_ces were found between'experimental and con-
trol embryos when the absolute frequencies of wing movement were calculated (Flg. »
6B). During tﬁe initlal developmental period extending from day -6E throﬁgh day -8E
experimental (Thor-Br) and conti’pl (Br-Br and UC) embryos showed statistically o
equivalent absolute freqﬁency values increasing from approximately 16
movements/minute of activity (M/min) on day -6E to about 30 M/mln on day -8E (Fig.
6B). During subsequent days of development, control (Br-Br and UC) embryos
showed a continual increase in the absolute frequency values and reached a peak
level of approximately 50 M/min on day ‘-1 lE. By day -12E absolute freque'ncy‘values
fo!' control embryos were reduced slightly from day -11E values to about 40 M/min
and ‘this level of activity was maintained to day -16E. Conversely, after day -8E
expt;-\imental {Thor-Br) embryos exhibited a progressive dally reduction in the abso-
lute frequency of wing movements which was statistically significant {p < 0.05) from
day -9E onward. This developmental i:eriod (day -9E through day -16E, inclusive)
coincided temporally with the period during development when the total frequency
of wing movements was reduced in experimental (Thor-Br) embryos. Thus, the
reduced M/10 (total freque_ncy) values‘observed in experimental embryos after day
-8E (Fig. 5) were correlated with a signifcant reduction in the absolute frequency
(M/min) of wing motility (Fig. 6B), even though throughout the developmental period
analysed no differences in the length of activity ;?eriods were observed between_

experimental CThor-Iﬁ‘) and control (Br-Br and UC) embryos.

/"‘;‘r
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Figure 6. (A) Mean activity period = SEM characteristic of experimentai {Thor-Br)
and control (Br-Br and UC) embryos from day -6E through day -16E. No
: / 4

"significant differences were observed at any days analysed.

(B} Mean absolute frequency (M/min) = SEM characte:_'lstic of experimental
(Thor-Br) and control (Br-Br and UC) embryos from day -6E through day -16E.
Absolute frequency values for Thor-Br embryos were significantly reduced

from control values from day -9E onward (p < 0.05).

-\
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(¢) Qualitative Analyses of Wing Motlfi;y: Qualitative analyses of the type of wing
movemenlts observed.in experimental} (Thor-Br) and control (Br-Br, PBR and UC).
embryos Indicated a marked difference between exparimentz! and control embryos.
'At the onset of wing motllltslf‘on day -6E, initial wing moyements In all embryos con-
sisted of small flexions and extensiox:ls of the shoulder .and elbow joints whereas
movement at the carpal joint ‘was not 1ni-tlated until day -7E. Control (Br-Br, PBR and
UC) embryos exﬁibited déilf increases in th:range of motion at all joints as develop-
ment proceeded until by day -10E the maximum range of flexion, extension, abduc-
tion and adduu.::tlon was ol?served in cor;plex combinations of movements at all wing
_jolﬁts.. Beyond day- IOE.. control embryoé maintained this pattern of wing ‘méven‘i'ént
for the duration of the study. In contrast, wing mbtility of experimental (Thor-Br)
~ embryos was characterized throughout the developmental beriod analyzed by a lim- ‘
ited rahge of ryuovement at alljoints. Thus, while control embryos performed smooth ‘
mo:fements through tﬁe full range of each wing joint, wing r.novements of experi-
mental {Thor-Br) embryos were small and jerky even though passive' manipulz;tion of
the wing with forceps showed that the full range of movement was possible at all '
7 wing joints. Although wing mougments ‘of experimental embryos were of limited
range, the movements were distinct and easily-recoénized from day -6E to day -12E.
After day -12E, however, wing movements became progressively weaker in Thor-Br
embryos until by day -16E each movement was barely discernible. Therefore while

the total frequency of wmg movements. of experlmental (Thor-Br) embryos was

“ equhq'alent to that of control embryos from day 6E through day -8E and became
-

~ redu;ef:l from control values suSequently, qualitative differences between the ypes

of wing movements observed in experimental and control embryos were striking

throughout the¥Mevelopmental-period analysed.

&



3. Morphogenesis of the Transplanted Neural Tube and Brachial Plexus

Analyses of developmental events which occur in the periphery of experl-"
mental (ﬁaor-Br) etnbryos, such as wing motility (lnnez.'vatlon and grovhh of wing
muscles were also examined. see Butler, Cauwenbergs and Cosmos, 1986}, indicated
that initially functional ax"xd structural contacts were established between foreign
thoracic motoneurons and \iring muscles. Following this ln;tial embryonic period,
however, these contacts were lost, as indicated by a progressive redl‘.lction in wing
motility (Fig. 5). loss of intra-muscular nerve branches and muscle wasting (Butler,
Cauwenbergs and Cosmos, 1986). In an effort to understand the-‘)uncouplglg
pfi"l%'nomenon. developmental events occurring centrally (i.e., within the t?&nsBllanted
~ neural tube of Thor-Br embryos per se) were examined. To provld% a proper assess:

o~
ment of the development of the transplanted neural tube in its new'en\;lronment. it

was necessary to examine the 1) in situ thoracic neural tube; 2) transplanted thoracic .

neural tube; 3) in situ brachial neural tube; and 4) transplanted brachial neural tube.

Five parameters were compared: >

- a)  histogenesis of transplanted neural tubes
b) pattern of peripheral nerve outgrowth

c} localization of motoneurons innervating wing mus-
cles using horseradish peroxidase (HRP) retrograde
. labelling

d) ‘'the pattern of motoneuron death ~

e) growthand differentiation of motoneurons

’

{a) Histogenesis of Transplanted Neural Tubes: Histogenetic analyses of tran-

-~

splanted neural tubes were performed to determine if transplanted thoracic neural’

tubes in Thor-Br embryos retained charateristics of in sftu thoracic neural tubes or If

£
- . ;
r

r
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they developed according to their new site. Examination of serial cross-sections (thio-

nin stained) of transplanted neural tubeé indicated that both heterotopic (Thor-Br)
and homotoplc— (Br-Br) transplants were viable and formed a brachial plexus bila-
terally. Further, analysis of nsural tube histogenesis from St 29 (day -6E) through St
42 {day -16E) demonsirated that all transplanted neural tubes (Thor-Br and Br-Br)

developed according to their site of origin. The surgical control (Br-Br) neural tube

- developed morphological characteristics typical of an in situ brachial neural tube.

)

Both the unoperated\%r_achlal aﬁd homotopically transplantei:l (Br-Br) brachial neural
tube developed a large lateral motor colufnn (LMC), 2 medial motor column (MMQC)
similar tn size to that of the thoracic neural tube reglon and absence of the sym-
pathetic preganglionic column of Terni, as illustrated in Figure 7A-F. Similarly, ir'z siw‘
thor.acic and transplanted thoracic (Thor-Br) neural tubes developed identical pheno-
typlc characteristics. ‘Ehe LMC of both Thor-Br and in situ thoracic neural tubes was
comprised of small, intermittent clusters of motoneurons located in the ventro-lateral
regiox‘f the ventral horn of grey matter (Fig. 7G-L). The most prominent features of
both Thor-Br and in situ thoracic neural tubes were a relatively lérge MMC and the
presence of a column of Terni {(CT) observed in all transplanted thoracic (Thor-Br) and
in situ thoracic neural tubes, Thus, the transplanted thoracic neural tube in experi-
mental (Ther-Br) embryos developed morphological characteristics which were dis-

tinctly different from those of the brachial neural tube in control (Br-Br and UC)

embryos, and instead were typical of those of in situ thoracic neural tubes.

{b) Pattern of Perinheral Nerve Qutgrowth: To assess the pattern of peripheral nerve

outgrowth within the brachial plexus both silver-stained and thionin-stained cross-

sections were employed. Analyses of serial reconstructions of the brachial plexus in

experim_ental (Thor-Br) aﬁd control (Br-Br and UC) embryos revealed that the pattern -
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of nerve outgrowth from transplanted thoracic neural tubes was similar to that of

neural tubes in control (Br-Br and UC) embryos, as described previously by others

_(Wevnger. 1951; Straznicky, 1963; 1967). The brachial plexus in UC embryos was

formed by periéti_,gral nerve roots originating from spinal segments 12 through 17,

inclusive (Table 2 and Fig. 8A) (see also; Roncalli, 1970). The contribution of these spi-

nal segments to'the brachial plexus, however, was variable as summarized in table 2.

In 22 (81.5%) of 27 UC embryos examined only four nerve roots, originating from spi-
nal segments 13 through 16, inclusive, gave rise to the brachial blexus. In the remain-
ing 5 UC embryos analysed 5 spinal segments; ei{ther segments 12 to 16, inclusive, in 3
(1 1.'51'%) UC embryos or segments 13 to 17, inclusive, in 2 (7.4%) UC embryos, formed
the brachial plexus. In none of the UC embryos analysed did all six spinal s.egr.nents

(12 through 17) contribute to the brachial plexus. ' . a

Similarly, the brachial plexus was formed by spinal segments 13 through 16,
inclusive, in 11 (78.6%) of 14 surgical contro!l {(Br-Br) embryos examined. Also, the bra-
chial pl‘e)&us in 2 Br-Br embryos was derived from 5 spinal segments; segments 12 to
16, inclusive, in 1 (7.1%) Br-Br embryo and segments 13 to 17, inclusive, in 1 (7.1%)
other Br-B:; embryo (Table 2). In 1 {7.1%) additional Br-Br embryo the brachial plexus
was formed by only 3 spinal segments (13 through 15, inclusive), however, in this
operated embryo a spinal gap pgrsisted at the caudal end of the grafted brachial
neural tube and spinal nerve 16 was absent. Even though the spinal origin of the bra-
chial plexus in this Br-Br embryo was deficient, the pattern of nerve roots contributing
to the brachial plexus followed that typical of spinal nerves 13 through 15, inclusive,
in unope::ated embryos (see below). In all Br-Br embryos analysed t_he trqéplanted

: )
neural tube was continuous with the host neural tube at th@cranial end of thg graft.
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In t‘he majority of control (Br-Br and UC) embryos, therefore, the brachial
plexus originated from four spinal segmén@‘(ﬁ through 16, inclusive) and the motr-
phology of the plexus was chéracterized as indicated in figure 8A. Typlcally ;fentral
roots from spinal segments 13 and 14, as well as those from segments 15 and 16,
joined to form two nerve trunks. In those embryos that were found to I-'xave 5 spinal
segments which contributed to the brachial plexus -(see above) a small ventral root
from either segment 12 or segment 17 joined the plexus at the level of these two
nerve trunks (Fig. 8A - dashed lines). The nerve trunks in all control {Br-Br and UC)
embryos then coursed laterally for a short distance and merged to form a single com-
bined nerve coursing towards the base of the wing and giving rise to two smaller _
nerve branches; 1) the axillary nerve which penetrated muscles of the shoulder region
and 2) the pectoral nerve which innervated the pectoralis and supracoracoldeus mus-
cles. The brachial plexus in z2ll embryos examined ended near the gleno-humeral joint
in two large terminal branches; 1) the superior brachialis nerve which innervated the
triceps brachii and extensor muscles of the forewing and 2) the Inferlor brach!alis

nerve which entered the biceps brachil and other flexor muscles of the i»ving.

Serial recbnstmctions of the brachial plexus in experimental (Thor-Br)
émbryos produced similar results (Fig. 8B). Although theé size of individual nerve
roots contributing to the plexus was reduced from normal, the overa}l pattern of peri-
pheral nerves within the plexus was similar to that of control (Br-Br and'UC) embryos.
The brachial plexus originated from spinal nerves 13 through 16, inclusive, in 19
(76.0%) of 25 Thor-Br embryos analysed and in no experimental embryos did the bra-
chial plexus originate from 5 spinal segments (Table 2}. Further, in 2 (8.0%) Thor-Br
er;mbryos in which a.spinal‘ gap was obse;ved at the cranial end of the transplant and
spinal nerve 13 was absent, the brachial plexus originated from only 3 spinal seg-

ments (14 through 16, inclusive) and these nerve roots followed the normal cutgrowth
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Figure 8. (A-B) Diagrams to Illustrate the pattern of peripheral nerve ofxtg,rowth

within the right brachial plexus of control (Br-Br and UC) (A) and-experimen-

tal (Thor-Br) (B) embryos. Numbers represent spinal segments 12 through

"17. DR, dorsal ramus to axial muscles; VR; ventral (Motor)} root; An, axillary

nerve; SBn, superior brachialis nerve; 1Bn, inferior brachialis nerve; Pn, pec-

toral nerve; In, first intercostal nerve.!

(A) The brachlal plexus was formed by spinal nerves 13 through 16,
inclusive, in 81.5% of control (Br-Br and UC) embryos. Spinal nerve 12 or 17

contributed totthe brachial plexus in only 11.1% or 7.4%. respectively, of

control embryos (dashed lines).

Tie

?ﬁ) The pattern of peripheral nerve outgrowth within the brachial plexus of

experimental (Thor-Br) embryos was similar to that observed in control
embryos. Nerves contributing to the plexus, however, were reduced in size

and in no experimental embryos did spinal nerve 12 or 17 contribute to the -

plexus.
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pattern observed for spinal nerves 14 to 16 in UC embryos. Also, in 4 (16.0%) Thor-pr
embryos examined a spinal gap was found at the caudal end of 'the neural tube graft,
which resulted in the absence of spinal nerve 16. The brachial piex;.xs in the latter 4
e:fperlmental {Thor-Br) embryos was als_o derived from c;nly 3 spinal segments (13
through 15, inclusive) énd agaln the outgrowth pattern of the nerve roots was the

same as that of nerve roots 13 to 15 in unoperated -embryos (Fig. 8B).

