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ABSTRACT

The purpose of the studies -reported in this thes{s was to obtain
data concernﬁng the embryonic origin and.formation.of the pectoralis
major muscfé of the chicken, This muscle is‘psed extensively in studies
on muséle development because it is 1arge;'read11y available, and is
composéd-a]most entirely of one musc}e.jzper type. Moreover, it is
the largest muscle to be affected by hereditary muscular dystrophy in
the line of chickens afflicted with this disease. Information con-
cerning its embryonié arigin dbu]d be used for in vivo studies on the
early development of both-nérma1 and dystropﬁic muscles.

Previous investigations into.the $mbryonic origin of ske}etal
muscle in several classes of vertébrates have resulted in controversy.
;Some investigatofs have concludéd that all skeletal muscies arise from
the myotomal layer of the somites. Others have cited evidence to show
that some muscles, including the pectoralis major muscle of the chick,
a}e derived from the somatopleuric mesoderm adjacent to the somites.

In the present investigation, interspecific éhimaeras have been
used to study the problem. Whole somites, somite halves, or limb-buds
were grafted from quail to chick em;ryos between 2 and 3 da&s in ovo.
After further development, the chimaéras were fixed, embedded in paraffin,
. sectioned, aﬁd stained using the Feulgen ;eaction for chromatini\:ﬁpfs
pfocedure permitted the identification of those structures that were.
1 derived from the grafted quail tissue. R
The observations in'this,study have Ted to the following conclusions:
The pectoralis major muscle arises from the dorsal halves of somites

16-21 of the 2-day jg_gxg_chick embryo. These somites also give rise

to all other wing and wing-associated muscles of the shoulder and thorax,
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Each éomite plays a specific role iqgthe development of these mﬁsc1es{
The cells that ultimafely-fonm the pectoralis and other brachial
muscles migrate from the som%tgs into the lateral mesoderm between 2
and 2.5 days in ovo. The myotomal layers of the somites do not appear
Cuntil 2.5 days in ovo and do not contribute to the formation of the

brachial muscles.
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INTRODUCTION

For more than a century, embryo];gists have been debating the issﬁé of
the embryonic origin of skeletal muscles. There is nb doubt that much of
the dofsal musculature is derived from somites, the blocks of mesoderm
that form adjacent to the embryoni; spinal cord; the myotomal layer of the

_somites can be seen to differentiate into spind1%:§haped'myob1asts iﬁ_;igg:
The contfoversial issue is whether the somites contribute cells to the more
peripheral muscies, such as those of the 1imb, thorax, and abdomen, or

whether these muscles are derived from the somatopleuric mesoderm, the lateral

mesoderm that forms the body waill.

MUSCLE DEVELOPMENT (see Yaf__*fjg_g 1969; Herrmann et al., 1970; Holtzer and

Bischoff, 1970; Goldspink, 1974 for detailed reviews). !

In the embryo, skeletal muscle develops from undifferentiated, pro1ifer:/;
ating ce1]§ that accumulate in regions corresponding‘tztﬁe sites that
musclies will occupy in the adult, such as the peripheral regions of the
1imbs. Overt muscle differentiation begins with the appearance of bipolar
spindle-shaped mononucleated myoblasts.

The existence of several classes of presumptive myoblasts has been

' postulated by Holtzer and Bischoff (1970). According to this hypothesis,
many apparently undifferentiated c§1ls in myogenic regions are committed.to a
myogenic 1ineége. These cells pass through a series of gquantal mitoses, each

“of whiﬁh advances the cell another step toward the fully differentiated state.
This hypothesis is based on indirect evidence and is not universally accepted
(Searls and Janners, 1969; Konigsberg and Buckley, 1974); nevertheless, it
calls attention to the idea that ceils may be covertly differentiated before -

they take on the morphological characteristics of the overtly differentiated

state. A
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Oﬁﬁe'myoblasts appear, they continue to proliferate. At‘somé latér poiét,
they begin to fuse with one another to form long multinué1eatéd myotubes.

It has been proposed by Holtzer (1972) that myoblasts withdraw from the cell
‘cycle prior to fusion. His in vitro studies have indicated that only myo-
blasts in the 61 phase of the cell cycle w 11 fuse wﬁEh one another or with
myotubes. Other in vitro studies have nstrated ﬁ%at nuclei contained
within myotubes do not éynfhesize DNA or di#ide except under pathological
cond{tions (Yaffe, 1969). A study of the in ovo, development of skeletal muscles
in the chick embryo (Marchok and Herrman, 1967) has shown that betwegj 7 'and
11 days of development, when the first wave of myotube formation occuré, the .
mitotic rate of myogenic cells decreases from 70% to 20%; yet at Ij days_yi
ovo, almost 90% of all pusc]e nuclei are present in mononucleated cells; only
about 122 are contained within myotubes. Thus it appears that myoblasts cease
. proliferating before they fuse. Other sfudies have shown, however, that
withdrawal from the cell cycle is not ob]igétony-pfior to fusion (Konigéberg
and Buckley, 1974). The issue of proliferation versus differentiation is a
controversial one and has been reviewed by Lag% (1974).

With the appearance of myotubes, bulk synthesis of muscle-specific proteins
begins. Myosin synthesis within myotubes is readily detected, but there have
béenfgamg reports of low levels of myosin synthesis in mononucleated myoblasts
(Herrman et al., 1970). It is not known whether this represents low levels
of myosin synthesis by many cells or high levels of myosin synthesis by a few
cells. However, it is apparent that large quantities of myosin, actin, tropo-
myosin, and troponin are synthesized only after fusion.

Myotubes first-éppear in the central regions of the presumptive_musc]e
mass, and they grow in length by continued fusion with ﬁyoﬁ]astsg new myo-

tubes appear in more peripheral regions of the muscle mass. New myotube

formation may continue until hatching or birth, and even beyond in some species.
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Thus, many stages of myogenésﬁé are occurring within a given muscle through-

out most of fetal development.

HISTORICAL INTRODUCTION

' Since muscle différentiates in the sites that.musc1es:w111 occupy in the
-adult, the migration of precursor celis from somites into the lateral plate
mesoderm, if it occurs, will presumably begin prior to overt muscie differentia-
tion. Therefofe, investigations into the embryonic origin of‘skeletaI‘muscTes

have necessarily focussed on stages of development prior to the appearance

-0of myotubes.

Descriptive Studies

The studies done in the second half of the last century and the éar]y
part of this century were-descriﬁtive rather than experimental.- In descriptive
studies, serial sections of embryos ét different stages in deveToﬁment are
examined to try to determine the source of the skeletal musculature. During
the early stages of development, the myotomal layers of the somites extend
Taterally toward the somatop]eare (Fig. 1). Condensations of mesenchyme
appear near thesg extensions in the 1imbs and body wall later in development;
moreover, small groupa of cells are sometimes seen very close to the distal
ends of the myotomes and appear to migrate into the mesenchymal condensations
at later stages. The condensations ultimately fonn skeletal musclies, leading
some investigators to conclude that myoblasts migrate from the myotome, collect
in myogenic masses, and form peripheral skeletal muscles. Descriptive studies
by Balfour (1878) in elasmobranch fishes, Goodrich (1930) in amphibians,
Mollier (1893) and Sewertzoff (1907) in reptiles, Remak (1855) and Lillie
(1908) in the chfck, and Zechel (1924), who studied human embryos, support a

somitic origin for all skeletal muscles.
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Figure 1

Stage 20 chick embryo (2.5 td 3 days of incubation; hatching
occurs at 21 days in this species); lateral view.

Somites (s) are paired blocks of tissue that form on either .side:of

-

" the developing spinal cord. The peripheral, unseémentéd mesoderm is called

the lateral plate (1p). The 1imb buds (1b) arise in tﬁo specific

regions of the lateral plate.

A. Cross-section through the level bf the wing buds (the region of the °
section through the head is not shown).

In cross-section,. somites at this stage consist of 3 layers: dermatome
{(d), myotome (m), and scfero;ome {sc). The dermatome and ﬁwofome layers
are epitheTia] (organized into sheets) and give‘rise to dermis and skeletal
musc1é respectively. The sclerotome is mesenchymal (loose and unorganized)
and gives rise to cartilage. ‘.

The lateral plate mesoderm consists of two layers: somatopleure (so) and
splanchnopleure (sp).‘ The 1imb buds arise in the somatopleure layer. The
region of somatopleure between the wing and leg bugs will form the body wall.
The splanchnopleure layer will form the smooth muscle of the yiscera. |

The ectoderm (ec) will give rise to the skin and skin derivatives.. The
endoderm (en) will form the lining of the gut. ‘

nt: neural tube nc: notochord da= dorsal qorta






Othér-investigators, however, could see no evidence of ce?? migratign
from the myotome into the sematopleure. Harrisén;(1895) stated.that the
muscles of the pectoral fins in teieosts were not of myoctomal origin.
Katznelson (1934) described the development of muscles in the 1inbs of urodeles
and concluded that there was no contr1but1on of the myotcma1 Iayer to these
muscles. In studies of the chick, His (1868) found no evidence of somitic
invoivement in the formation of abdominal muscles; Paterson (1888) noted that
the myotomes at the wing 1éve1 do not extend as far into the mesenchyme as
thOSE‘Et thoracic and abdominal levels, and concluded that 1imb muscies arise
from somatopieural mesenchyme; Williams (1910) essentially confirmed Paterson's
observations. Lewis (1901) favoured the view that in humaﬁs, the/arm muscles
arise independently pf the somites.

The amount of infoq&g;ion thaf can be de:ived from descriptive studies
is limited, due to the fact that serial sections of fixed specimens reveal
little about cell migration. A small number of cells migrating from one
region to another may pass unnoticed if they cannot be distinguished from
surrounding cells. Yet these few cells may make a significant contribution
to the development of their new region. Similarly the proximity of two regions
may suggesilthe possibility of migration between them when no such migration

has occurred.

Experimental Studies

-

Experimental studies began in the early part of this century, as embryo--
logists developed a variety of grafting and marking techniques to study the
fate of specific regions of thelembryo. Amphibian and bird embryos have been

‘most commonly employed in such’studies due to their relative accessibility.



1. _Amphibians _

Byrnes_(18§8) first demonstrated that 1limb muscies were not dependent
ors somites'fdf development in amphibians. She destroyed the hind-1imd somites
of a frog'embnyo-ﬁy burning them with a hot needlé. Although there'wgre
' subsequent deficiencies in the area of trauma, the limbs developed normally
with no defects in the musculature. This experiment was repeated by Lewis
(1910) on the urodele embryo, but instead of traumatizing the somites, he
removed them entirely. As in Byrnes' experiments, abnormalities were found
in the structures at the level of the operation, but the limb formed normally.
Detwiler (1918, 1920, 1929, 1938) performed a variety of similar experiments .
in his extensive studies on amphfbian development and observed similar results.
He concluded that the 1imb muscles in amphibians must arise from the 1imb
somatOpledre.

These experimenté showed that the absence of the 1imb -somites does not
prevent the development of a normal limb. However, other studies showed that
1imbs could sometimes develop normally even after the removal of prospective
1imb mesoderm (Harrison, 1917, 1918). These latter results, however, were
1ntérpreted as a demonstration of the remarkable regenerative capac%ty of
the Timb-forming region. Mahy embryologists considered the evidence to be
strongly in favour of é somatopleuric origin for the 1imb musculature (Detwiler,

1936; Nicholas, 1955).

»

A variety of grafting techniques performed by Detwiler (1955) on
urodele embryos showed that, unlike 1imb muscles, the muscles of the abdomen
required a cellular contribution from the somites. Leidke (1958) noted
that these observations contrasted with those of Straus and Rawles (1953) in 8
the chick, where it was shown that abdominal muscles arose fn the lateral meso-

derm. Starting from the hypothesis that anurans might show an intermediate

position between urodeles and birds, Leidke studied the problem in Rana pipiens.
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Using extirpation and intra-coelomic grafting methods, she found that
|

abdominal muscles showed an imgreasing independence from somitic tissue as
development progressed. Ear1:::\§tggsijﬁequired the presence of somites
for abdominal muscie development, while later stages did not. She tonc1uded

‘that somites do contribute to abdominal muscles, but the possibility of a

. somatopleurkc involvement was not excluded. .

- Hamburger (1938) removed prospective Qing somatopleure from chick gmbryos
before the wing buds were visibie and grafted them to flank regions of host
embryos. Some of these graftﬁ remained in situ and formed morphologically
normal wings. Others dropped through the s1it in the flank tissue and
attached to the deye1oping viscera., K Hamburger thus inadvertantly performed

'?5& first intra-coelomic grafts.™ Many of these grafts also developed morpho-
logically normal wings. Hamburger concluded that 1imb muscles could develop
independently of somites, although parts of the somites were inc'lude-d in the gaft.

Saunders (1948) marked the brachial somites of 2.5 - 4 day in ovo chick
embryos with carbon particles. At subsequent stages, carbon particles were
found in many dorsal tissues of the embryos, but no carbon particles were found
in any tissues distal to the scapula (shoulder blade). Since there were no
carbon parEic]es in the~wings, Saunders concluded that there had been no'gigra—
tion of éomitic cells into the developing wing musculature and that all wing
muscies arose from the somatopleuric mesoderm.

Straus and Rawles {1953) presented experimental evidence that the lateral
mesoderm can give rise to skeletal muscle in the body wall. They used carbon
particles to mark thoracic somites 21-25 or the corresponding region of somafo-
pleure in 2.5 - 3.5 day in ovo chick STbryos. In embryo§ whose somatopleure had

been marked, carbon particles were subsequently found in the abdominal muscles

only and in one case in the pectoralis. The authors concluded that in the
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region between the wing and the leg, the somites formed the dorsa1 musqle;
and the lateral mesoderm formed the ventral muscles. The ability of the
somatopleuric mesoderm to give risé to skeletal muscle was further tested
by gr&%ting the thoracic lateral plate (which comprised the somatopleuric
and sp]anchnopfg;;ic mescderm and included the ectoderm and endodqrm) into the
coflom of’host embryos. After 7 days of development or longer, more than
. half of thelgrafts contained skeletal muscle. These experiments demonstrate
that thoracic somatopleure-in 2.5 - 3 day in ovo chick embryos is capable
of forming skeletal muscle.‘

In 1961 Seno published the results of similar studies. He used éarb;n—
particle mafking or jntra—coelomic grafting of somites and somatopleure, but
he pe;fonned his experiments on slightly younger emergs'( 2 - 2.5 days in |
ovo) and his studies included somites 19-28 apd the corresponding region
of lateral h]éte. His r;su1ts differed from those of Straus and Rawles by
demonstrating that somites do contribute to the abdominal musculature. When he
marked the lateral plate, he subsequently found carbon particles in the
pectoralis major muscie. He concluded that the abdominal musculature is
‘somitic in origin but that the somatopleuric mesoderm forms other skeletal
muscles, including the pectoralis major. |

Pinot (1969) essentially confirmed Seno's results. She used intra-coelomic
gratting or Jocal X-irradiation of somites 21-25. When these somites were des-
troyed, the abdominal and intercostal musculature did not form, but the
pectoral musculature was normal. She concluded that the abdominal and intercos-

tal muscles arise from the somites, but that the pectoralis originates from

-«
thoracic lateral mesoderm.



3. Mammals
Experiﬁéntal studies on.post-gastru}ation mammalian embryos are rarely
attempted, due to the high mortality of manipulated embryos and the lack of
adequate culturing methods for whole embryos. However, in a recent study,
Agnish and Kochlar (%977)‘combined mouse 1imb buds with 3H-thymid1ne labelled
somites in_cu1ture.' They found iabelled cells in the humerus and in some
muscles close to the somites, but there was no substantial 1abe11{ng of cells

in 1imb muscles.

4. Interspecific Chimaeras

The discovery by Le Douarin‘(1969, 1973) that nuciei of quail embryos
can be distinguished from those of chick embryos has provided eeryo1ogists
with a permanent and precise maéker for distinguishing grafted and host cells.
A difference in the distribution of<DNA in the nuclei of chick and quail cells
can be observed after staining for DNA with the Feulgen-Rossenbeck (1924)
method.