Although the outgrowth pattern of peripheral nerves within the brachial
plexus of Thor-Br embryos appeared morphologically normal a striking difference was
observed between experimental (Thor-Br). and control (B-;'-Br and UC) embryos. Ana-
lyses of silver-stained serial cross-sections of the neural tube at St 29 (day -6E)
rgvealgd tpat sympathetic preganglioni\c.nerve 'ﬁb'res originating in the CT were
present in all transplanted (Thor-Br) and in situ thoracic neura.l tubes exclusively (Fig.
9 A-B) and these fibres formed ectopic communicating rami in the brachial region of

Thor-Br embryos (Fig. 9A). Within the fransplanted thoracic neural tube these nerve

-fibres were observed to course first ventrally from the CT, which was located near the

midline ‘of the neural tube adjacent to the spinal canal, as described previously for in

* situ thoracic neural tubes (Levl-MontaIclni. 1950; Oppenheim, Maderdrut and Wells,

1982). The CT fibres then turned verntro-laterally to join motor fibres fiem the MMC

and LMC and exited €he neural tube via the ventral (motor) nerve roots. The sym-
pathetic nerve fibres followed the ventral nerve roots for a short distance and then, in
Thor-Br embryos, entered the sympathetic ganglia of the brachial region to form ecto-
pic communicating rami (Fig. 9A). Sympathetic communicating rami are seen normally
after day -3E in the thoracic region only (Levi-Montalcmi. 1950). Similarly, in the
present study communicating rami were observed in the thoracic region of UC

embryos (Fig. 9B) and were not present in the brachial region of control (Br-Br and UC)

embryos. Thus, sympathetic communicating rami connecting the ventral nerve roots

r
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Figure 9.(A-B) Photomicrographs of cross-sections of the heterotoplcally tran-
splanted [horaqic (A), and in situ thoracic (B) neural tubes in experimental
;and _control -embryos at St 29 (day -6E). CT, sympathetic preganglionic

column of Terni; VR, ventral root; SG, sympathetic ganglion; CR, communicat-

ing rami. Urea-silver nitrate stain. (160 X)

(A) Cross-section of the heterotopically transplanted thoracic neural tube in

a Thor-Br embryo demonstrating the presence of the column of Ternl (CT),

-

~

sympathetic nerve fibres (F) and communicating rami (CR).

{(B) Cross-section of the in situ thora_cic neural tube in a UC embryo demon-

strating the presence of the column of Terni (CT} and sympathetic nerve

fibres (F) as well as communicating rami {CR).
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y ” )
of the brachial plexus to the sympathetic chain ganglia weqe unigue ancf characteristic

4

in experimental (Tho¥-Br) embryos and their présence was )he only deviation from the

- normal ﬁauern of peripheral nerve outgrowth observ?é the brachial plexus of con-

4

trol (Br-Br and UC) en}bryos.
2 .

(c) Locallzation of the Motor Innervation of Wing Muscles: To determine the precise

origin of the motor innervation of specific wing muscles in Thor-Br embryos, hor-
seradish peroxidase (HRP) retrograde labelling analyses were comp;ared between
- — = “gxperimental (Thor-Br) and control (Br-Br and UC) embryos at St 34 (day -8E) and St 38

-

(day <12E). Although the number of operated embryos analysed was gmall (Thor-Br,
n=5; Br-Br, n=4) due to the high _r;_c;'-tality rate following HRP injection, the HRP study
vielded a striking result. Whereas HRP labelleld cells were observed exclusively in the
brachial LMC of control (Br-Br and UC, n=8) embryos ‘;’ollowing HRP injectlon into
either the biceps brachii (Fig. 10 AB) c:;r triceps brachii (Fig. 11 A,B) muscle, the vast
majority of labelled cglis in all experimex_lﬁa_l_('l'h‘or-Br) embry;;s analysed were local-
1zed in the MMC of the transplanted thoracic neura} tube (I-:ig. -10(.3 and Fig. 11C}). Only

2 labelled neurons were observed in the LMC of one transplanted thoracic neural tube

following HRP injection into the triceps brachii at St 34 (day -BE).

L

Further analyses of the total number of HRP labelled cells revealed that fol-

lowing HRP injection into the biceps brachii muscle at St 34 (day -8E), 169 labelled
cells and 131 labelled cells were counted in the brachial LMC of UC and Br-Br embryos, .
respectively,(Fig. 10A) and in th_ese embryos labelled motoneurons were distributed

' prédomlnantly inlsp_InaJ segments 14 and 15 (Fig. 10B). Quantitative analyses' of
experimental (Thor-Br) embryos after HRP injection into the biceps brachil at St 34
(day -8E) indicated a total of 84 labell_ed neurons in the MMC of the trahsplanted

thoracic neura! tube (Fig. 10C) and again these cells were distributed predominantlyin_ -
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Figdre 10. (A-D) Diagrams to illustrate the localization (A,C) and distribution (B.D)

of HRP labelled motoneurons followihg HRP Injectlon into the right blcepé_
I'd - .- - =

muscle In St 34 (day -8E) control (Br-Br and UC) and experimental (Thor-Br)

embryos LMC, Iateral motor column./MMC medial motor column CT,

colump of Terni

(A) ‘Labelled éeIls were localized in a dorso-medjal’ position within the LMC ‘

of control embryos. \ - ,

(1'3) Motoneurons innervating the bic'eps‘muscle were distributed ﬁrimarlly _

in spinal segments 14 and 15 of control embryos. Values represent mean =

SEM. ’ v

() Labelled cells were positioned haphaZardly within the MMC of hetero-

topically transplanted thoracic neural tubes,

(D} Similar to control embryos, motoneurons innervating the biceps br';xchll
of experimental (Thor-Br) embr‘yos were distributed primarily in spinal seg-

ments 14 and 15. Values represent mean = SEM.

L’ i
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spinal {egments 14 and 15 (Fig. 10D). HRP analyses following injection of the triceps

" brachli at St 34 (day -8E) showed that while a total of 130 (UC embryos) and 128 (Br-Br

embryos) motoneurons contained the HRP label in cbngrol embryos, only 27 neurons

were labelled in experimental (Thor-Br) embryos. In both experimental (Thor-Br) and

control (Br-Br and UC) embryos, however, HRP labelled célls.werg distributed predom-

tnantly in spinal segments 15 and 16 (Fig. 11B-D). ~ - \

" In addition' the organization of HRP labelled neurons within the'MMC of tran-
splanted thoracic neural tubes was analysed and compared to that within the brachial
L?,f,.c of control (Br-Br and UC) embryos. The analyses shoﬁéd that unlike the ordc_zrly
arrangement of HRP labelied cells obse‘rved in the brachial LMC of control embryos,
experimental (Thor-Br) embryos wefe characterized by a disorderly orgqnlzatlon of
HRP labelled cells within the Ml;vic of the transplanted thoracic neural tube. For exam-
ple, simlfar to preyiol;s findings in unoperated chlci< embryos (Oppénhelm. 1981). HRP
labelled motoneurons in tﬁe brachial LMC of contrel (Br-Br and UC) embryos are local-
ized in a dorso-medial position of the LMC after Injection of the bi_ceps brachli (Fig. 10
A) and in the ventro-lateral portion of the LMC following lpjectlon into the triceps bra.-
chif (Fig. 11A). In contrast, when HRP was injected into either the biceps brachil or the
triceps brachii of Thor-Br embryos, labelled cells appeared randomly dispersed within
the MMC of transplanted thoracic neL;ral tubes (Fig. 10 C and Fig. 11 C). Motoneuron
pools innervating particular wing muscles in experimental (Thor-Br) embryos, there-
fore, were not highly oréanize'd. Rather HRP labelied cells appeared to be positioned
haphazardly within the MMC of transplanted thoracic neural tubes. This contrasted
shaf.ply with the organization of motoneuron pools observed within the brachial
neural tube region of control (Br-Br and UE_):m-bryos. in which motoneurons innervat-

ing individual wing muscles were localized into specific isolated reglons of the bra-

chial LMC.
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Figure 11. (A-D) Diagrams to illustrate the localization (A.C) and distribution (B,D)

of HRP labelled motoneurons following HRP Injection into the right triceps
brachii muscle in St 34 (day -8E) control (Br-Br and UC) and experimental

(Thor-Br), embryos. LMC, lateral motor column; MMC, medial motor column:

GT, column of Terni.

-

{A) Labelled cells were l'ocalllzed ﬁn a ventro-lateral position within the LMC

. _ X
of control embryos. o

(B) Motoneurons innefvating the triceps brachii were distributed primarily
e v : . -

in spinal segments 15 and‘& of control embfybs. Values represent mean =+

SEM.

_— - <

(C) Labelled cells were posgtioned haphazardly within the MMC of heterotop-

lcally transplanted thoracic neural tubes. -~

-

(D) Similar to control embryos, motoneurons innervating the triceps brachii

of experimental (Thor-Br) embryos were distributed primarily in spinal seg-

ments 15 and 16. Values represent mean = SEM.
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{(d) The_Pattern of Motoneuron Death in Transplanted Neural Tubes: The.
number of motoneurons/spinal segment in the MMC of transplanted tho’re;c}c (Thor-
Br) and in situ thorac!c (’I‘hor 0 neural tubes were q—uantlﬁed and compared to similar
analyses of the brachial MMC in Bt (Br-Br and uQ emhryos from St 29 (day -6E)
) through St 42 (day -16E) in order to assess the pattern of neurothanasia in a popula-
tion of foreign thoraclc motoneurons shown to be in contact structurally- (HRP) and
functlohally-(wlng motility) with an enlarged peripheral target (wing musculature)
(Butler, Cauwenbergs and Cosmos, 1986). Knailyses of he:althy (Fig’l’Zﬁnd dlegenlerat-
' ing (Fig. 13) MMC motoneurons demonstrated a marked difference in the pattern of
rmotoneuron death between neural tubes of experimental ('l‘hor Br) and control (Br-C
and Thor Q) embryo{s At St 29 (day -6E) neural tubes of Br-C and Thor-C embryos
exhibited 1990 z 76.8 and 1850 + 96.0 healthy motoneurons/spinal segment. respec- "
tively. Initial numbers of MMC motoneurons ln— neural t.ubeé of control (Br-C and
Thdr-C) embryos were mainteined to St 34 {day -8E). After St 34 (dey -8E) a pe'riod of‘
nat.ural motoneuron death extending to St_ 40 (day -14E) was o_beewed with a cell losE_ .
of 43.4% In the brachiaI,MMVC of Br-g en:1bryos and 47.9% witi'iin the‘i_n Situ thoracic
(Thor-C) MMC (Teible 3). Final numbefs of 1127 +38.4 and 963 i 34.6 healthy
Zvrotoneurons/splnal segment were maintained to St 42 (day -16E) in the MMC of con;

- trol brachial (Br-C) and in situ thoracic (Thor-C) neural tubes, respectively. Similar to '

the MMC of control (Br-C and Thor-C) embryos.’ the initial number of motoneurons

observed in transplanted- thoracic neural tubes of Thor-Br embryos equalled . .

1500 = 169.0/sp1xral segment (Fig. .12 and Table 3). In contrast to control embryos,

however, the onset of neurothanasia in the-MMC of grafted thoracic neural tubes-
{Thor-Br) was observed during the err—;sryonic period following St Sé (day -10E),
Between St 36 (day -10E) and St 38 (day -12 E) 83.8% of motoneurons present initially

were lost in the MMC of heterotopically t;anSpIante.d thoracic neural tubes (Fig. 12).

—
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Figure 12. Mean number of healthy'MM-C mt;tbneurons/gplnal segment = SEM
observed in ex;;erimental‘ (Thor-Br) and control (Br-C an;l 'I'hor-C). embryos .
from St 29 (da'y -6E) through St 42 (day -18E). Initial numbers of h;ealthy'r
motoneurons in Thor-Br embryos‘ \;vere mélntélned to St 36 (day -19E); foll—

lowing tr_iis period 83.3% of MMC motoneurons had .degenerated by St 38 -
(day -12E). o ' '
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Only 307 £ 36.5 healthy motonéurons/spinal segment were counted at St 38 (day -.IZE)

" and 278 1 26..9 motoneurons/spinal segment survived to St 42 (day -16E) in the MMC

-

of grafted thoracic neural tubes, indicating an overall cell loss of 85.4% (Table 3).