Since the quail is phylogenetically closely related to the.chicken, early

'embryonic stages are similar. It is therefore possible to make viable jnter-

specific chimaeraw by grafting regions of quail embryos to corresponding regions

of chick embryos, and vice versa. At subsequent stages, the chimaeras can
be-fixed, sectioned, and stained to feveal the tissues and organs derived from
the grafted tissues. The chiékuand quail cells retain their distinguishing
characteristics regardiess of the 1engt£~of assopiation between them.

This technique has been used extensively by. Le Douarin aﬁd her colleagues
to study derivatives of neural crest, 2 specialized group of cells in the
dorsal portion of the neural tube (see Le Lievre‘and Le Douarin, 1975 for
references). They have also applied the technique to the investigation of
other tissues, such as the embryonic origins of thymus ceils (Le Douarin

and Jotereau, 1975) and haemopoietic and osteogenic cells (Jotereau and Le
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Douarin, 1978). In all of these stUdieg,.quail'tissues grafted into chick
embryos form the same structures as the.corresponding chick tissues gr?fted
to quail embryos, indicating that this is an accurate and reliable method’
%or studying the fate of specific regions of the embryo.

Other investigators have used this technique to study the embryonic
origin of skeletal muscles in the chiéﬁjijhrist, Jacob and Jacob (1974 a,b)
grafted cervical and thoracic somites (or prospective .somitic mesoderm) from
quail to chick at the 15-somite stage. This is well before the 1imb buqéappears
and mueh earlier than the stage at which Straus and Rawles (1953), Seno (1961)
and Pinot (1969) ﬁerformed their experiments. When the chimaeras reached 9

days of incubation, quail nuclei were found in the myottbeshof all the dengOp-

ing muscles of the wing and thorax, while the connective tissue of these

muscles were of chick origin. Christ et al. (1974'a,b} concluded that in pri-
mary development, somites are the source of all myogenic cells of the wings,

and the lateral mesoderm forms the connective tissue (Sée Appendix 1, page 181).

'AIMS OF THE PRESENT STUDY

The primary goal of the present study has been to define as precisely as
possible the region of the two-day in ovo chick embryoc that gives rise to the
pectora]js major muscle. The development of the chick pectoralis has been
extensively studied. It is the 1afgest skeletal muscie in the chick, and it
is therefore often used as a source of myoblasts for tissue culture studies.
Moreover, unlike most muscles, which contain a mixture of metabolically di-
verse fiber types, the pectoralis is a nearly homogenéous muscle consisting
of white fast-twitch glycolytic £ibers (Cosmos: 1966; Cosmos and Butier,
1967). This makes it well suited for developmental studies.

Studies of muscle deveiopment have recently become increasingly focused m ery

early stages of differentiation, particularly the infiuence of the developing

nervous system on muscle primordia. Bonner and Hauschka {1974; see also

~

Ronner, 1978) have shown

et

bl
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that the neural tube can influence the number of myoblasts in the developing

chick hindlimb. Bekoff .and Betz (1976) have suggested that the neural tube
_ may influence membrane characteristics in myoblasts. O0'Hare (1972 a, b, p)
has demonstrated that the ability of somites to differentiate into muscle
in culture is dependent on the presence of the embryonic sﬁina] cord at certain
stages of development., All of these studies are consistent with the hypothesis
(discﬁssed in Cohen and Hay, 19713 Héy and Meier, 1974) that there is a critical
time in early development when the spinal cord and notochord interact with
somites in a developmentally significant manner . |

This hypothesis may have significance for studies of muscular dysfrophy

in the chicken. In this'inherited disease, it is mainly white fast-twitch
glycolytic muscle fibers that are affected (Asmundson and Ju]jan, 19565
Cosmos, 1966, 1970; Cosmos and Butlef, 1967). The pectoralis major 1s the
largest muscle to be affected. Although the muscles do not degenerate until
after hatching, muscles from 14-day old jg_ggg_dystrophic embryos cannot be
rescued from their fate if they are transplanted into a normal environment
(Cosmos, 1970). However, recent evidence indicates that the genotype of the
embryonic spinal cord may affect the phenoéype of the muscle, suggesting that
at some perjod early in development, there is an abnormal interaction between
spinal cord and somites in dystrophic embryos (Vetfano, 1974; Rathbone, Stewart
and Vetrano, 1975; Rathbone and Stewart, 1978). It is this observation that
provided the stimulus for the present study. If the primordium of the pector-
alis major muscle could be precisely defined at two days ig_g!g_(stages 12-14,
Hamburger and Hamilton, 1951)'the environmental factors that influence its
development in both normal and dystrophic embryos might be experimentally mani-

Al

pulated. -

n this study, I have shown that the pectoralis major muscle is derived

from the dorsal halves of somites 16-21 of the stage 12-14 chick embryo.

-
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These are also the somites. that 'give rise to all other wing and wing-associ-

ated muscles. My results also indicate t@ the migration of myogenic
cells -of the somites into the lateral mesdderm occurs between 2 and 2.5
days in ovo; thus, myogenic cells are present in the lateral mésode;rm from
a \iery eérly'stage of dew)e]oprhent. These ‘res-u1ts may explain .and resolve |

the controversy in fhe Titerature regarding the-embryonic origin of skeletal

muscles in the chick.
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MATERIALS

Chemicals and Solutions

Standard laboratory chemicals were purchased from the Fisher Scientific
Company, Toronto, unless otherwise indicated, and were of "certified" or
"reagent"” grade. |

Hanks' balanced salt solgtion (Hanks and Wallace, 1949)j'hereafter fe-
ferred to as HBSS, was prepared in the laboratory from its constituents
(Table 1).

Trypsin was obtained from the Grand‘Is]apd Biological Company (GIBCO).
A 0.25% (w/v) tfypsin solution was prepared in calcium- and magnesium-free
HBSS obtained from GIBCO. It was brought to pH 7.2 with HC1, sterilized
by filtration, and stored at -20°C {n 5 ml portions. The'ftypsin inhibitor |

. solution con§isted of complete HBSS plus 5% fetal calf serum. It was brought

to pH 7.2, -sterilized by filtration, and stored at -20°C in 5 ml portions.

Eqgs

Fertile white Leghorn chicken eggs were obtained from the Martindale
Hatchery, Caledonia, Ontario.

Adult quail obtained from College Pets, Toronto were used to establish
a local flock from which fertile eggs were collected daily. Quail eggs ob-
tained from the University of.British Columbia were hatched and the quail
were raised and included in the local flock.

A1l fertile eggs were stored at 12°C until incubated.

Ink

Indid ink was layered beneath the host embryos to provide a black back-
ground against which the embryos could be cleariy seen (this idea was pro-
vided by N. Le Douarin, personal communication). Not all brands of India
ink are suitable for this purpose. Most of them are toxic to the embryo.

Carbon (lamp black) or non-toxic paint powder mixed'in HBSS did not stay
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" " TABLE 1

HANKS ' BALANCED SALT SOLUTION, 10 x FINAL CONCENTRATION

STOCK SOLUTIONS

Solution 1

Solution 2

Solution 3

Solution 4

Sotution 5

© Sterilize by filtering

NaCl .40 gm
KC1 ‘ 2 gm .
NazHP04-7H20 0.45 gm
. KZHP04 0.3 gm
HZO 500 ml
Sterilize by autoclave
glucose 5 gm
H20 500 ml

Sterilize by autoclave

NaHCO, 3.5 gm
H 0 100 m1

HgSO4' 7H20 1.0 gm
CaC‘l2 (anhydrous) 0.2 gm

Sterilize by autoclave

Double distilled HZO 2000 ml .