In addition to quantitative analyses of motoneuron numbers within the MMC
of Thor-Br, Br-C and Thor-C embryos, similar analyses were performed on the brachial

LMC of Br-C embryos in order to determine and compare the number of motoneurons

shown (HRP) to innervate the wing muscles tn both control (Br-C) and experimental

.- (Thor-Br) embryos. The analyslis showed that at St 29 (day -6E) 3754 x85.2

motoneurons/spinal segment were counted within the brachial LMC of Br-C embryos,
and this number was maintained to St 34 (day -8E) (Table 3). Following this nitial

developmental time a period of natural motoneuron death extending from St 34 (day
- 1)

T BE) to St 40 (day -14E) was observed: by St 42 (day - 16E) 1157 +37.6

motoneurons/spinal segment were counted, indicating a cell 1oss of §3.2% in the bra-'

“chial LMC of Br-C embryos. This final number, -therefore. comprised the population of

motoneurons which innervated the wing muscles normally. The MMC of trayﬁanted
thora-cic neural tubes in St 29 (day -6E) Thor-Br embfyds'.on the other hand, contained
only 50.6% of the number which innervated the wing muscles of control (Br-C)
embryos pfic;r to the period of motoneuron death (Table 3). Following the perlod of
neurothanasia in St 42 (day -16E) Thor-Br embryos the final number of metoneurons
available to innervate the wing musculature was only 24.0% of the ljlormal number
obs‘grved in the brachial LMC of control (Br-C) embryos. Thus, within the MMC of tran-
splanted tl'wracic neural tubes in-expérimental- {Thor-Br) embrygs many fewer than
the normal number of motoneurons ére available to interact functionally with wing

muscles. .
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Furt.her to analyses of healthy motoneuron numbers, quantification of the
number of degeneratiné MMC motoneurons/spinal se'gmeht demonstrated a 9 fold
increase in the peak ﬁumber of degenerating cells withlﬁ\transplamed thoraclc neural
tubes of Thor-Br embryos when compared to brachial '(Br-C) and in sftu th._braclc
(Thor-C) neural tubes of control embryos (Fig. 13). Initially, few degenerating c;lls
were observed in neural tubes of control embryos at St 29 (day -6E) and St 34 (day
-8E). During subsequent days of development, how_evér. the number of degenerating
MMC motoneurcns in neural tubes of contro! (B::C and Thor-C) embryos increased ,
reaching peak values -of 68.4 < 5.45 (Br-C) and 66.0+8.14 ('Tho.r-(;) aeéeﬁergtlng
neurons/spinal ségment at St 37_(day -11E) (Fig. 13). This _peak level was maintained
to 5t 32; (day -12E); thereafter, few degenerating cells were observed in neural tﬁt;eg of
.control embryos. In contrast to neural tubes of control (Br-C. and Thor-C) embryos at
St 36 (;;-IOE) in'which 37.0 £ 6.3 and 46:2 &+ 10.5 degenerating motoneurons/spinal
segment, respectively, were abserved (Fig. 13), low numbers of degenerating neurons
were counted in 'trans-planted thoracic ('I‘tior:Br) neural tubes.f:oﬁ SSS(day' -Sé)
(4.6 1. 4.2 degenerating cells/segment) through St 36 (d;:y -10E) (16.9 4 8.0 degenerat-
ing cells/segmeﬁt). After St 36 (day -10E), however, the number of degenerating neu-
rons in the MMC c;f' transplanted thoracic (Thor-Br) neuré.l tﬁbes {ncreased dramati-
cally, reaching a peak value of 565.5 :_21.1 degenerating cells/segment at St 38 {day
- -I2E). The number of degenerating MMC motoneurons/s;lnal segment then dropped

abruptly to 136.5; 11.3 at St 40 (day -14E) and 16.8 = 8.8 at S’t_442 (day -16E) in tran-

splanted thoracic (Thor-Br) neural tubes (Fig. 13).

Quantitative analyses of degenerating MMC motoneurons in neural tubes of
both experimental (Thor-Br) and control (Br-C and- Thor-C) embryos, therefore,
demonstrated a close correlation between the number of degenerating cells and the

< pattern of healthy motoneuron numbers observed during the developmental period

S

~ . »
.
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Figure 13. Mean number of degenerating MMC motoneurons/spinal segment = SEM

/ olaserved in experimental (Thor-Br) and control (Br-C and Thor-C) embryos
\ }{om St 29 (day -6E) through St 42 @ay -16E). Few degen;rating néurons
were observed in the MMC of Thor-Br embryos during the initial embryonic
period extending to St 36 (day -10E). Following St 36 (day -10E) a 9 fold -
increase in the number of degenerating cells was noted in Thor-Br embryos

by St 38 (day -12E).



NAL SEGMENT

W
Q
o

DEGENERATING MOTONEURONS/SPI
S
L] Q

I

—@®— Ther-Br
-=-A~-Thor-C
—O~—Br.C

-

o

}_s

95

15

16 DAYS
42STAGE



- “
96

analysed. Thus although the onset of MMC motoneuron death was delayed until after

—

+ St 36 {day -10E) in neural tubes of Thor-Br.embryos, neurothanasia was increased

greatly during later development.

e

(e)‘Growth and Differentiation of MMC Motoneurons : Analyses of motoneu-
ron growth and differentiation within the MMC of neural tubes in experimental (Thor-
Br) and control (Br-C and Thor-C) embryos, as well as within the brachial LMC of neural ~
tubes in Br-C e;mbryos were performed from St 29 (day -6E) through St 42 (day -16E).
The data indicated that heterotopic (Thor-Br) neural tube fransplantati'on had no

effect on the growth and differentiation of transplanted motoneurons.

" At St 29 (day -6E) motoneuron nuclei in all neuronal populations (LMC %nd
MMC) analysed, exhibited mean cross-sectional areas of approximately 30 pm? {(Fig.
. 14) and the nuclear Size remained cdnstant in all motoneuron populations througﬁ St
34 (day -8E). After St 34 (day -8E), however, LMC motoneurcon nuclei grew significantly
{p < 0.05) and c'onlinued to grow through St 42 (day -16E). MMC motoneuron muclei,
on {hé other hand, did not grow significantly (p < 0.05) until St 38 {(day -12E} and then
showed _éontinual growth during subsequent days of development through St 42 (day
-16E). Consequently, as early as 5t 36 (day -10E) LMC motoneuron nuclei in brachial
neural tubes of BrC embryos were cbserved to have a mean cross-sectional area of
40.4 + 0.57 pm?® and were clearly larger than MMC motoneuron nuclel in both tran-
splanted thoracic néural tubes (31.5 + 0.26 xm®) and neural tubes of control (Br-C,
31.8 £ 0.34 sm® and Thor-C, 31.3 £ 0.25 ym®) embryos. From St 36 (day -10E) onward
the growth of bi‘achial AMC motoneuron nuclei ir; neural tubes of Br-C embryos was
Qreater than that of MMC motoneuron nuclei in neural tubes of both experimental
{Thor-Br) and control (Br-C an:_:l Thor-C) embryos. By St 42 (day -16E) the mean cross-

sectional area of brachial LMC motoneuron nhuclei in neural tubes of Br-C embryos was
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95.2 & 0.26‘ym2 and that of MMC motoneuron nuclel in the neural tubes of Thor-Br, Br-.
C and Thor-C embryos was 6i\9 +0.08 um?, 60.5 + 0.40 ym? and 59.8 + 0.46 uth?,
respectively. Interestingly, no differences were observed between the mean cross-

sectional areas of MMC motoneuron nuclei in neural tubes of expetimental (Thor-Br)

and control (Br-C and Thor-C) embryos at any of the embryonic stages examined (Fig.

14).

Analyses of the growth of motoneuron nuclei, therefore, demonstrated a
strikingdjffer \ ce between the growth of MMC and LMC motoneurons. By St 42 (day ‘
-16E) brachial LMC' motoneurcn nuclei were 36.8% larger than all MMC nuclei exam-
ined. Furthermore, transplanted thorac?c (Thor-Br) MMC motonéuron nuclel exhibited

the same growth curve as in situ thoracic (Thor-C) motoneuron nuclel, indlcating that

the growth of motoneurens is independent of 'peripheral influences and is controlled

autonomously.

Further, to assess the differentiation of healthy motoneurons from St 29 (day
-6E) through St 42 (day -16E) the number of nucleoli were counted both in MMC
motoneuron nuclei within neural tubes of experimental (Thor-Br) and control (Br-C
and Thor-C) embryos and in LMC motoneuron nuclei within neural tubes of Br-C~
embryos. Since quantification of motoneuron nuclel within the LMC and MMC indi-
cated that all motoneuron bopulations examined, irrespective of their location [LMC
versus MMC or transplanted (Thor-Br and Br-Br) versus in situ], differentiated accord-
ing to the same developmental schedule, the data obtained for experimental (Thor-_Br)
and control (Br-C and Thor-C) embryos were pooled and expressed as the mean per-
‘cent of motoneurons which exhibited either 3,2 or 1 nucleo!i {Fig. 15). In all cases LMC
and MMC motoneurons remained undifferentiated (3 nuclecll) during early develop-

ment up to St 34 (day -8E). The onset of motoneuron differentiation, as determined by
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.these criteria (see Section C - 2d of MATERIALS AND METHOQS).- was noted between St
34 (day -BE) and St 36 (day - IOE) By St 36 (day -10E) 27.9 i 0.87% of motoneuron
nuclei’ contained 2 nucleoli and this increase in the number of dlﬂ‘erentiating cells
occurred temporally coincident with a nearly equal drop In the percentage of
undifferentiated (3 nucleol!)‘i'r':otoneurons. Oqu 3.8 £ 0.72% of motoneurons sambled.
wer;: differentiat;d {1 nucleolus) at St 36 (day -10E). By St 37 (daly -11E) approximately -
50% of all motoneurons tested¥had started to differentiate (2 nuclgol-i) and now
22.1 + 0.65% of motoneurons were differentiated (1 nucleolus). From St 37 (day -11E)
onward the percentage of diﬁerentiated motoneurons continued to lncrease until by
. St 42 (day -16E) 67.2 + 0.64% of the nuclel examined contained one large nuclecius.
The Increased percentage of differgntiated nuclei during ._the.late_r developmental
stages examined was ‘reﬂect'ed by a grad:xal drop in the percentage of both
differentiating (2 nucleoli) an_d undifferentiated (3 nucleoli) motoneuron nuclei. By St
42 (day -16E) only 3.45 + 0.34% of nuclei examined contained 3 nucleoli and, there-

fore, had not yet started to differentiate.

- -

‘_\Analyses of the differentiation of motoneuron nuclei indicate, therefore, that
>
all motoneuron populations {(LMC and MMC) examined differentiate according to the

same developmental schedule.

C. Heterotopic (Thor-Br/som) Somitic Mesoderm Transplantation

The heterotopic neural tubg transplant studies demonstrated that although
foreign thoracic motor nerves-initially interact functionally with wing muscles, such
_nerves are eventually deemed inappropriate (Butler, Cosmos and Brierley, 1982b;
Butler, Cauwer:bergs and Cosmos,1986). To investigate further the uncoupling
phenomenon observed Between inappropriate nerve-muscle partners, heterotopic

-
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“somitic mesoderm transplantations<(Thor-Br/som) were emoloyed.. lniraspeciﬁc

chick/chlck chimaeras were produced by transplantjng thoracic somitic mesoderm
from donor embryos of either dystrophlc or normal genctype to the reglon of extir-
pated brachial somites in host embryos of normal genotype (see Sectlon B 2 of
MA’I‘ERIAL§ AND METHODS). The aim of this séries of experiments was to determine
if in si;u brachial motor nerves de'velo;_a and maintain func¢tional interactions with

wing muscles derived from heterotopically-transplanted (Thor-Br/som) thoracic somi- )

tic mesoderm.

1

1. Morphology of Thor-Br/som Experimental Embryos

-— -

Surgical (Thor-Br/som) manipulation of chick‘ embryos at day -2E did not
affect gross morphogenesis of experimental embryos during subsequent develop-
ment. Examination of experimental (Thor-Bl:'/som) embryos both through the shell
window at theéne of daily wing moiility analyses a_nd; upon removal from the egg at
the termination of the experiment revealed that surgically manipulated embryosi_
adhered to the chron‘olog-ical staging criteria of Hamburger and Hamilton (1951) and
that experimental embﬁ?s were fnorrphologically simila;- to unoperated control
embryos. Of a total of 51 operated embryos analysed, however, 3 (5,.9%5-exhiblted a
slight scoliosis of the brachial vertebral column, 9,{17.7%) were found to ha\;e shor-
tened :_scapulge‘and 2 (3.9%) had-developed a small curvature of the sternum. These
experimental (Thor-Br/som) e}nbryog 'were not eliminated from the study sinee re-
examination of their motility records indicated that the slight deformlties-obs'erved

did not affect wing motility adversely.
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2. Wing Motility Analyses of Thor-Br/som Experimental Embryos

To determine the extent of functional nerve-muscle interaction in experimen-
tal (Thor-Br/som) embryos at dSlly intervals from day -6E through day -15E the
number of wing movements in 10 minute observation periods (M/10 = total fre-

quency) were compared befween two experimental groups: 1) DThor-NBr/som (dys-

trophlcdonors) and 2) NThor-NBr/som (norma!l donors).

: Examir:nation of llmb mo#lity in unoperated dystrophic and normal control
gfoups of embryos demonstrated that abnormal f-r;quencies (M/10) of limb motility.
specific to the brachial region characterized dystrophic embrfos during a psecise
developmentgl pericod (see be{ow). It was‘ reasoned, therefore, that if this embryonic
dystrophlc phenotype of reduced wln&motllity. first reported by Cauwenbergs, Butler
and Cosmos, 1986a, was also expressed in experimental (DThor-NBr/som) embryos, it

could be used as é_n easily recognized, non-invasive marker for the viability of thora-

cic somitic mesoderm transplanted to replace extirpated brachial somites.

.}_

(a) Wing Motility of Unoperated Dystrophic Chick Embrvos: To establish the

developmental pattern of right wing movements in unoperated dystrophic (Sl)
embryos, daily wing motility analyse; were performed from day -6E through day -16E
(as described in Section C-la of MATERIALS AND METHODS) and compared to wing
~ motility (M/10) values of unoperated normal white leghorn (WLH) embryos (UC in Fig.
5). Although no qualitative differences in wing movements were observed between’
dystrophic and normal embryos throughout the developmental period analysed, -
quantftative differences in the total frequency of wing movements (M/10} were noted
during a 'speciﬁc embryonic period (Fig. 16 and Table 4). During the initial period
-extending from day -6E, when overt wing movements were first observed, through day

-9E, no differences in M/10 values were observed between dystrophic (51) and normal
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groups. Both dystrophic and normal efr'nbryos exhlblted— dally Incre.ascs in the fre-
quency of wing movements, rising from 10 M/10 and 11 M/10 at day -6E to 168 M/10
and 172 M/10 at day;_ -OE, respectively. M/10 values for dystrophic embryos were
;educed'slgniﬁcantly (p < 0.05) from those of normal embryos, hpwevé.r. 'from day
-10E through day -15E. Dystrophic embryos characteristically did not exhit;lt the
sharp increase in wing motility observed in normal embryos bét‘ween day -10E and
- day -11E, resulting in M/10 valuev;'whic‘l'a were 25% reduced from normal values at day
-11E EFIg. Ig).-' The tSFanrequency of right wing movements In dystrophic embryos
increased on day -12E and reached a plateau by day -13E. By day -16E., M/10 values for
dystrophic wings were still Io'wer than norrr;al values but the differenge observed was

not statistically significant at this time._

Addithnal wing motility analyses were performed on_the genetically related

Sio (dystrophic) and Si (normal) lines of chick embryos to ensure that the difference
in the tc_)tal frequency of wing motility o.b'served between S1 {(dystrophic) and tl;e local
Wi‘lite leghor'n (WLH) embryos were not. due to strain differences (Table 4). The data
demonstrated that similar trends in the development of’ wing motility were evident
when either the two dystrophic (Sl and Sm) strains or the two normal (WLH and S“)'
strains of embryos were compafed. The total frequency of wing motility (M/10) was
equivalent between the WLH and S“ normal embryonic lines throughout the period
2 analysed. Asin WLH nor:.nal embryos (UC in Fig. 5) motility values observed in Stl nor-
mal embryos increased from 9.7 M/10 on day -6E to a peak valie of 324 M/10 on day
-14E anﬁ‘this level of activity was maintained through day -16E (Table 4). Similarly,
M/10 values of Sm- dystrophic embryos weére equivalent to those of Sl dystrophic
-embryos.- increasing frofn _9.5 M/10 on day -GE' to 236.8 M/10 on day -10E. As In(thc S:
dystropﬁic strain, Sw dystrophic embryos failed to ‘show the sharp Increase in the

total frequency of wing motility observed in-both WLH and S“ normal embryos
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Figure 16. Comparative wing motility of normal (White Leghorn) and dystrophic
(S‘l) embryos from day -6E through day -16E. Statistically significant

impaired motility 'character[zed dystrophic wings from day -10E through day
-15E.

-
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between day -10E and Qay -11E. To}:;.\l frequenéy values recorded for S10 dystrophic
embryos were éignlﬁcantly reduced from normal M/10 values from day -11E (228
M/10) through day -14E (285 M/10). On day -15E and day -16E M/10 values were
within the range of values observed in normal embryos. The only difference between
Sl ar;d S10 dys!:rophic strains, therefore, was that SIO dystrophic embryos did not exhi-
bit signiﬁcantly lower motlility values at either day -10E or day -15E, whereas .MIIO

values for Sl dystrophic embryos were reduced significantly at these two embryonic

days.

In addition to a<comparison gf wing motllity between the four strains of nor-
mal and dystrophic embryos a separate series of unoperated normal .(WLH):md dys-
trophic (Sx) embrycs was used to determine if aberrant motlility observed in dys-
trophic strains was common to both the wings and legs of individual dystrophic
embryos. Ipslléteral (right) wing and leg motilities were analysed In individual normal

vand dystrophic embryos at two specific embryonic times; day -8E, a period when wing
motility.’was equivalent’ in normal and dystrophic embryos and day -12E, a perlod
when wing motility was reduced significantly in-dystrophic versus normal embryos
(Table 5). Comparison of\the daté indicate that only M/10 values recorded for wings
of dystrophic embryos at day -12E specifically, were significantly lébwcr than values
for normal wings. No statistical differences between normal anci_::!yétrophlc embryos
were observed in motility values recorded for hindlimbs at either day tested. Further,
.
although ipsilateral wing and leg motility values for individual normal embryos were

equivalent at both days, the taetal frequency of wing motility was significantly lower

than that of ipsilateral legs in dystrophic embryos at day -12E.

Comparison of wing and leg motility analyses between normal and dystrophlc

embryos, therefore, demonstrate that impaired functional nerve-muscle interactions
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gbserved In dystrophic embryos during a precise embryonic period are specific to the

brachial region.

(b) Wing_ Motility of Thor-Br/som Experimental Embryo‘s: Daily recordings of the
total fre.quency of wing motillgy (M/10) ir; experimental (Thor-Br/som} embryos
demonstrated that similar to differences observed between unoperated dystrophic
and normal embryos (Fig. 16) gxperimental DThor-NBr/sofn embryos exhibited M/10
values reduced signiﬁcantly from those of NThor-NBr/som embryos during a specific
embryonic period (Fig. 17) (Calx‘wellxbergs. Butler and Cosmos, 1986b). As in uno-
perated embryos of either genotype (Table 5), M/10 valugs for both DThor-NBr/som
and NThor-NBr/som operated grc;ups were equivalent and increa;ed daily from
10M/10 and 9 M/10 af day -6E to 166 M/10 and 170 M/10, respectively, at day -9E.
From day -10E through day -15E, however, the total frequency of wing movements in
DThér-NBr/som embryos was significantly lower t'han that of NThor-NBr/som
embryos. B.y day -11E and day -12E bThor-NBr/som lembryos exhibited M/10 values
that were reduced from NThor—NBr/som values by 21.6% and 19.3%, respectively.
Comparison of Figures 16 and 17 demonstrates that wing motility in DThor-NBr/som
and NThor-NBr/som embryos followed the same developmental pattern as exhibited

by unoperated dystrophic and normal embryos, respectively.

Dally wing motility’ analyses, therefore, were an excellent functional marker = -

-

and demonstrated the viability of the heterotopic t%oraclc somitic mesoderm- tran-
splant. The data indicate that transplanted thoracic somitic mesoderm gave rise to
brachlal ml‘JSClCS and these muscles made contac.t with in situ brachial motor nerves.
The results also show that wing muscles derived from transplanted thoracic somitic
mesoderm interact functionally with in situ brachial motor nerves and this functional

Interaction was maintained throughout the embryonic period analysed. This con-
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Figure 17. Comparative motility analyses of wing muscles derived from NThor-
NBr/som (normal donor) and DThor-NBr/som {dystrophic donor) eﬁcperimen-
tal embryos from day -6E through day -15E. Statistically significant impaired

motility characterized the wings of experimental (DThor-NBr/som) embryos

from day -10E through day -15E.
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trasts sharpigwith the results of the heterotopic neural tube transplant experiments, > *

which showed that, although provisional functional contacts.were’ established

-

between forelgn thoracic motor nerves and in situ brachlal muscles early In embryo- .

genesis, this functional interaction could not be maintained during later development

- N
(Butler, Cauwenbergs and Cosmos, 1986).



DISCUSSION

. 3
.- The purpose of the present study was to explore the nature of nerve-muscle

interactions between brachial muscles and foreign nerves derived froma heterotopi-
cally transplanted thoracic neural tube in chick embryos. Developmental events In
both thé developing.win_g and spinal cord were investigated to define the extent of
nerve-muscle interaction in Thor-Br embryos 'an_d fo elucidate po:;slble factors
responsible for the eventual incompa'tibility ot;served between wing muscles and

foreign thoracic nerves. The principle findings are summarlz%d as follows:

1. The ré;u]ts show that initial nerve-muscle contacts in the wings of experi-
mental (Thor-Br) embryos were functional sihce wing motility was observed In ihese
embryos throughout the embryonic period analysed [St 29 (day -6E) to St 42 (day
-16E)]. This finding indicates that impulse activity generated within the heterotopl-
cally transplanted thoracic neural tube reached wing musches via foreign peripherat
nerves; furthermore, frequencies of wing motility equal to those of cohtrol (Br-Br,
PBR and UC) embryos were observed up to day -8E. From day -9E onward, however,
frequencies of wing motility became progressively reduced in Thor-Br embryos untll
by day -16E few wing movements were noted. The decline in wing motility was
correlated temporally with the onset of nerve-muscle uncoupling observed histo-
cher'nically_ in specific wing muscles of experimental (Thor-Br) embryos (B.u'ller.

Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos, 1986).

.

Fod

2. Histogenetic analyses revealed that transplanted thoracic neural tubes
maintained the identity of in situ thoracic neural tubes. T-l;;racic neural tube tran-
splants in Thor-Br embryos typically developed and maintai:md a CT and a small,
inteﬁnittent LMC, morphological features characteristic of unoperated thoracic

neural tubes. Histogenetic analyses revealed, therefore, that neural tube

115
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development Is controlled rigidly, since trahs'planted thoracic neural tubes were

unable to conform to sl‘gnals derived from the brachial environment.

3. Although morphogenés!s of transplanted thoracic neural tubes was con-
trolled autonomously, the pattern of peripheral nerve outgrowth in Thor-Br embryos

was deﬁendent on factors derived from the periphery.

Nerves derived from the transplanted thoracic cord, similar to in situ brachials
nerves, formed a plexus in the brachial region, as reported previously (Wenger, 1951;
Straznicky. 1967). The latter was esseﬁtlally morphologically edulvalent to the

plexus formed in unoperated and Br-Br embryos.

4. HRP analyses of the origin of motor innervation showed that wing muscles
in control (Br-Br and UC) embryos typically received innervation from motoneurons
located in the LMC. Wing muscles of experimental ('fhor-Br) embryos,hdwever, “.rer‘e
Innerv:ated by motoneurons localized in the MMC of the transplanted thoracic neural

tube.

5. Quantitative analyses of MMC motoneuron numbers in transplante‘d
neural tubes of Thor-Br embryos revealed that the pattern of _motbneuron death in
this neurconal population was dependent on peripheral events. During the initial
embryonic period when intramuscular axons and functional nerve-muscle interac-
tion was observed in wing muscles of Thor-Br embryos, initial- nufnbers of MMC
motoneurons were maintained in transplanted thox:acic neural tubes. Coincident
with the developmental tirr{e when motc;r nerves start to uncouple from individual
wing muscles in Thor-Br embryos (Butler, Cauwenbergs and Cosmos, 1986), however,
a rapld and near total degeneration of MMC motoneurons was observed in the tran-

splanted thoracic neural tube. This finding indicated that during embryogenesis the

survival of spinal motoneurons was dependent on the maintenance of sustained
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interaction with target muscles in the periphery. ¢

6. To determine if nerve-muscle uncoupling also occurs when in situ brach.tql
nerves are made to innervate target muscles derived from heterotopically tran-
splanted thoracic somitic mesoderm wing motility analyses were performed .on a
second series (Thor-Br/som) of operated embryos. inltlal examlination of uno-
perated embryos of normal and dystrophic genotype revealed that dystrophic chick
embryos display reduced frequencies of wing motillt;,r during.a specific phase of
embryogenesis (Cauwenbergs, Butler and Cosmos,1986a). It was reasoned, there-
fore, that if muscles derived from thoracic somitic mesoderm taken from dystrophic’
donor embryos exhibit impaired motility durlng the same embryonic period then
reduced frequencies of wing motility would serve as a useful marker for the viability
of the mesodermal graft. The results showed that, indeéd. wing motility in D'i'hor-
NBr/som (dystrophic donors) and NThor-NBr/som (normal donors) was equivalent
to that of unoperated dystrophic and normal embryos, respectively (Cauwenbergs,
Butler and Cosmos, 1986b). Thus, only embryos with wing muscles derived from )
somitic mesoderm of dystrophic genotype showed impaired nerve-muscle interac-

tion. Wing motility, therefoTe, served as a sultable functional marker for the viabillty

- ~

7. Functional nerve-muscle interaction (motility) was maintained to day -16E
(the oldest Thor-Br/som embryos analysed), a tjme_well beyond ghe period (day -9E)
when reduced frequencies of wing motility became evident in heterotopic neural
tube transplant (Thor-Br) embryos. Sustained winé motility in experimental (Thor-
Br/som) embryos indlcates that, in contrast to Thor-Br embryos, ::ncoupling of func-
tional newe-rﬁuscle contacté was not expressea in wings of Thor-Br/som embryos.