Sterilize by autoclave

TO MAKE UP COMPLETE HBSS

Mix the following:-

Solution 1
Solution 2
Soiution 3
Solution 4
Solution 5

200 ml
200 ml
7 m .
200 mi
1393 ml

STORE IN 50 ml1 PORTIONS

ey

v
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beneath the embryo but sank through the yolk. The best results were ob-
tained witp Pelikan (Gunther Wagner,, Hanover, Germany), after brjnging

the pH to 7.2 with concentrgted HC1. The beaker contaiﬁing this ink was
placed in boiling water for 20 minutes to sterilize the ink. The ink was
divided into 2 m portions. It was diluted approximately 1 to 1 (v:v) with

HBSS before use.

Microscalpels

Two types of microscalpels were-u{gg. Oné type was made from an ordin-
ary sewing needle. Opposite sides of‘the sharp énd of the needle were ground
flat for a length of approximately half a centimeter; The tip of this
region was ground with a fine Qhetstone t6 form a small blade approximately
T mm long, 100 microns wide and sharpened a]ohg one side.

The other type was made from strips of razor blade material. Wedge-
shaped. blades were cut from the shafp edge of the material with a wire
cutter or scissors. The tips were approximately 100 - 130 microns wide.

In both cases, the blades were inserted into™heedle holders for use.

Both types of microscalpels were satisfactory.

METHODS

Tissue Transplants

Chicken and quail eggs were incubated at 37°C until they reached the
desired stage of development. Quail and chick émbryos were staged according
to the morphological criteria established for chick embryos by Hamburger
and Hamilton (1951). .Chick embryos usually reached stage 13-14 affer 48
hours of incubation and stage 17-18 after 60 hours. Quail embryos hatch
after 16 déys of incubation and thus develop faster than chick embryos, which
take 21 days to_reach hatching. Therefore, quail eggs were placed in the
incubat@r several hours after the chicken eggs, so that quail and chick

embryos reached the desired stage of development at the same time.
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_ Chicken eggs were incubated on their s{deﬁ. Since the embryos are
less dense than the yolk, they float to the most dorsal region of the
"yolk and are thus readily accessible. Before the operations were perform-
-ed, the developmental stages of the chick embryos were.detennined. Under
steri]e-conditions, a small hole was made in the pointed end of the egg
and 1 ml of albumen was removed with a syringe. This caused the yolk to
drop to a lower position in Fhe egg, which increased the amount of‘space
beéween the embryc and the overlying shell. Thus, the shell could be cut
away without injuring the embryo. A pair of dissecting scissors was used
to cut a hole approximately 1 cm in diameter in the shell ovérlying the
embryo. Approximately 0.1 ml of Ind;a ink was injected beneath the eﬁbryo
with a finely draﬁg-gléss pipet; The number of pairs of semites was counted,
and recorded in pencil on the shell of the egg. The hole was covered with
. cellophane tape and the egg was replaced in the incubator. This procedure
was repeated with all the chicken egés. When the stége of development of
the donor quail embryos was determinea, 2 host of appropriate age could be
selected from the pre-staged chick embryos. Every attempt was made to
match a donor with a host that had precisely the same number of somites.
In practice, however, this was not always possible. 1In approximately 90%
of the chimaeras made at stage 12-14, the host was within two pairs of
somites of the stage of the donor. For example, if the donor had 18 pairs
of somites,‘the host chosen for it had at least 16 and no more than 20 pairs
of somites. In ;he remaining 10% of the chimaeras, the host was withiﬁ
four pairs of somites of the stage of the donor. In all chimaeras made at"
stages 17-18, the donor and host were both at stage 17 or both at stage 18.
In 211 experiments, grafts were made orthotopically, i.e. the donor
tissue was from the same Tevel as the host tissue it replaced. In all
cases, the grafts were taken from the right side of the donor embryo and

grafted to thé‘right side of the host embryo.



Somite Transplants

The method of somiﬁéxfransplants is represented diagrammaticaliy in
Figure 2 (pége 22): When donor and host embryos had fewer than 21 pairs '
of somites, the positioﬁs of the prospective unformed somites were
estimated. Obviously, in such chimaeras the exact number of somites

or prospective somites transplanted could not be known at the time the

operation was performed.

Preparation of Donor

At stage 12-13 (15-21 pairs of somites), the donor embryo was removed
from the egg by cutting around it with a pair of scissors. It was placed
in a dish of HBSS with a pair of fine forceps, briefly agitated to remove
adhering yolk, and flattened on the bottom of the dish by removing all but
a thin film of HBSS. The number of somite pairs was counted, and a portion
of the embryo containing the somites to be transplanted was cut from the
embryo with an etched tungsten needle. This tissue was placed in 0.25%
trypsin at room temperature for approximately 10 minutes. Then it was
transferred to trypsin inhibitor, where the somites {and/or unsegmented
somitic mesoderm) were cleared of adhering tissue with fine forceps and a
tungsten needle. Extranecus tissue was readily‘removed excépt for the
tissue between adjacent somites; therefore, chains of clean somites were
transplanted in one piece. Intermediate mesoderm {tissue which lies between

the somites and the lateral mesoderm and will give rise to the excretory

. system) was left on the donor tissue whenever possibie to identify the dis-

tal side.
Occasionally, if the somites seemed particularly fragile, they were not
thoroughly cleaned of adhering ectoderm. This practite produced no i1

effects in the chimaeras unless the somites were inadvertently grafted

/



Figure 2 .

N\

Diagrammatic represenﬁation of the procedure for transplanting the
brachial somites. This operation is performed on embryos that have
between 15 and 22 pairs of somites. If the embryos haveiiess than 21
_somites, fhe positions of the unformed brachial somites within the un-
segmented somitic mesoderm are estimated. Donors and hosts are closely
matched with respect to developmental age in this and all other operations

performed throughout this study.

Fiqure 3

Diagrammatic representation of the procedure for transplianting the
dorsal halves of the brachial somites. This operation is performed on

embryos that have between 20 and 22 pairs of somites.
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upside down or on their sides. In such cases, donor ectoderm formed
a hollow pocket_in the shoulder region of the chimaera. Migration of
cells from the donor somites was reduced in some of théﬁe chimaeras.
In all transplants, donor somites were cleaned of all traces of neﬁra]

tube and notochord.

Preparation of Host

The host was selected from previously staged eggs. The host egg was
re-opened and one drop of HBSS was dropped gently on to the embryo. This
caused the vitelline membrane to float well above the embryo so that it
could be cut withoqt damaging the embryo. The somites to bé removed were
cut out with a microscalpel and teased away with a tungsten needle.
Visible remnants ‘of somites left on the endode;m or neural tube were re-
moved by suction through a finely drawn'g1ass pipet (tip size approximately
100 microns).

The donor tissue was transferred to the host with a drawn glass pipet
(tip-size 300-400'microns). It was manoevered into place in the‘host
with a tungsten needle. NS devices were needed to keep it in p1§ce\ The

égg was once again sealed with cellophane tape and placed back in the incu-

bator to develop further.

Transplants of Somite Doréa] Wall

This procedure is represented diagrammatically in Figure 3 (page 22).

Preparation of Host

At stage 12-13, the vitelline membrane of the host was cut as before.
" A microscalpel was used to cut through the somites at the dorsomedial and .
dorsolateral aspects. The dorsal walls of the somites were removed by

suction.



Preparation of Donor

The donor was removed from the egg and placed in a dish of HBSS. It
was flattened in the dish with its ventral side fﬁcing upward. A suction
pipet was used‘ﬁo remove the endoderm over somites 16-20 and the ventral
walls of these somites. A tungsten needle was used to separate the dorsal
walls from the surrounding tissue. "The entire length of tissue containing
the dorsal walls of the somites remained in one piece because it was trans-
pTanted with its overlying ectoderm. It was iransferred to the host with

e

a pipet, turned dorsal side up, and manoevered into place with a tungsten

needle.

* Dermomyotome Transplants

This procedure is represented diagrammatically in Figure 4.

Preparation of Host

At stage 17-18, the dorsal aspects of somites 16-20 (which included
the dermomyotomes of these somites and undoubtedly a few cells of the
sclerotome) of the host were removed by cutting through the dorsomedial
and lateral walls of the somites and removing thé separated tissue with a2

suction pipet.