The nerve-muscle uncoupling phenomenon, therefore,”was unique to.a thoracic

I
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nerve-brachial muscle combination.
L

A detalled discussion of these results is given below,

A. Extent Of Nerve-Muscle Interaction In Thor-Br Embryos

To monitor the extent of functional nerve-muscle interaction in individual
experimental (Thor-BrS and control (Br-Br, PBR and UC)'embryos . wing‘motility was
quantified daily through an extended embryonic period from day -6E to day -16E. As
reported previously for unoperated chick embryos (Hamburger and Bala?an. 1963),
the onset of wing motility was observed ‘a‘t day -6E in control (Br-Br, PBR and ug) -
embryos. Significantly, wing motility was also initiated at this stage in experimental
(Thor-Br) embryos. The analyses showed that the tétal frequency of wing move-
ments observed in Thor-Br embryos increased daily and equalled that of co'ntrols
through day -8E. These ﬁndln-gs indicated that the frequencglof electrical actiwity
emanating from the transplanted thoracic tube is normal since embryonic limb
motility is correlated with polyneuronal bursts of electrical discharges generated
spontaneously within .the spinal cord (Ripley and Provine, 1972; Provine, 1973).
Beyond this initial period, however, reduced frequencies of wing movement were
observed in Thor-Br embryos and wing motility declined precipitously during the

last week of development. At da*,} -16E some wing movements were still observed

indicating that a few functional nerve-muscle contacts persisted to this time.
: I

Contrary to the suggestio‘n of Mark (18980), the decline in wing motility
observed in Thor-Br embryos was not due to a possible lntérruplion of either
supraspinal or ;l)ropriospinal {Intersegmental) ippﬁt.—-Motlllty analyses of PBR
embryos in which the brachial spinal cord was surgically isolated from supraspinal

and propriospinal influences indicated that the frequency of wing movements in

-
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these operated embryos was significantly reduced from I;r-_Br and UC values only at
da.}lrs - I.SE and -16E,long after the time when wing motilly became reduced in Thor-Br
emt;ryos. The present motility analyses, therefore, support the report of Provine
and Rogers (1977) which demonstrated that frequencies of polyneuronal burst
discharges (neural correlates of embryonic m(otllity) are reduced from control values |
only from day -15E onward in chick embryo spinal cords following surglcal removal
of a portion of the cervical neural tube at day -2E. This late embryonic period (after
"day -15E) is characterized by the onset of coordinated limb movements and pre-
‘hatching behavior in chick embryos, tl}e latter motility patterns are controlled by
supraspinal centres (Hamburger and Oppenheim, 1967; Sohal, 19786). Posslb.le interrs
uption of appropriate supraspinal or proprlosﬁinél inputs resuiting from tﬁé.'hetero-

topic neural tube transplantation procedure, therefore, does not account for the

great reduction in wing motility observed in experimental (Thor-Br) embryos after

day -8E.

Previous reports indicated that avian limbs innervated by thoracic nerves
are either immotile or exhibit limited motility {(Székely and Szentagathai, 1962;
Straznicky, 1963; 1967). Fhese investigatic;ns. however, were concerned prlmarllly
with coordinated limb movements during ex ovo develop;nent (for review, Mark,
1980)j Székely and Szentagothai (1962) noted that when forelimb or hindlimb buds
are transplénted to the midthoracic region of chick embryos at day -3E, limb move-
ments are not observed in hatched experimental birds. Straznicky (1963), who noted
that wings of hatched chicks are paral';fzed when innervated by thoracic nerves
derived from a heterotoplcally transplahted ti}oracic neural tube, concluded that
*axons of thoracic motoneurons cannot establish effective myoneural junctions with

wing musculature”. Morris (1978) employed the same experimental model as

Székely and Szentagothai (1962) and demonstrated using electrophysiological
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techrﬁques ihat electrical stimulation ‘of thoracic nerves innervating the tran-
splanted limb ellcits contraétidns of specific limb muscles; however, the study was
limited to the embryonic period up to St 37 (day -11E) and involved small numbers

*

c;f_ experl'me:]tal embryos having lifnbs innervated exclusively by thoracic nerves.
One study which used the same experimental (Thor-Br) model as the present study
to achieve heterotoplc innervation gave a detailed developmental account of histo-
genetic events in wing muscles innervated by foretgn thoracic nerves (Strainicky.
1967). Although the chronology of degenerative events in embryonic wing muscles
having thoracic innervation presented by Straznicky (1967) agrees with the more
c!etailed analyses of Butler, Cauwenbergs and Cosmos (1886}, Straznicky failed to
compare the changes which occur within individual wing muscles. Furthermore,
Straznicky-{(1967) was not concerned with the development of nerve-muscie func--
tion and indicated that muscle degeneration occurs in wings of Thor-Br embryos
even though intramuscular motor a:‘(ons are present. Previous findings (Butler,
Cosmos and Brierley, 1982b; Cauwenbergs, Cosmos and Butler, 1983; Butler, Cauwen-
bergs a{nd- Cosmos, 1986) show that this is not the case. tndeed.‘degeneratiogof indi-
vidual‘wing musc_les in experimental (Thor-Br) embryos occurs as a consequence of

progressive nerve-muscle uncoupling, withdrawal of intramuscular axons and loss

of functional nerve-muscle interactions.

Wlné motllm’r in the present study served. as a functional parameter
reflecting developmental events recorded previously in the periphery (Butler,
Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos,-1986). EScperimentaI
(Thor-Br) embryos exhibited reduced frequencies of wing movement coincident tem:-
porally with the onset of intramuscular axon withdrawal from individual wing mus-
cles, The decline in wing motility reﬂécts a progressive functional uncoupling of

nerve-muscle contacts established initially by the foreign nerves and their targets,

. .h/
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_ but, subsequehtly deemed inappropriate. Intramuscular néwc branches extending
from the b:achl.al plexus are observed within all brachial muscles of Thor-Br i
embryos from St 30 (day -6.5E) through St 35 (day 8-9E) (Butler, Cauwenb;:rgs and -
Cosmds. 1986). After this initial embryonic period, however, intramuscular axons
appear to \;.flthdrav? from their muscle partners in wings of Thor-Br embryos (Butler,
Cosmos and Brierley, 1982b; Butler, Cauwenbergs and Cosmos, 1986). AI.thougl; den- -
ervation does not occur synchrgnously in all exberimental mus;les. it does colnclde-
with the time in normal development when permanent neuromuscuiar Jjunctions are
established within individual wing muscles (Atsumi, 1977, Adacht, 1983; Butler,
Cauwenbergs and Cosmos,1986). To illustrate, thé ALD muscle which forms end-
plates earlier than other brachial muscles exhibits withdrawal of innervation at $t35
(day 8-9E) (Butler, Cauwenbergs and Cosmos,1986). In fact, mature endplates are
never observed in wing muscles of experimental (Thor-Br) embryos. By St 32 {(day
-16E) only a limited number of intramuscular axons are observed in some wing mus-
cles (triceps Brachii. biceps brachii, scapulohumeralis posterior); other wing muscles
in Thor-Br embryos at this stage either are repiaced completely by lipid (ALD) or are

absent (PLD) due to the denervation process (Butler, Cauwenbergs and Cosmos,

1986).

The nerve-muscle uncoupling phenomenon observed in Thor-Br embryos,
however, is limited to appendicular brachial muscles (derived from the pre-muscle
masses of the wing bud) and Is not observed in brachial muscles of myotomal origin,
such as the axial musculature (Butler, Cauwenbergs and Cosmos, 1986). Axlal mus-
cles are segmentally arranged along the entire length of the vertebral column and In

.‘the rat these muscles are a normal target for thoracic motor nerves (Smith and Holly-
day. 1883). In experimental (Thor-Br) embryos, motor nerves growing out from the

heterotopically transplanted thoracic neural tube encounter brachial axial muscles
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and_ establish stable endplates im these muscles. Two groups-of nerve-muscle

partnerships exhlbi{lng distinct developmental patterns exlst.' therefore, in the bra-

chial reglon of e:’cpet'imental (Thor-Br) embryos: 1. Foreign thoraclc nerves associ- B

ated with appendicular brachial muscles fa/i\qgstabllsh per@r_nsuromuscular

Junctions and ultimately break. initlal com\ect:ons and, 2. Foreign thoracic nerves -

which couple with brachial muscles of myotomal ‘drigin form stable, compatible

synapses.

It is known that axial and appendicular muscles differ phenotypically;

whereas myotomally derived axial muscles exhibit similar myosin ATPase fibre-type

profiles throughout the length of the vertebral column the large locomotor muscles
of the wing are characterized by diverse myosm ATPase proﬁles (Butler and Cosmos,
1981b: Butler, Cosmos and Brierley, 1982b; Butlet'. Cauwenbergs and Cosmos, 1986)).
Thoracic nerves whic'h are normally paired with axial muscles and never innervate
wing muscles may not recognize appendicular muscles of the wing as suitable
partners due to phenotypic fibre-type differences between these two muscle groups.
Both the failure to develop mature neuromuscular synapses and the eventual uncou-
pling of nerve-muscle unions observed in apbendicular brachial. muscles of Thor-Br
embryos may be due, therefore, to a mismatch between récognition factors specific

to the nerve and/or muscle cells.

The degenerative processes observed in appendicular brachial muscles of
experirjnental ('I:hor-Br) embryos are also evident in brachial muscles forced to
develop entirely in the abseh'ce of nerves. Although embryonic brachial muscles

made aneurogenic by surgical ablation of the brachial neural tube segment prior to

peripheral nerve outgrowth form and express appropriate fibre-type profiles, they

-

exhibit only limited growth and eventually fail to survive (Butler; Cosmos and Brier-,
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ley, 1982a; Phillips and<Bennett, 1984). It was demonstrated, subsequently, that
these par#meters (i.e., muscle growth and survival} are determined by neuronal
influences associated wlt‘h lmpulsg-mediated activity (Bloom, Butler, Brierley and
Cosmos, 1985). Functional nerve-muscle interaction is, therefore, necessary in order

to maintain and promote embryonic muscle growth and survival.

Butler, Cauwenbergs and Cosmos'(1986) reported that a heterotopically

- transplanted thoracic neural tube can substitute for the brachial neural tube and

_provides factors known to be associated with impulse activity (Bloom, Butler, Brier-

»

ley and Cosmros. 1885) which support wing muscle growth and survival. The present
results corroborate this conclusion since wing motility, an over;gpresslon of the
response of brachial muscles to electrical agivlty generated within the Splnal cord,

is observed in experimental (Thor-Br) embryos. Wing muscles innervated by foreign

thoracic nerves, therefore, respond to electrical signals génerated by the heterotopi-

cally transplanted thoracic neural tube and exhibit grov.vth curves which parallel
those of wing muscles in control (Br-Br and UC) embryos. This finding was most
striking in individual wing muscles of Thor-Br embryos irri'mediately before and then
following the onset of nerve withdrawal fg'om these muscles. Prior to St 35 (day 8-
9_E),-the growth curves of specific wing muscles in Thor-Br embryos are similar te
those of the same muscles in control (Br-Br and UC) embryos. From St 36 (day -10E)
onward, however, when ALD muscles in Thor-Br embryos were totalHy denervated,
the growth of these muscles is comparable to that of aneurogenic ALD muscles.
Similarly, the PLD muscle in Thor-Br emb’ryos becomes denervated by St 38 (day
-12E). After this time this muscle rapidly degenerates and is absent by St 40 (day
-14E) (Butler, Cauwenbergs and Cosmos, 1986), a fate also exhibited by aneurogenic
PLD muscles (Butler, Cosmos and Brierley, 1982a). Thé&rvlval of aneurcgenic PLD

muscles, however, is limited since these muscles disappear by St 32 (day -?.SEY inthe

/
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absence of innervation. The presence of the PLD muscle in expérlmental {Thor-Br)
embryos at St 38 (day -12E), well beyond the time when aneurogenic PLD muscles are.
absent, indicates that in addition to their growth promoting effect foreign thoracié
nerves rescue the PLD. The- observations that wing motility as well as lnc.reased
growth and survival of individual brachial muscles occur in Thor-Br embryos indi-
cate that nerves derived from a heterotopically transplanted thoracic neural tube
interact functionally with wing ;‘mscles. albeit only for an initial embryonic period.

f

B. Properties Of Heterotopically Transplanted Thoracic Neural Tubes

In an effort to understand factors responsible for the nerve-mu_scle uncou-
* pling phenomenon observed in experimental (Thor-Br) embryos, morphogenesis of
transplanted and unoperated neural tubes was compared in experimental (Thor-Br)
and control (Br-Sr and UC) embryos during the period extending from St 29 (day -6E)
to St 42 (day -16E). The results siuowed that both heferotopig and homotopic neural
tube traﬁsplants in Thor-Br and Br-Br embryos, respectively, develop morphological
properties in keeping with their site of origin. The heterotopically transplanted
thoracic neural tube in Thor-Br embryos maintained the identity of a thoracic neural
tube, thus indicating that neural tube developmer‘n Is determined prior to the time
that the present operations were pérformed [St 13 (48-52 h in ovo)] and that it is con-

trolled autonomously, as described previously (Wénger. 1951).

A prominent feature of heterotopically transplanted thoracic neural tubes,
as opposed to brachial neural tubes, was the absence o% a large LMC; a large LMC
characterized the brachial neural tube of control (Br-Br and UC) embryos. Th;e smali,
intermittent LMC of.heterotopic thoracic neural tube transblar'lts was identical to

that of in situ tho'riqi_c neural tubes, thus indicating that the enlarged periphery {bra-
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chial musculature) did not influence formation of the LMC, even though the LMC nor-

mally Innervates wing muscles

An outstanding characteristic of heterotopically transplanted thoracic

neural tubes was the presence, throughout the embryonlc period analysed, of the CT.

‘The present study is §ﬁe first to show that in all experimental (Thor-Br) embryos
analysed fibres-from the CT enter the brachlal sympathetic chain ganglia via ectoplc

~ communicating rami. Although the CT and communicating raml are structures néver
normally seen in the brachial region of chick embwos (Levi-Montalcini, 1950

Oppenheim, Maderdrut and Wells, 1982; present observations), their sustained pres-

"ence in the brachial region of Thor-Br.embryos indicates that CT cells'in heterotopl-
cally transplanted thoracic neural tubes were able to geek out appropriate'targets

within the sympathetic chain ganglia and establish contacts which are maintained to

day -16E, when the present study was terminatéd. The results also emphasize the

autonomous nature of neural tube developrr;ent and demonstrate that the pattern of

CT fibre outgrowth is determined by factors intrinsic to the thoracic neural tube.

Unlike the pattern of CT fibre cutgrowth in the brachial region of Thor-Br
embryos, however, the outgrowth pattern of motor nerves exiting the thoracic
neural tube transplant was controlled by the periphery, as reported by Wenger
(1951). Although thoracic nerves never form a brachlal plexus normally, the brachlal
plexus formed by thoracic nerves growing from the heterotopic neural tube graft in

Thor-Br embryos was essentially morphologically normal.

A large body of evidence from both neural tube transplant (Wenger, 1951;
Straznicky, 1963; 1967; Butler, Cauwenbergs and Cosmos, ;986: present observa-

tions) and limb bud transplant {Hamburger, 1939; Morrls, 1978; Hollyday, 1981;

Swanson and Lewis, 1982; Straznicky, 1983; Summerbell and Stirling, 1982; Stirling
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and Summerbell, 1985) studies of chick embryos indicates that the pattern of nerve
outgrowth during early mofphogenesls is determined exclusively by environmental
cues derived from the periphery and is unrelated to the segmental origin of the spi-
nal .nerves. Stirling and Summerbell (1977) were the first to show that following
removal of a portion of the wing l;ud before peripheral nerve outgrowth, the nerve
branching pattern within the remaining portion of the wing was normal. Similarly,
experimental. manipulations of the lumbosacral neural tube or hindlimb bud, demon-
strate the abil‘ity of the peripheral signals to guide growing axon; along stereotyped
pathways into the developing leg (Lance-Jones and.Landmesser. 1980a,b; 1981b; Fer-
-gu 1983). Whitelaw and Hollyday (1983a,b) found similar results using ortho-

gradéf RP labelling. of motor nerves growiﬁg_ into partially deleted or duplicated
chick hindlimbs and concluded that limb associated growth cues act to guide group:
of motor axons tnto different regions of the limb. It was suggested by Tosney and
Landmesser (1984} that since growing crural and sciatic motor rerves develop
correct and specific branches within the E_umbosacral pl‘exus. even in the absence of
all target tissues distal to the pelvic girdle, cues governing the formation of these
branch points are independent of target tissues and may be derived from the local
mesenchyme. On the other hand, target muscles have a specific, short range
influence on moter nerve outgrowth since individual intramuscular nerve branches

fail to develop in limbs devoid of target muscles (Lewis, Chevallier, Kieny and Wol-'

pert, 1981: Tosney and Landmesser, 1984).

The present study also showed that the pattern of motor nerve outgrowth
from; ﬁeterotoplcally transplanteé thoracic neural tube into the brachial environ-
ment'is controlled by the periphery. Motor nerves in the brachial plexi of experi-
mental (Thor-Br) embryos grew into the forelimb region, followed pathways dictated

by the brachial environment and established initial structural and functional

¥
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contacts with wing muscles (B_utler. Cauwenbergs and Costmos, 1586: present obser-
vations). Conversely, the pattern of CT fibre outgrowth in the brachial region of the
Thor-Br embryos; was independent of peripheral influences and appeared to be con-
trolled by factors endogenous to the heterotopic neural tube transplant. Although
Wenger (1951) studied the morphogenesis of the spinal cord and peripheral nerves
in chick embryos following heterotoﬁic {Thor-Br) thoracic neural tube transplanta-
tion, the present study is the first to examine in.detall the development of the CTIn -
the brachial region of experimental (Thor-Br) embryos. The resuits showed that CT
fibres and motor fibres both derived from the heterotopically transplanted thoracic
neural tube differed in two respects: 1. The pattern of motor fibre cutgrowth was
governed by the periphery whereas that of CT fibres was endogenously céntrolled;
and, 2. Motor fibres did not maintain initial contacts with target wing muscles while
E‘I‘ fibres were observed to enter and maintain structural contact with sympathetic
chain ganglia throughout the embryonic period analysed.

¥

C. Source Of Motor Innervation In Thor-Br Embryos

Retrograde HRP labelling analyses of motoneurons werE\used In the present
study to determine if the source of motor innervation to wing muscles was a factor
that might be responsible for the eventual loss of initial nerve-muscle contacts in
appendicular brachial muscles of Thor-Br embryos. Although the report by Wenger

(1951) and the present observations showed that the structural organization of

- *
\/'/heterotopic'ally transplanted thoracic neural tubes is identical to that of in situ thora-

cic neural tubes, Wenger did not investigate the precise locallzation of motoneurons
supplying wing muscles in Thor-Br embryos. The results of the present HRP study
demonstrate that the innervation of two specific wing muscles, biceps brachit and
triceps brachii, was derived from the MMC in experimental (Thor-Br) embryos. The

"\
N
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motor Innervation to lndivldual wing muscles, therefore, was highly atypical. Evi-
dence from HRP labelling analyses indicates ;hat during normal development_appen-
dicular muscles are Innervated exclusively by LMC motoneurons (Landmesser, 1978;
Hollyday, 1980; Oppenheim, 1881a; Lance-Jones and Landmesser, 1981b; Straznicky
and Tay, 1983; present observations). Furthermore, Smith and Hollyday (1983)
showed that In adult rats thoracic MMC motoneurons suppiy motor innervation to
the axial musculature of the thoracic region, as wéll as some intercostal and abdomi-
nal muscles. Thoracic MMC motoneurens, theréfore. charac_terlstically never inner-

vate large appendicular muscles.

The present study demonstrates that inappropriate connections were esta-
blished between thoracic MMC motoneurons and wing muscles in experimental
(Thor-Br) embryos. Localization of HRP labelled motoneurons within the MMC of
heterotopically transplanted thoracic neural tubes was found consistently in Thor-Br
embryos at St 34 (day -8E} and in one St 38 (day -12E) Thor-Br embryo. which sur-
vived HRP injection; in the latter embryo the number of HRP labelled cells was
greatly reduced from that observed in 5t 34 (day -8E) Thor-Br embryos. The reduced
number of HRP labelled cells noted at St 38 {(day -12E) is due to two events observed
in Thor-Br embryos: 1. A great loss of motoneurons through neuronal cell death \Qas
evident in experimental (Thor-Br) embryos between St 36 (day -10E) and St 38 (day
-12E) (Cauwenbergs, Cosmos and Butler, 1986); and, 2. Uncoupling of nerve-muscle
contacts and withdrawal of intramuscular axons occurred after St 35 (day 8-9E) in
Individual wing muscles of Thor-Br embryos (Butler. Cauwenbergs and Cosmos,

1986).

Previous studies showed that in chick embryos the biceps brachii is inner-

vated predominantly by spinal nerves 14 and 15, whereas, the motor innervation to



129

the triceps brachli originates predominantly from spinal segmi:nt§ 15 and 16
(Oppenheim, 1981a; Straznicky and Tay. 1983). The présent HRP analyses of control
(Br-Br and UC) embryos corroborates these findings and lf;dlcates further tha.t the
segmental origin of motor nerves supplying these two muscles In experimental

(Thor-Br) embryos was unaltered from that of controls. This finding suggests that

- the craniocaudal/extent of motoneurons pools supplying specific wing muscles was

determined by the periphery and may be dependent on the pattern of peripheral

nerve outgrowth.

In concurrence with previous reports (Oppenheim, 1981a; Straznlcky and
Tay, 198~3). the present study dgmonstrates a precise topographic organization of
motor:el_xron pools within the LMC of the brachial neural tube following HRP injec-
tion into either the biceps brachii or triceps brachii of control (Br-Br and UQ)
embryos. The biceps brachii muscle was innervated by motoneurons localized In a
dorsﬁmedial position within the brachial LMC, while, motoneurons located ventrola-
terally within the brachial LMC innervated the triceps brachii muscles Conversely,
HRP fabelled motoneurons in experimental (;I'hor-Br) embryos were randomly distri-
buted within the MMC of the transplanted thoracic neural tube (l.e., HRP labelled
cells were not localized to precise medial or lateral positions within the MMC) after
injections into either the biceps brachii or triceps brachii. Thus, the highly ordered

topographic distribution of motoneuron pools evident in control (Br-Br and UC)

embryos was not observed in experimental (Thor-Br) embryos.

The random distribution of motoneurons innervating individual wing mus-
cles in Thor-Br embryos is a logical explanation for the abnormal qualitative nature
of wing motility observed in these experimental embryos. Jerky movements of lim-

ited range characterized Thor-Br embryos, exclusively, throughout the developmen-
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tal period analsrsed. The results of the present HRP study indicate tl}ét since
motoneuron pools in 'heteéotopically transplantéd thoracic neural tubes were
comprised of randorr;ly dispérsed rﬁgtoneui‘ons'wit‘hin the MMC, motor activity gen-
erated in the foreign thoracic neural tube transplant probably reached individual
wing muscles in a haphazard fgshion and, therefore, gave rise to the altered qualita-
tive, nature of wing motility observed in 'I'hor—B_r embryos. To determine this con-
clusively, however, electromyographic recordings from individual wing muscles in

experimental (Thor-Br) embryos would be necessary.
D. Motoneuron Development

The HRP analyses of the present study provide:s eyld_encg that motoneurons
within the heterotopically transplantéd thoracic neural tube established structural
contacts with wing muscles. These moto-neurons. however, were localized in the
MMC of the transplanted thoracic neural tube, a population i:f motoneurons that
never normally contacts or interacts with locomotor muscles of the wing. Further
analyses were performed, therefore, to determine if the pattern of motoneuron

@ath. growth and differentiation within the MMC of transplanted thoracic neural
b

es was related to the eventual nerve-muscle incompatibilty observed in wings of

/experimental (Thor-Br) embryos.

1. Pattern Of Motoneuron Death

Analyses of the number of healthy and degenerating MMC motoneurons in
transplanted thoracigneural tubes of Thor-Br er';lbryos from St 29 (day -6E) through
St 42 (day -18E) demonstrated that a rapid and nearly complete loss of MMC
motoneurons occurred coincident temporally with the period of intramuscular axon

withdrawal from appendicular brachial muscles (Cauwen-bergs. Cosmos and Butler,
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1986). The small number of healthy motoneurons (15% of initlal numbers) that were
‘observed at St 42 (day -IGE)' represent cells that are either still in contact with
specific wing muscles or have for‘med stable synapses with myotomally del:lved axial
muscles of the brachlal region. Up to St 35 (day 8-9E) Intramus-cular nérve b’ranches'
derived from the heterotopically transplanted thoracic ne:xral tube are present in all
wing muscles. Furthermore, these initial nerve-muscle contacts were observed to
promote wl;'xg motility as well as muscle growth and survival (Butler, Cauwenbergs
anci Cosmos, 1986). During this initial embryonic périod of sustained, effective con-
tact with wing muscles, healthy MMC motoneurons were maintained and few degen-
erating motoneurons were observed in the MMC of transplanted thoracic neural
tubes. Subseque‘ntly. however, when structural and functional nerve-muscle con-
tacts uncouple in individual wing musclés of Thor-Br embryos, approximately 85%
of the initial number of MMC motoneurons degenerateq. Thus, the present stu;iy
indicates that the maintenance of structural and functional interactions with target
muscles was ultimately necessary for the survival of these cells. Furthermore, ana-
lyses of Thor-Br embryos and the phenomenon of motoneuron death are analogous
to previous ;tudies whereby limb bud removal was performed; the studies of Ham-~
burger (1958) and Oppenheim, Chu-Wang and Maderdrut (1978) demonstrated that
the intrinsic capacity of motoneurons to survive initially in the absence of peri-
pheral influences is limited. Following surgical ablation of the hindlimb bud at day
-3E initial numbers of lumbosacral LMC motoneurons were maintained to day -6E,
"the embryonic time when natural motoneuron death is initlated normally in the
hindlimb region; however, a rapid and near total degeneration of LMC motoneurons
occurs on the limb bud removal side d}u‘ing subsequent development (Hamburger,.

1958; 1975; Oppenheim, Chu-Wang and Maderdrut, 1978). The recent studles of

Lanser and Fallon (1984) and Lanser. Carrington and Fallon (1986) on limbless
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mutant chick embryos also demonstrate the dependence of brachlal LMC motoneu-
rons on_peripheral Inﬂ;lences. Although normal numbers of motoneurons- are
present Initially, only 10% of initial LMC motoneturon numbers survives the
embryonic period in mutant embr_yos (Lanser a_fid Fallon, 1984). Implantation of a
genetichlly normal wing bud into limbless mutant emb?yos at day -3E, however,
resuits in a rescue of more than 3.5 times as mfany LMC motoneurons on the
impl-anted wing side compared to 'thg unoperated wingless side (Lanser, Carrington
and Fallon, 1986). These studies indicate that LMC motoneurons become dependent
for their survival on factors derived from ta;rget r'nuscles' coincident with the
developmental time when naturally-occurring motoneuron death is normally ini- .
tiated. The nature of these pe.ripheral' factors, however, remains poorly understood
(Oppenheim, 1981b) although available evidence indicates that the onsét of
naturally-dtcurrlng motoneuron death during normal chick embryogenesis coin-
cides temporally with the formation of pé.rmanent neuromuscularjunc‘ilons\ In limb
muscles (Hamﬁurger. 1975; Oppenheim and Chu-Wang, 1978; Hamburger and
Oppe_nheim. 1982.).