Preparation of Donor

The donor embryo was removed from the egg and fiattened in the dish
with the dorsal side upward. As with the host, a microscalpel was used to
make cuts in the dorsomedial and lateral walls of the somites. The tissue
thus separated was gently teased loose with a tungsten needle and transferred

+0 the host embryo with a pipet. It was manoevered into place with a needle.

Limb Bud Transplants

This procedure is represented diagrammatically in Figure 5.
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Figure 4

Diagrammatic representat;on of the procedure for transplanting
fhe dermomyotomes of the brachial somites. It is T1ikely that small
amounts of sclerotome are trénsplanted with the dermomyotome. This‘
operation is performed on embrycs of stages 17 - IB‘Ehat have betﬁeen

28 and 36 pairs of somites. \

Fiqure 5

Diagrammatic representation of the procedure for transplanting the

wing bud. These experiments are performed on embrycs at stages 17 -‘18.
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Preparation of Host

At stage 17-18 the right wing bud of the host embryo was removed
by cutting along its base with a microscalipel. If necessary, remnants

of the bud were removed by suction.

Preparation of Donor

-

The donor embryo was removed from the egg and flattened in a dish
with the dofsal side upward. A tungsten needle was used to cut the w{ng
bud away from the embryo and trim it to fit the host. It was transferred
to the host with‘a pipet gnd manoeverad into place with a needle. If

necessary, it was held in place with a piece of shell.

Survival of chimaeras

Somite transplants are extremely traumatic for embryos. A total of
805 somite transplantation experiments were performed during‘the course
of this investigation. Sixty-seven of these chimaeras héve been used for
the results of the éresent study. The remainder of the chimaeras died before
they had developed to the desired staéés, or containe& morphological
abnormalities due to improper healing of the grafted tissue. Most of the
chimaeras died within two days after Fhe operation. .

In addition to somite transplants, 66 somite extirpation experiments
were performed, of which two survived to 10 days in ovo. .Tén somatopleure
extirpation exberiments were performed, of which one survived to 10 days in
ovo.

In general, the survival rates for the other experimental procedures
(grafts of somite dorsal walls or Tlimb buds) were higher. Details are

given in the appropriate places in Section 5.
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Staining - .

At. the desired stage of development, the embryo, n@w‘called:a chimaera,
was’ removed from the egg and'ninééd in HBSS. The exact stage of develop-
ment was determined according to_thehcriteria of Hamburger and Hamilton
(1951). .Hho1e chimaeras ﬁere'pTaced iQ Zenker's fixative for one to 24
hours, depending oh the size of .the embryo. In some embryos older thaﬁ
stage 34 (8 day§ bf deQélopment) the pectoralis major mhscles'ffﬁh both
operated and unoperated sides were removed from the embryo and fixed and
stained separately. whoie muscles were always removed using a dissecting
microscopecas a visual aid. o

After fixation, the chimaeras or muscles weré washed,'dehydr;ted in a
series of alcohols, CIeariF in xylene,.and embedded in Paraplast (Sherwood
Medical Industries, St. Louis, Mo.). Embedded tissues were sectioned in
Soreé Qicron sections on a Jung microtome and placed on giass.slides. The
staining procedure was that of Feulgen and Rossenbeck (1924) (see Table 2).
The sections were'cqunterstaiﬁed in picro-indigo;carmine (2% indigo-carmine.

in saturated picric acid). Chick nuc1ei_wefe stained pink; quail nuclei

<
-

were pink with 'one or more iarge dark sgots;‘the'cytopiasm was stained
light green (Figure 6). v

Whole muscles were used in a quantitative determination of the quail

. R kY
contribution to the musculature.

Quantitative Determination of Quail Contribution to Musculature

Whole pectoralis major muscles from.chimaeras of stage 35 or older were
serially sectioned and stained as dascribed above. Every twentieth section
was designated.to be counted. éééh designatéd sgction was arbitrarily
idiv{¢ed into 5 equal regions. In eich region, one Tield containing a pre-
ponaérance'of rmuscle cells was chosen under high magnification. All thé

G .

Q
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TABLE 2

.
1o e rFa Rl ) s R et

STAINING PROCEDURE TO DISTINGUISH CHICK FROM QUAIL TISSUE
- (Feulgen - Rossenbeck Reaction)

1. Toluene | o -~ .5 minutes
2 To]ueﬁe 5 minutes
3. Absolute Alcochol 5 minutes
4 Collodion 3 minutes, then drain for.a few seconds o
5. Formol-alcohol 5 minutes |
6. 80% alcohol 5 finutes = .
7. 4% iodine in 70% alcohol 7 minutéﬁ‘
8. 5% sodium thibsulphate 3 minutes
9. Running tap water 15 minutes
10. 1.0°Normal HC1 at 60°C 5 minutes (8 minutes for formalin-fixed tissues)
11. * Running tap water ] 15 minutes '
12. Distilled water 5 minutes ’
13. Schiff reagent 60-90 minutes
14, 1% K,S,0- in 1/10 N HC1 1 1/2 minutes
15. 1% K25205 in 1/10 N HCI "1 1/2 minutes
16. 1% K;5,0¢ in 1/10 N HC1 1 1/2 minutes
17. Running tap water . 15 minutes
18. Distilled water 2 minutes - -
19. Picro-indigo cérmine 5 seconds
20. Absolute alcohol brief passage 5 minutes total if co]]odion
: was used
21. Absolute alcohol brief passage
22. Toluene 5 minutes

All so]utions- were kept at room temperature except Schiff, which must be
refrigerated, preferably in a dark brown bottle. A1l solutions were saved
.and ‘re-used except sodium thiosulfate. . h

T
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+ Figure 6

Nuclej of chick cé]ls (A) and quail cells (B) in the pectoralis
major muscles of stage 35 embryos that have been stained with the
Feulgen-Rossenbeck procedure for DNA. The chrgmatin in the chick nuclej

is more dispersed than that in quail nuclei, where the chromatin is

condensed in one Or more CONSpicuous masses.
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muscle nuclei in this field were counted and the number recorded. Then
all quail nuclei were counted and recorded. Nhén thi§ had been done in
all five regions, the next designated section was couﬁted in a similar
manher. When all desiguéted sections of one muscle had been counted, phe.
numbers were added and the guail nucle{ were represented as a proportion
of all the muscie nuclei.

Four of the muscles had already been sécfioned longitudinally rather
than transversely at the time that the counting method was devised. These
muscles were countedﬁélsd, but each designated‘secfion was arbitrarily
divided into nine equal regions,and one field in each region was counted.
One additional field chosen at random in the section was:aTSO counted,
making a total -of teﬁ cognted fields in each longitudinal section:

F;ve of the muscles were counted a second time by another person to

determine investigator error in counting. The final proportion of quail

muscle to total muscle determined by two people varied by plus or minus 7%.

Another possibie source of error in the quantitative determination is
the reliability of the distinction between quail and:chick nuclei. In cross-
section or 19ngitudina1 sections of pectoralis muscles from 10-day un-
operated quail embryos, approximately 5% of the quc1ei did‘not show the
characteristic é;ndensations of chromatin seen in the other quail nuclei.
In a chimaera, such nuclei could be mistaken for chick nuclei. Therefbre,

the percentage of quail nuclei in chimaera muscies given in section 2 of

" the 'Results may be 5% lower than the actual percentage.'
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SECTION 1

COMPARATIVE STUDY OF THE DEVELOPMENT OF SKELETAL MUSCLES IN CHICK AND. QUAIL
EMBRYOS '

Introduction

This study was undertaken for two reasons: (1) to investigate £€E’
morphological changes that occur at wing and thorax levels during the'éarly
stages of muscle development, and {2)° to determine ;Lether quail and chick
muscles develop in a similar way, an important consideration when quail and
chick muscies develop together in a chimaera. | ‘

A total of 34 embryos (20 of chick and 14 of quail) between stage§ 15

and 35 were examined for this study.

Observations

CHICK
Stage 13 (2 days of incubation, 19 pairs of somités)
Somites form in a cranio-caudal-sequence. At staée 13, the wing-]evei
somites (roughly somites 15-21) are forming. In transverse section, these
_somites are seen to be spherical epithelial structufés with a fgk cells in the

center (Fig. 7A). The cells in théhsomite are undifferentiated, i.e., they all

appear alike, with no evidence that muscle or cartilage has begun to form.