Pittman and Oﬁpenheim (1978) were the first to show that neuromuscular
actjvity may also act to regulate motoneuron degth in chick ‘embryo's;. By applying
;:ither pre- or post-synaptic blocking ageﬁts before the period of natural motoneu-
ron death begins, they and others demonstrated a near total elimination of naturél
motoneuron death; 93% of motoneurons survived the normal cell death period (nor-
mal survival = §0%) in the absence of nerve-muscle electrical activity (Pittman and
Oppenheirh, 1978; 1979; Laing and Prestige, 1978; Oppenheim, 1984). In contrast,
electrical stimulation of chigk embryo limb muscles and nerves during thé period of
natural moton;uron death results in 2 20% increase in motoneuron loss (Oppenheim

and Nunez, 1982). " These researchers suggest that interactions between
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acetylcholine, released from presynaptic terminals, and postsynaptic acetylcholine
receptors may initiate events which lead to motoneuron death during normal onto-

geny (Pittman and Oppenheim, 1979; Oppenheim an.d Nuriez..l‘982).

The results of the present study showed that during an initial embryonltf
period, up to St36 (day -10E), MMC motoneurons i;'l transplanted thoracic neural
tubes develop independently of the periphery. During\subscquent devciopmcnt.
however, survival of MMC motoneurons in transplanted thoracic neural tubes of
Thor-Br embryos is dependent on factors derived from target muscles. Rapid and
massiwfe MMC motoneuron death occur;ed in transplanted thoracic neural tubes
coincident tempgr;lly with the loss of peripheral interactions with wing muscles in
‘I‘l;lor-Bl: embryos. This finding concurs with previous reports which indirates that in
normal development peripheral nerve-target interactions operate' to regulate the
pattern of neuronal cell death in. the developing spinal cord (Oppenheim, 1981b:
1985; Oppenheim and Ch.u-Wang. 1983; Ci‘)w-'an. Fawcett, O'Leary and Stanfield, 1984).
The influence of the periphery, howevér. counteracts the‘proccss of motoneuron
death since ir; the absence of tﬁe periphery (limb bud removal experiments) neu-
rothanasia is initiated on schedule but is greatly accelerated (Hamburger: 1958;
Oppenheim, Chu-Wang ard Maderdrut, 1978). The present study demonstrated that
coincident with the loss of peripheral contacts with target mus<les in the wings of

Thor-Br embryos thoracic motoneurons also die at an acceleratedrate.

The results of the present stud\} also agree with the widely accepted com-
petition hypothesis for motoneuron death which states that during normal ontogeny
as-neuromuscular synapses mature, motoneurons which fail to establish stable end-
plates start to degenerate (Oppenheim and Chu-Wang, 1983). Since rx;aturc neu-

romuscular junctions were not observed in wing muscles of Thor-Br embryos, MMC

~
N

N
/
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motoneurons contacting these muscles In experimental embryos eventually die

when initial structural and functional nerve-muscle connections are withdrawn.

Interestingly, initial numbers of MMC motoneurons In heterotopically tran-
splanted thoracic néural tubes wére "m;ciintained beyond the embryonic time when
natural motonéuron death oééurred in in situ thoracic neural tubes. The period of
natural motoneuréon death in the thoracic MMC of unoperated embryos occurred
between St 34 '(day -8E) and St 40 (day -14E}, coinclldent with the period in develop-
ment when motoneuron death occurs in the brachial LMC (Oppenheim, Majors-
Willard, 1978; Lalng, 1982; Cauwenbergs, Cosmos and Butler, 1983). The onset of
MMC motoneuron death in transplanted thoracic neural tubes of Thor-Br embryos,
however, was observed to occur at St 36 (day -10E) and an accelerated rate of
motoneuron death continued through St 38 (day -12E) (Cauwenbergs, Cosmos and
Butler, 1986). The period of cell death of foreign tho:jacic MMC motoneurons inner-
vating wing muscles of experimental (Thor-Br) embryos, therefore, was atypical and
éoincided with the developmental period when in these embryos intramuscular
nerve branches withdraw from indiyidual wing muscles (Butler, Cauwenbergs and
Cosmos, 1986). Thus, during the initial period up to St 36 (day -10E) when intramus-
cular axons and functional nerve-muscle contact-s were observed in the wings of
Thor-Br embryos, nerve-muscle interactions supported the survival of foreign thora-
cic MMC motoneurons. These nerve-muscle unions, however, were subsequently
deemed inappropriate and progressive uncoupling of previously compatible nerve-
muscle contacts ensued. The present: study is the first to demonstrate that
accelerated and nearly complete death of foreign thoracic MMC motoneurons shown
to innervate appendicular brachial muscles occurred coincident with the embryonic
time when structural and functional nerve-muscle contacts are withdrawn in wings

of Thor-Br embryos. This finding indicates that the survival of both foreign thoracic
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motoneurons and in situ brachial muscles is ultimately dependent on sustained

interactions between them. For reasons that remalin unclear, however, permanent

neuromuscular jimctions fail to form between‘wlng muscles and nerves derived
" .

from a heterotopically transplanted thoracic neural tube, even though this develop-\

mental event is necessary for the continued survival of both partners.

2. Motoneuron Growth And Differentiation

Although analyses of motoneuron numbers indicated that initial structural
and functional interactions between foreign thoracic MMC motoneurons and wing
muscles p‘romote the survival of these neurons, such interactions did not influence
either growth or differentiation of MMC motoneurons. Regardless of the nature of
the nerve-muscle parfnerships (i.e., foreign thoracic MMC motoneurons coupled to
wing n—mscles. or in situ thoracic MMC motoneurons coupled to their normal muscle
pe;rtners. or in situ brachial MMC motoneurons coupled to brachial axial muscles),
the pattern of MMC motoneuron growth and differentiation was the same. The
growth and differentiation of foreign thoracic MMC motoneurons in heterotoplcally
transplanted neural tubes, therefore, was unaltered from that of other MMC
motoneuron populations coupled to their normal in situ muscle partners. This
finding demonstrates that these developmental events (motoneuron growth and
differentiation) are autonomously controlled and proceed on schedule [rrespective
of peripheral target influences. The present study, therefore, supports the previous
report of Oppenheim, Chu-Wang and Maderdrut (1978) which showed that motoneu-
rons deprived of their normal muscie targets due to early limb bud removal express,
initially, intrinsic ca;iacities for growth and differentiation equal to those of

motoneurons coupled to their normal muscle targets.
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‘When the growth of MMC and LMC motoneuron nuclei was compared
between expérimental (Thor-Br) and control (Br-Br and UC) embryos In t.he present
study, brachial LMC mt;tonguron nuclel of Br-Br and UC embryos were significantly
larger than MMCV motoneuron nuclei of both experimental (ThortBr).ahd control (Br-
Br and UC) embryos from St 36 (day -10E) onward. This indicates that LMC motoneu- ‘
rons which normally innervate the large locomotor muscles of the wing have a much
greater caﬁacity for growth than MMC motoneurons. The present study showed,
therefore, that although foreign thoracic MMC motoneurons interact functionally
with appendicular brachial muscles in Thor-Br embryos, this interaction does not
alter thé gfowth pattern of these neurons. Thus, wing muscles in Thor-Br embryos

Iwere innervated by MMC motoneurons which were markedly smaller than brachial
LM< motoneurons which normally innervate these muscles. The size difference
observed between MMC and LMC motoneurons indicates that these two motoneuron
populations are phenotypically different. Phenotypic differences between foreign
thoracic MMC motoneurons shown to contac;t wing muscles in Thor-Br emb.ryos (HRP
analyses) and brachial LMC motoneuro:;s coupled normally to appendicular brachial
muscles may be responsible for _the inability of thoracic MMC motoneurons to main-

" taln structural and functional contacts with wing iftuscles.

-

It is also possible that an insufficient numbers of motoneurons in tran-
splanted thoraclc neural tubes may have resui{ed in the t:ailure_of these motoneu-
rons to suppert the lafge target field of the wings, as .projected by Morris (1978) in
her supernumerary limb model. The'present analyses showed that the initial number
of MMC motoneurons in heterotopically transplanted thoracic neural tubes was only
51% of tpe initial number of brachial LMC motoneurons which innervatc;d the wing
muscles of control (Br-Br and UC) embryos. It is still unclear, however, why the few

motoneurons which were observed in transplanted thoracic neural tubes and which



137

made initial effective contacts with individual wing muscles cmhd not support at
least some wing muscle targéts. The present investigation indicates that the even-
tual incompatibility between appendicular brachial muscles aﬁd forelgn nerves
derived from a heterotopically transplanted peural tube may stem from factors
related to the source of motor innervation per sein experimental (Thor-Br) embryos.

Itis hypothesized that the aut&nomous nature of neural tube morphogenesls as well

as intrinsic phenotypic differences between specific motoneuron populations (MMC

and LMC) may be primary factors responsible for.the nerve-muscle uncoupling

observed in wings of Thor-Br embryos.

E. Source Of Target Wing Muscles

_To test this hypothesis further a second serles of experlme'ntal {Thor-

: A >
Br/som) embryos was utilized In the present study. Thus, in Thor-Br/som embryos

.‘(

the brachial somites which give' rise ncrmally to the myogenlc components of bra-
>

chial muscles (Jacob, Christ and Jacob, 1978), were removed and replaced with thora-

cic somitic mesoderm which characteristically never forms wing -muscles (Christ,

Jacob and Jacob, 1978a). The objective of the present Thor-Br/som experiments wa:s/

to determine if nerve-muscle uncoupling, as observed in heterotopic (Thor-Br)
neural tube transplant experimenté. is expressed when the mesodermal source of
myogenic precursor cells of wing muscles is altered experimentally. Specifically,
daily wing motility analyses were performed in Thor-Br/som embryos from St 29
(day -6E) to St 42 (day -16E) to define the extent of functional nerve-muscle interac-
tion when.in situ brachial nerves are paired with wing muscles derived from hetero-

topically transplanted thoracic somitic mesoderm.

] ,é"/
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Previous studies showed that somitic. mesoderm transplanted from various

segmental. levels (I:;cludlng thoracic levels) of qualil donors i_nto thé site_of-extir-
pated brachial somites of chick hosts is viable and form;s morphplégically normal
wing muscles of qualil genotype (Chévall!er. Kieny and Mauger, 1977, Chevallier,
1979). These studies demonstrated that somitic mesoderm taken from a large range
of craniocaudal levels at day -ZIE is highly plastic and that the pattern of musclg
development is coﬁlrolled by peripheral factors derived from the local environmegf.
Che\;alller and coworkers did not indicate, however, if functional nerve-muscle con-
tacts are established in experimental wings of heterotopic somi‘tic mesoderm tran-
splant embx_'yos; fﬁrthe;more. the studiés of Chevaliier, Kieny -aﬁd Mauger (1977)
and Chevalllef (1979) were terminated at day -12E and., therefore, were nb;,carried
out beyond the tlime in development when in the present study loss of fﬁné;ibnal
nerve-muscle interaction (wing motility) was observed in wings of heterotopc neurat
tube transplant (T; r-BE} embryos ('Cauwenbergs. Cosmos and Butler, 1983; Builer.

-

Cauwenbergs and Cosmos, 1986).

Instead of the interspecific chick/quail experimental model used in previous
investigations {Chevallier, Kieny and Mauger, 1577; Chevallier, 1879), the Present
functional analyses were performed on an intraspecific chick/chick model; thus,
experimental (Thor-Br/som) somitic mesoderm transplant e!mbryos wer.e analogous
to experimental (Thor-Br) neural tube transplant embryos used in the first series of
experiments .in this study. Since previous analyses demonstrated that chick
embryos of dystrophic genotype exhib_it impaired wing motility duri‘r;g a speciﬁc
phase of embryogenesis extending from day -10E to day -15E (Cauwenbergs, Butler
and Cosmos, 1986a) and the myogenic component of appendicul_ar muscles ori-
ginates from somitic mesoderm (Chevallier, Kieny and Mauger, 1977; 1978), donor

embryos of dystrophic lineage were utilized to determine if impaired wing motility
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could be used as a functlonal marker to monitor the viability of transplanted somitic.

™~

mesoderm. The results show that_ experlme'ntal (DThor-NBr/som) embryos.havlng
. wing muscles dgrived from‘heterotoplca!ly transplanted thoracic somitic mesloderm
of dystrophic genotype exhibited impaired wllng mqtllltf from day -10E through day
-15E, ;imilar to unopera_ted dystrophic embryos (Cauwenbergs, Butier and Cosmos,
19865: present observations). This finding demonstrates that the functional pal:ame-
ter, wing motility, was a suitable marker for the viability of heterotopic thoracic som-
fitic mesoderm transplants. These experiments with intraspecific chick/chick
chimaeras érg in agreement with the observations of Chevallier (1979) using
interspecific chick/quail chimaeras which Indicate that brachial muscles in heteroto-
pxc\wracm somltlc mesoderm transplant embryos are derived from the thoracic

somitic mesoderm graft.

The present study is the first to show that functional nerve-muscle contacts
are established in wings of Thor-Br/som embryos since wing motility was observed
throughout the period analysed; moreover, this functional nerve-muscle lptefactlon
was maintained since frequencies of wing motility observed in DThor-NBr/som {dys-
trophic donors) and NThor-NBr/som (normal donors) embryos were equivalent to
those of unoperated dystrophic and normal embt-'yos. respectively, at all days tested
(Cauwenbergs.‘ Bt_xﬂi:r and Cosmos, 1986b). Wing motility in experimental (Thor-
Br/som) embryos, therefore, was maintained well beyond the time in development
{day -9E) when functional interactions between foreign thoraclc nerves and brachlal

2

muscles in Thor-Brlembryos began to falter.