EN

S—
Somites with this morphology are referred to as primary somites to distinguish

them from the secondary somites into which they evolve (Christ, Jacob and
Jacob, 1978b).

The 1atéra1 piate mesoderm consists of‘two Iayérs: the somatopleuric
mesoderm, which will form the body wall, and the splanchnopleuric mesoderm,
which will form the visceral organs. These two layers are separated by a
§pace, the coelom. The intermediate mesoderm, between the somite and lateral
plate, is the primordium of the excretory system. The 1limbs have not yet

appeared.
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Figure 7 Stage 13 chick embnﬁo (19 somites; 2 days]

A. Cross-section at the brachial 1evgl.‘ The prfmary somite is a
spherical epithelial structure with a few cells in the center. The
somatopleure and Sp]anchnopTeure are epithelial. nt: neural tube
s: lsomite im: intermediate mesoderm _sm: somatopleure sp: splanchno-

pleure c: coelom

1

A'. Detail of A. The apparent difference in staining intensity

between the dorsal and ventral regions of the somite is an artefact caused
by uneven thickness of the section. nt: neural tube nc: notochord

s: somite

- B. Cross-section through a more posteridr level. The somitic mesoderm
1s in the form of mesenchyme. It is not yet organized into the epithelium
of the primary somite. The somatopleure and splanchnopleure, however, are

epithelial.” s: somitic mesenchyme sm: somatopleure sp: spianchno-

pleure.






Caudal to somite 19, (Fig. 7B) the somitic mesoderm is unsegmented and
is mesenchyma] (Toose and unorganized), while the two layers of ‘the

lateral plate are epithelial.

Stage 15 {2+ days; 25 somites) Fiqure 8

At the level of the wing somites, morphogenetic changes are occurring

within the somites. The ventral wall is no longer epithelial but has become

mesenchymal. The dorsal epithelium persists.
The somatopieuric mesoderm at this level has formed a fold, the first

step in 1imb development.

Stage 17.(2.5 days; 29-32 pairs of somites) Figure §

Wing and 1eg buds are visible a; swellings in the somatopleure. The wing
is located opposite somites 15-21. The leg is opposite somites 27-33.

In cross section at the. level of the wing, it can be seen that the somites
have acquired their secondary morphology. Each som%te hés differentiated
such that it now consists of two dorsal epithelial-layers, the dermatome and
myotome, and 2 ventral region of mesenchyme called the sclerotome. The derm-
atome is destined to give rise to dermis, the myotome to muscie, and the
sclerotome to carti1ége. When stained with the Feulgen reaction, the myotome
nuclei stain more lightly thén other cells, and the cytoplasm of these cells

is stained more intensely by the counterstain. This fact permits easy identifi-

cation of the myotome lTayer in older stages. The two dorsal epithelial layers,

collectively called the dermomyotome, extend to the medial edge of the wing.

The nesoderm of the wing bud is a mass of apparently undifferentiated
mesenchyme. Although this mesenchyme will ultimately form both muscle and
cartilage, there are, at this stage, no cells fhat are obviously myogenic
(muscle~forming) or chondrogenic {cartilage-forming).

At thoracic levels the somites are similar to those at the wing level.
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Figure 8 Stage 15 chick embryo (25 somites; 2 + days)

A. Cross-section at the brachial level. The ventral wall of the
somite, which was epithelial at stage 13, has been replaced Qy mesenchyme.
The somatopleure has become folded. s: somite; sm: somatopleure.

B. Detail of A. The dorsal epithelium persists.. .

s: somite k: developing kidney tubule.
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Figure 9 Stage 17 chick embryo (29 - 32 somites; 2.5 days)

A. Cross-section at the level of the wing bud. The somite is now
in its secondary configuration and consists of three layers. S: somite;
1b: 1imb bud.

B. Detail of A. D: dermatome; M: myotome; Sc: sclerotome

The dermatome and myotome are epithelial; the sclerotome is mesenchymal.

.
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 Stage 19-20 (3 days; 37-43 somites) Figure 10

The dermomyotome haé become more vertical than atrjtage 17, due to
the expansxon of the sc1erotome dorsally between the dermomyotome and the
neura1 tube. The 1imb buds are larger and are becom1ng vascularized.

i .
Somites at thoracic levels are similar.

Stade.23 (3.5 - 4 days) Figure 11 ‘

At the level of .the wihg, the deemomyotbme is epithelia]'oniy at its
medial edge. More distally, the ep1the11um has d1sappeared The';yotome,
recogn1zab1e due to 1ts sta1n1ng properties, does not extend into the Timb.

In the limb, there is still no apparent differentiation of muscle or
cartilage. However, the vasculature is ggnfined to the peripheral areas of
the limb, which are thg future sites’ of muscle formation. The central core
of the 1imb will form cartilage and does not appear to bekﬁescu1arized.

At thoracic levels, the distal end of the mjotome extends deeper into

the body wall than it does at the wing level.

Stage 25 (4 5 days) _Fiqure 12

In the 1imb, presumpt1ve cartilage areas in the centra1 core are repre-
sented by condensat1ons of mesenchyme. Myogen1c areas around the per1phery
are. recogn1zed by the fact that the cells, arernt as dense as in the chondro-
gen1c areds. The myotomes of.the somites are notvcontjnuous with the
myogenfc‘areas of :the Timbs. At this stage, there are no divisions of the
1imb myogenic ‘areas into specific muscle primordia.-. .

- At thoraéic.levels, the myotomes of the somites exteng fnto the body
wdll. Unlike the situation in the 1imb, thoracic myotomes' are continuous

with myogenic areas in the_body wall.
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Figure 10 St&ge 20 chick embryo (3 days)

A. Cross-section at the level of the wing bud. The somite still
- has a dermatome, myotome and scierotoﬁé, but the dermatome and myotome
are more vertical due to the expansion of the sclerotome into the space
between the dermomyotome and the néura1 tube. The 1imb buds are Iérger

than at stage 17. Dm: dermomyotome; Sc: sclerotome; Bv: blood vessel
<






VF%gure 11 Stag;~23 chick embryo (3.5 - 4 days)
A. Cross-section at the level of the wing: Thé myotomal Tayer of
the éomitg is indicated ?y,érrows.“ It is epithelial at thé dorsal edge
'but becomes mesenchyﬁé1 ventrally. - ;F.extends toward the wing but dis-
perses before it reaches the 1imb mesoderm. N: a spinal nerve. S.G.: a
spinal ganglion. ) |
B. Cross-section through the thorax caudal to the wing. Here .the

myotome, iﬁdicated by arrows, éxtends from the somite into the body wall.
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Figure 12 .Stage'ZS chick embryo (4.5 days)

A. Cross-section at the wing level. The myotome, indicated by arrows,
disperses before it reaches the 1imb mesoderm.” S.G.: spinal ganglion.

B. (Cross-section through the thorax. The myotome, indicated by arrows,

extends deeply into the body wall. ~S.G.: spinal ganglion..

t\






Stage 27-28 (5 days) Figure 13

Déve]opment has advanced to the point where developing bones .and
muscles are distinguishable. The body wall bulges outward ventraj to
the wing, where the primordium of the pectoralis major.muscle is recog-
nizable. Myotubes are present in this primordium, which extends from
thé-éhoulder Jjoint caudally to the Tevel of the second true rib (formed
by somite 22). Medial to fhe pectoralis in the body.waII is the develop-
ing sternum. It arises as two cartilaginous primordia, one in the body

wall on the left side.of the embryo and one on the right side. At a

later stage, the two halves will meet at the ventral midline and fuse.

Other wing—associéted muscles are beginning to separate out of common
primordia. Thé anterior latissimus dorsi (ALD)} extends from a dorsal 7
mass in the wing medially toward the spinal cord. Ultimately, it will
attach to sgveral thoracic vertebrae, but at this stage it has not yet
reached as far .as the scapu&a. The posteriar latissimus dorsi (PLD) arises
from the same ‘mass énd extends a short way caudally. The primordia of

the biceps, triceps and deTtoid muscTes are becoming distinct but are not

yet separate from one another.

Stage 29 (6 days) Figure 14 ‘

The primordia of the pectoralis major and minor are larger. There is
more obvious cartilage in all skeletal structures. The ribs are evident

and extend all the way to the.sternum, which has moved ventrally. The
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Fiqure 13 Stage 27 chick embryo (5 &ays)
A. Cross-section at the level of the shou1déf. Cartilage and muscle
are distinct. V: developing vertebra; H: humerus; S: scapula;

C: coracoid; P: pectoralis major muscle; T: triceps muscle.

B. Cross-section through the thorax. The pectoralis extends from
the wing (A) caudally into the thorax. P: pectoralis major; S: sternum;

L: Yimb.

C. Higher-magnification of pectoralis primordium. Myotubes are .

present in the primordium of the pectoralis major (arrows).
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Figure 14 Stage 29 chick embryo (6 days)
A. Cross-section at the level of the shouider. P:. pectoraTés major;

D:* deltoid muscle; T: triceps muscles.

B. Cross-section through the thorax. The.pectoralis is similar to

that at stage 27 but it is larger. P: pectoralis S: sternum L: 1imb

C. Higher magnification of part of the pectoralis major. More myotubes

.are present than at stage 27.

{!
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peétoralis major extends cahdal]y to the level ﬁf the third rib.
The ALD has extended further toward the spinal cor& and ends at the
Tevel of the scapula. The PLD extends caudally to approximately the
Tevel of the first rib.
A11 muscles in the shoulder and upper wing ‘are beﬁoming more distiﬁiaéi__
and ail of them clearly contain myotubes. ;?

Stage 33 (7.5- 8 days) Figure 15

In the pectoralis, there are many more myotubes present and more space
between them. This muscle now extends caudally to the level of the abdomen.
The ALD and PLD are boéﬁ ﬁore elongated. The two heads of the bicéﬁg'and-
the three heads of the triceps are distinct. The two halves of the sternum

are much closer together in the anterior region but have not begun to fuse.

~

Stage 35 (9.5 days) Figure 16 ‘

The sternum has fused through most of its length. The abdominal walls
have nbt closed entirely, but at wing and thoracic levels, all muscles
and bones are in their final positions.

The pectoralis major muscle can be seen to consist of two parts separated
by a connective tiséue'bérrier.‘ The pectoralis minor shows a similar

division.

QUAIL

Development of muscle in the quail is similar to that in the chick. At
stage 13 (Figure 17), the somites are spherical epithelial structures
with a few cells in the center. .The two layers of the lateral plate are
epithelial. At stage 17 (Figu}e 18), the limbs are. visible as accumulations

of mesenchyme in the sometopleure. As in the chick, the—3$E§3 arise at

-
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Figure 15 Stage 33 chick embryo (7.5-8 days)

A. Cross-section at the level ofhthe shoulder (composite)- Aymﬁough

a . - -
the sternum has not fused, the structures in this region are in their

final ppsitidns. P: pectoralis T: triceps muscle S: scapula

H: humerus C: coracoid

-

B. Cross-section through the thorax. The two halves of the sternum
have not yet reached the ventral midline. The pectoralis extends caudally

to the abdomen. P: pectoralis S: sternum R: ribs -~

4
C. ~Close-up of part of the pectoralis major muscle. There are

larger spaces between the myotubes than at earlier stages.






Fiqure 16 Stage 35 chick embryo. _ B !

1.
2.
3.
4.

—

-

scépu]a

humerus

coracoid
‘clavicle

. A11 muscles and bones are in their final positions.

A. Cross-section at the level of the shoulder. (composite)

S

‘pectoralis major muscle {medial region)

deltoid muscile
coracobrachialis anterior
intervertebral muscles.

5 -
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Figure 16

B. Cross=section at a level slightly caudal to A. (composite)

1. scapula 5. pectoralis major muscle (medial and lateral
. . i region,
2. humerus 6. coracobrachialis anterior muscle
3. coracoid 7. deltoid muscle
4. pectoralis minor muSc1e‘ 8. triceps muscle
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Figure 16
C. Cross-section through the upper thorax.

scapula .
humerus
coracoid

. sternum

.. ¥
pectoralis minor muscle
(medial and lateral regions)

-
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{composite)

pectoralis major muscle (medial
: and lateral regions)
coracobrachialis posterior muscle

biceps muscle
triceps muscle

anterior'1atissimus dagssi muscle
(ALD)






Figure 16
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D. Cross-section through the Tower thorax. (composite)

scapula ,z/

sternum

-pectoralis minor muscle

pectoralis major muscie (medial and lateral regions)
posterior latissimus dorsi muscle (PLD)
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the level of somites 16-21 and the legs at somites 27 - 33. The

age 20 somite (Figure 19) is more vertical than at

dermomyotome of the
t stage 17. Nf differentixtion of muscle or cartiTage is evident in stage
23!11mBs (Figure 20). the somites, the myotome does not extend into
the-l%mb; at thoraci¢ levels,; the myotome invades the body ﬁal].

In later stages, the distinction between muscle and cartilage appears
at the same stage as in the chick. 'h&otubes'are not present in phe primor-
dium of the bectora?is at s;age 26 (Figure 21), but they do éppear by
- stage 28 (Figure 22). Morphogenetic movements rEZt]ting in growth and

separation of distinct muscles are similar in chick and quail. By stage

35 in the quail,. the tﬁR\ha]Qés of the sternum have fused down the ventral
midline, and the pectoralis c¢learly has two parts separated by connective

tissue (Figure 23).

DISCUSSION
It is apparent éféh éhfg stddy that somites are transient and dynamic
stru;tures. Within hours after a somite becomes structurally distinct,
its morphology begins to chénge. The structured ventré] epithelium if re-
placed by the loose mésenchyme of the sclerotome, which spreads around the
neural fube'to form the vertebrae. The dorsal epithelium, o the other hand,
first acquires a more complex structure in thgt‘it becomes layered to form
) the dermomyotomg. In later stages; this epithelium also disperses, but
the cells of the myotome remain and differentiate in'situ to form the inter-
vertebral muscles. | (R
These observations are consistent with those of previous investigators (Pater-
son, 1888; WﬁTfiams, 1910) th observed that the myotome of the wing somites do

not appear to invade the 1imb somatopleure and they are not continuous with '
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Fiqure 17 -

A. Cross-section throuéh the brachial region éf a stageA13 quail
embryo. As in therstagé 13 chick embryc, the primary somite is @
spheriﬁa] epithelial structure with a fe; cells in the center. The
somatic and splanchnic mesoderm are also epithelial. s: somite

s0: somatopleure ° sp: splanchnopieure.

B. Detail of A. s: somite im: intermediate mesoderm nt: neural

tube nc: notochord
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Figure 18 .

Cross-section through. the 1eve1‘of the wing buds of a Stage 17 qdail
émbryo. The somites have taken on the secondary morpho1ogy, which con-
sists of a dermatome, myotome and sclerotome. ~
d: dermatome m: myotome S: sclerotomeJ

—

¢

Figure 19 L e ' p
Cross-section through the level of the wing buds of a;étage 20 quail
Ve .
embryo. As in the stage 20 chick embryo, the dermomyotome has become more

vertical. The wing buds are larger.
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D)

e ‘ ' ¥
Cross-section through the wing level of a s@ 23 quail embryo. "As

in the-stage 23 chick embryo, the dényomyotdme is épit_he]ia1 at its média]

edge but is mesenchymal in-lateral regions. The myotome, 1 ndicated by.

the aProws, extends toward the w'*ing b_ut disperses,.before it reaches-the

- 1imb mesoderm. .
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%

Figure 21 o
| A. Cross-se&tion at the wing-1eve1lof a stage 26 quaii embryo. . The
tentral,chondrogenic (cartilage-forming) area of the wing is evident due
to the difference in cell density between it and the myogenic (muscle-
formjpg) areas. C: chondrogenic area.jn Timb; M: myogenis_areas; P:
the.myogenic.masg tﬂat will ultimately form the pectoralis muscle:
B. Detail of A showing the primordium of the pectoféTis, There are h

-no myotubes in evidence at this stage.

o
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. Figure 22 . |
Pectoralis major muscle of a stage 28 quail embryo. Myotubgs are

present.