The present study demonstrates further the high degree of plasticity
expressed by somitic mesoderm; thus, thoracic somitic mesoderm transplanted to

the site of extirpated brachial somites form wing muscles known to be phenotypi-
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céllx' different from muscles of the thoracic region (Butler and Cosmos, 1987b).
Furthermore, the results indicate that fag:torsl which determine the compatlbility of
nerve-muscle partners in heterotopic innervation experiménts may reside in the
degree of plasticity expressed by donor tissues. For example, inrThor-Br/som exper-
iments donor thoracic somitic mesdderm was highly plastic and functional nérve-
muscle interaction was maintained whereas in Thor-Br experiments do‘;mr thoracic
neural tubes were extremely rigid and developed according to their site of origin.
The developmgntal pattern expressed by transplanted spinal cords, therefore, was
unaltered by pgrlpheral influences. Co&ely. transplanted somitic hesoderm

assumes the form and function of the site of transplant, indicating that the develop-

mental pattern expressed by grafted somitic mesoderm was governed by local

environmental cues. The ability of in situ brachial nerves to maintain contacts with,_.~>

wing muscles derived from heterotopically transplanted thoracic somitic mesoderm
in Thor-Br/som embryos, therefore, may be due to the intrinsic capacity of muscles
of thoracic origin to confqrm to peripheral signals and alter their phenotypic charac-

teristics (Butler and Cosmos, 1887b). .

Previous cross-reinnervation studies performed ex ovo also demonstrated
that foreign nerves maintain contact with a new muscle target only when the target~
muscle assumes the characteristics of the original muscle partner of the tran-
splanted nerve (Cosmos, Butler, Allard and Mazliah, 1979; Mazliah, 1880; Mazliah,
Cosmos and Butler, 1987). During ex ovo development, therefore, nerves have the
_abilily to alter the phenotypic characteristics of their muscle partners. and pér-

manent neuromuscular junctions are established and maintaf‘ned in cross-

reinnervation experiments. In oveo, however, foreign nerves do not exhibit a control-

ling influence over muscle fibre-type expression. Consequently, target muscles do

not alter their phenotypes in experimental (Thor-Br) embryos, and initial structural
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" contacts (intramuscular axons) are not maintained.

. Recently Butler and Cosmos (1987a)"demonstr'ated that the formation of per-
mahent neuromusclar junctions is a critical developmental event which determines
the fate of both nerve and muscle pa\‘rtners. They showed that mutant wing muscies
of dystrophic chick embryoes respond atypically to heterotopic thoracic innervation.
Following heterotopic (Thor-Br) neural :tube transplantation, as performed In the
present study, permanent neuromuscular junctions do form in wing muscles of dys-
trophic embryos, wing motility is maintained and individual wing muscles exhibit
increased growth thr;ughout the periéd analysed. The response of brachial muscles
in dystrop.hic embryos to nerves derived from a heterotopically transplanted thora-
cic neural tube is diametrically o\pposed to that of wing muscles in embryos of nor-
mal genotype used in the present study. Permanent neuromuscular junctions do not
form betwéen foretgn thoracic nerves and appendicular brachial muscles of normal
genotype; instead, initially effective nerve-muscle contacts are severed and both
nerve and muscle part'ners degenerate (Butler, Cauwenbergs and Cosmos, 1986). The
results of Butler and Cosmos (1987a) show that brachial muscles oé dystrophic geno-
type express a1:1 inability to recognize forelgn thoracic nerves as being inappropri-
ate; whereas, in the present'study braghlal muscles of normal genotyﬁe in Thor-Br
embryos do exhibit this ability. Thus, appendicular brachial muscles in experimental

-~

{Thor-Br) embryos reject foreign thoraclc nerves and initial nerve-muscle contacts

are broken.

F. Summary And Conclusions

To investigate the nature of nerve-muscle contacts in wing muscles inner-

vated heterotopically, twé series of experiments were performed in the present

<
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study. First, in Thor-Br embryos a thoracic neural tube was transplanted heterotopi-
cally into the site of the extirpated brachlal neural tube. The second experimental
series (T hor-Br/som) consisted of operated chick embryos in ‘which the brachial

somites were removed surgically and replaced by a heterotopic thoracic somitic

mesoderm graft. Surgically manipulated embryos in both experimental series were

allowed to develop for an extended embryonic period [up to St 42 (day -16E)] and .

aﬁalysed to determine the extent of ner.ve-musc]e interaction. The results indicate
that, contrary to previous suggestions, structural and functional nerve-muscle con-
tacts afe established in the wings of experimental (Thor-Br) embryos during early
embryogenesis up to St 35 (day 8-9E). Wing motility recordings, analyées of peri-
pheral nerve outgrowth and HRP retrograde labelling analyses all supp'c.)rt this con-
clusion. At a time in development when mature neuromuscular junctions start to
form normally, however, these nerve-muscle unions in Thor-Br embryos are gradu-
v
ally broken. Permanent neuromuscular synapses fail to form in the wing muscula-
ture of Thor-Br embryos even though the survival of both target muscles and their
motor nerve supply is dependent .on this developmental evént. The nerve-muscle
ur;coupling process is exemplified by reduced frequgncies of wing motility after day
-8E, followed by a rapid decline in wing motility after day -12E. The reduction and
eventual loss of functional nerve-muséle interaction after day -8E resulted in degen-
eration of boih wing muscles and their motor Innervation. The on;et of these degen-
erative changes occurred ceoincident with the time in development when initial with-
drawal of intramuscular axons and reduced frequencies of \;ing motility were
observed. MMC motoneuron death in heterotopical_ly transplanted thoracic neural
tubes was not initiated until after St 36 (day -1CE). This delayed onset of motoneu-

ron death in transplanted thoracic neural tubes of Thor-Br embryos demonstrates

that structural and functional nerve-muscle interactions in the wings of these
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embryos do support the survival of MMC motoneurons.

Several lines of evidence derived from analyses of both Thor-Br and Thor-
Br/som experimental groups indicated that the eventual Incompatibility observed
. between wing muscles and foreign thoracic motor nerves may be due to the auto-
nomous nature of neural tube development and the consequent fallure of thoraclc

motor nerves and wing muscles to accept or recognize each other as suitable

partners:

1. Histogeneti¢ development of transplantéd neural tubes is controlled auto-
nomously since heterotopically transplanted thoracic neural tubes developed struc-

 tural phenotypes characteristic of in situ thoracic neural tubes.

2.The present HRP study is the first to show that the socurce of motor inner-

,"
vation to wing muscles in Thor-Br embryos is the MMC of the transplanted thoracle

neural tube.’ Furthermore, in contrast to the highly ordered topeographlc organtza-
tion of LMC motoneurons which normally innervate wing muscles, motoneuron

pools supplying specific wing muscles in experimental (Thor-Br) embryos were ran-

domly dispersed within the MMC of the transplanted thoracic neural tube.

3. Growth of MMC motcneurons in experimental (Thor-Br) embryos was dis-
tinctly different from that of LMC motoneurons in control {(Br-Br and UC) embryos. It
is hypothesized, therefore, that MMC motoneurons may be unable to maintain con-

nections with large locomotor muscles of the wings due to their small size.

4, Stable neuromuscular junctions do form and '::re maintained between
foreign thoracic motor nerves derived from the heterotopically transplanted thora'.-
cic neural tube and myotomally derived axlal muscles of the brachial region. This
finding indicates that there may be an inherent mlsmatch}between nerve-muscle

recognition factors, a mismatch which is specific to thoracic nerves and appendicular
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" brachial muscles and which renders forelén thoracic nerves inappropriate to appen-

dicular brachial muscles. §

-

In addi_tion to analyses of the developing neural tube in Thor-Br embryos,
further evidence was obtained from experimental (Thor-Br/som) embryos in which a
peripheral structure (somitic mesoderm) was manipulated. Wing motility observa-
tions in Thor-Br/som embryos demonstrated that my'ogenic‘stem cells derived from
heterotopically transplanted thoracic soml'tic mesoderm do conform to signals from

the brachial environment and fogpsf®brachial muscles which exhibit phenotypes
characteristic of unoperated brachial muscles. The response of developing wing
muscles in experimental (Thor-Br/som) embryos to environm ntal\cues renders
these -experimental muscles compatible with in situ brachial motér nerves. This is in
direct contrast to the obseryatiéns made with the gxperimental (Thor-Br) embryos
which do not respond to signals from the brachial environment and are ultimately
deemed Inappropriate. Thus, the incompatibility expressed between foreign thora-
¢ic nerves and appendiculér brachial muscles is related to the rigid nature of neural

tube development. N
Y
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- Appendix I

(a) Hank's Balanced Salt Solution (HBSS): Sterile HBSS was prepared from a com-

merciélly prepared stock solution (GIéCO Laboratories) using the follo.WIng pro-

" - cedure. g

&

1.  Approximately 1100 ml of super-distilled water was placed into a 2000 ml

flask, sealed with autoclave tape and aluminum foll and then autoclaved.

2. Into a previously sterilized 1000 ml volumetric flask approximately 800 m!

_of sterile water was poured followed by 100 ml sterile GIBCO HBSS stock
{without NaHCOa). #

3. Now, 3.5 ml of sterile NaHCO3 was _added and the-volume brought to 1000

ml with sterile water.

4. Approximately 30 ml aliquots were poured into previously sterilized 100

) ml glass bottles, sealed and stored at room temperature.

Note: All procedures were performed in a ste::le tissue culture hood,

(b) Sterile 0.25% trypsin solution: The following steps were used to prepare the

trypsin solution:

1. 250 mg of enzyme (trypsin) was dissolved in 100 ml of sterile Ca** and

Mg™™ free HBSS (GIBCO Laboratories) and the pH brought to 7.2.
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2. This solution was then filter sterilized Into a sterile 100 ml glass bottle,

3. Approximately 5 ml aliquots were then poured into sterile 10 ml glass bot-

tles, sealed and stored at room temperature.

(c) Sterile trypsin inhibiting solution : Trypsin inhibitor was prepared as follows.

1. Into 100 ml sterile complete HBSS (GIBCO Laboratories) 5 ml of sterile

fetal bovine serum was added and the pH brought to 7.2. v

ce———

2. Thissolution was then filter sterilized into a sterile 100 ml glass bottle.

3. Approximately S mi aliquots were then poured into sterile 10 ml glass bot-

tles, sealed and stored at room temperature.

Appendix II

The urea silver nitrate method of Ungerwitter (1951) was used to visualize nerve

fibres in Bouin's fixed tissues.

1. Paraffin embedded tissues were cut into 8 pm cross-sectior3s and mounted

“on albumin coated slides. 7

2. Serial sections were then routinely deparaffinized in xylene and hydrated

.
In alcoho! and water.

3.  Staining:

(1) Place slides in silver solution (for preparation see below) for 3 hours at

S0 C.
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(i) 3X distilled water rinses. -

(iili) Place slides in redﬁcer solution (see below) for 3-5 minutes at room tem-

perature (spal{e for first 2 minutes).

(iv) 4X distilled water rinses. )/ '
(v)' Repeat steps (i) through (iv\as many times as necessary (usually 2-3

times). Note: each repeat in step (i) should only be 10-15 minutes in dura-

tion.

Dehydrate and coverslip with permount.

Preparation of Silver Solution : Into 200 ml double distilled water dissolve: 3

gms AgNO_,40 gms Urea and 6 drops mercuric cyanide In picrickacid.

r

Preparation of Reducer Solution: To prepare the reducer solution the fol-

lowing ingredients were added to 200 ml double distilled water in the order
indicated: 20 gms anhydrous sodium sulfite, 4 gms hy'droquinonc. 40 gms

urea (just before use). ¥
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Appeﬁdix m

HRP histochemistry was performed on serial cryostat sections cut at 12 gm

thickness according to the method of Sickles and Oblak (1983).
1. Mount frozen sections on albumen coated _slidés.

2. Fix In 5% glutaraldehyde/0.1M phosphate buffer (pH 7.4) at room tempera-

ture for 15 minutes.

-

3. Rinse In 10% sucrose/0.1M phosphate buffer (pH 7.4)
(i) 10 dips

(ii) 2X 15 minute rinse*

4. Presoak in 50 ml solution composed of solution A and solution B (see
below for preparation) for 25 minutes at room temperature while kept in

the dark.

5. Incubate in 50 ml solution composed of solution A and solution B + (.5 m!
of 0.3% hydrogen peroxide for 25 minutes at room temperature while kept

in the dark.

»
NOTE: use fresh solutions for steps 4 and 5 for evary set of slides.
6. Rinse in 0.01M sodium acetate buffer (pH 3.3) at room temperature (25

dips X5).
1

~ 7. Counterstain with 1% Neutral Red/ 0.004M sodium acetate buffer (pH 4.8)

for 4 minutes at room temperature.

L
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Rinse quickly in distilled water (2X 7 seconds).

Dehydrate qt\ilckly' in 95% ethanol { 5-6 di'ps)'and then in absolute ethanol
(2X.5-10 seconds). .

Difa in xylene until solution flows evenly over slides.

-

\
Clear in xylene (2X 5 minutes) and mount coverslips with permount.

Preparation of solution A: To prepare solution A add 5 ml of 0.2 M ace-

tate buffer (pH 3.3) and 75 mg. sodium nitroferricyanide to 92.5 ml of

super-distilled water. This solution should be straw coloured and stored

in the daric.

Preparation of solution B To prepare solution B add"S mg 3,355’

tetramethylbenzidine (TMB) to 2.5 ml absolute ethanol (Must be heated to

-—

40* C in order to dissolve). The presoak solution must be made up

(solution A + solution B) immediateiy before use.