Figure 23 _— . _ .\"\

Pectoyalis major muscle of a stage 35 quail embryo shbwing the medial  —

and lateral regions of the muscle separated by a band of connective tissue

(arrows). | ' . ' ~
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" the myogenic areas of thé 1imb. However, the myotomes of the thoracic
somites do invade the body wall and appear to give rise directly to thoracic
- muscles such as the intercostals. From experimentéI studies, we know that
somites are the sourcetbf Timb'muséles as well as intercostal muscles
(Christ et al., 1974 a, b). It must therefore bé the case that the cells
that form the 1imb muscles migrate out of the somite and make their way | -
to the ﬁ}ogenic.areas of the 14mb. From’descriptiﬁe studies such as the
pre§ent study, it is not possible to jdentify these cells and therefore
to determine)when they begin to leave the somite and when this migration
has ended. o |
The present study shows that muscle development in quail and-chick
embryos are simi1a} at all developmental stages up to stage 35. Although
the quail develops faster than the chick, it goes through the same-gggggg
of development. A comparison of quail and chick embryos at thersame stage -
~ of development fevea] ne major morphological differences, other than a
difference in size. 7
This study also confirms the observations of Sullivan (1962) that the
pectoralis, like all other wing-associated muscles of the shoulder aﬁd thoracic
regions, develops from a myogenic primordium at the Tevel of the wing. The
pectoralis primordium cannot be identified prior to stage 27. -
The observationF of the prgsent study show that the pectoralis major
muscle and the pectdralis minor muscle éach consist of two parts that are
sgparated by a thin layer of connective tissue:. This fact has been noted
by previous investigators (Suilivan, 1962; Koch, 1973; Nickel et al., 1977;
George and Berger, 1966). Since I will have occasion to discuss the pectoralis
major in detail, I will refer to the two parts respectively as the medial

and lateral regions of this muscle.

-
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. " SECTION 2
SOMITE TRANSPLANTS: THE LEVEL OF ORIGIN OF THE PECTORALIS MAJOR MUSCLE

Introduction

- The vgrtébra1 column  of the chick consists of five regions: cervical,
thoracic,'lumbar; sacral gnd caudal. The nuﬁber of cervical and thoracic
veftebrae total 21. However, tﬁe division of these 21 vertebrae into cervical
and thoracic groups seems to be a matter of some disﬁhte. The last seven
vertebrae in this group all bear ribs. 'The last five'paifs of ribs are true
ribs, with a vertebral component that articulates with a sternal component
attached to the sternum (see Figure 24). Tﬁe two pairs of ribs in front of
these five are called "false" or “floating" ribs because they lack a sternal
component and do not attach to the sternum. lAccording to some sources, the’
vertebrae to which the false'ribs are attached are the last two cervical verte-
brae, giving the chick 16 cervical and 5 thoracic ;ertebrae (e.q. Robiﬁson,
1970).  However, according to others, the vertebrae to which the false ribs
are attached are the first two thoracic vertebrae, giving the chick 14 chvical
and 7 thoracic vertebrae (Pinot, 1969; Kiepy, Mauger and Sengel, 1972). In
this thesis, the latter designation wi]1~be used because if seems to be most
wide1y accepted.

A1l of the vertebrae and ribs arise from the sclerotome of the somites.
The somites are sometimes nimed for the vertebrae to which they give rise.

This is a qpnvehient-way to designate groups of somites and it is a'ﬁfactice_

-, »

I follow. Thus, somite 18 is the last cervical somite, and somite 19 is the
first thoracic somite.'rlt_must be kept in mind, howeyer; that each somite-
contributes to two vertebrae, not one. Somite 19 contributes to the caudal
half of fhe last cervical vertebra and to the cephalic half of the first
thoracic vertebra. 1t i; designated és a thoracic - somite because it forms the
first fa]se rib (Seno, 1961; Pinot, 1969; Kieny, Mauger and SengeTf 1972;

/‘\ | . z‘b R .

—
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Figqure 24

Thoracic skeleton of the chicken.

A. Left Lateral View

1. dst;;ervicaI vertebra 6. sternal component of rib

2. scapula ' _ . 7. sternum

3. fused thoracic vertebrae 8. clavicle

4. ilium (a pelvic bone) ' 9. coracoid s

5. vertebral compbnent of rib . "10. joint cavity for hﬁﬁérus (humeruslnot
' - e shown)

11. false ribs e L E .
;?f'_

TN

B. Antero-lateral View

1. joint cavity for humerus (humerus is not shown)

2. scapula
3. sternum
4. cotracoid

5. clavicle

™
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Chevallier, 1975). Somites 5 - 18 are therefore cefviéal somites. Somites
19 - 25 are Fhoracic somites.
* Since the pectbra1is major muscle in.the chicken occupies a large area
in the thorax, éxtending from the clavicle to the abdomgn, it is-often _
cornsidered to‘be a thoracic muscle. The resuTtg of three previous studies on
| the development of thoracic §tructures in the chi'ck embryo have been interpreted
" to suggest that the pectoralis arises at the thoracic level. Seno (1961).and
Pinot {1969) corcluded that this muscle is formed by the soéatop]euric meso-
derm between somites 19 and 26. Christ et al.”(1974a) concluded that it 1is
formed by thoracic somites. )

However, a study by Sullivan in 1962'described_the development pf the
pectoralis fromaxm@ogeﬁic mass in.the wing bud of the chick embryo. My own
observations are similar (Section 1). The wing bud arises in the sématopleure
opposite cervical somites 15 or 16 - 18 and thoracic somites 19 - ZOTar 21.

. These somites (15-28) are somefimes referred to as brachial somites. Moreover,
the pectoralis and other Qiigpial muscles are innervated by the brachial plexus,
which isderived from spinal nerves that leave the spinal cord at‘the level

of the wing bud (Roncali, 1970). It therefore seems possible that.fhe brachial
_ somites are the source of. the pectoralis muscle. 8

A total of 805 somite transplants were performed for the_séﬁdies des-
cribed in this section and the next two sections. For the experiﬁents described
in this section, quail somites from cervical (somi?es 13-15), brachial (16-20),
and thoracic (21-25) levels were grafted orthotopically to chick ‘embryos at
stages.12-14 (16 - 22'pa{rs of somites) to determine the levels of origin o%
the-pectora1{s major muscie. The resulfs are\based on 15 chimaeras that
received grafts of brachial somites, 3 chimaeras that received grafts of cer-

vical somites, and 4 chimaeras that received grafts of thoracic somites. All

chimaeras in this series were analyzed at stages between 8 and 17 days in ovo.
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In 7 cases, the pe;tbra]is on fhe'operated_side‘was'removed from the-

chimaera and figedféﬁd stained.separate1y‘so that the quail cdntribution to
“the muscle could'be'duantifat{ve1y determined. In-another 4 cases, the

quantitative determ{ﬁétion was done on the pectoralié-in situ. The chimaeras

were also éxamine&.toydetermine what other structures were derived from -/

. the grafted somites.

E

hY

in a serie§ of control embryos, brachial somites were removed from 2-day
embryos. Sixty-six such extirpations were performéd. Two embryos survived
and were fixed at 9 - 10 days of jncubation and examined for deficiencies
cauééd‘by somite removal. - In another 10 embryos:hghe somatﬁp]eure opposite
somites 16 - 20 was removed. Only one embryo from this sgries survived to

stage 35. _It was examined for deficiencies caused by somatopleure removal.

. Results . z : ‘, .
In thefthree chimaeras that received gféfts of cervical somites 13 - 15,
no quai1_nu§lei were> found in the pectoralis major muscle or in any other
stru¢tur§ af the brachial or thoracic level. Quail cells were foﬁnd in

e

Esrvica1 vertebrae, in muscies in the neck and in q?rsa1 dermis at thg level
of the'graff. . |

In ‘the 4 chjmaeras that received grafts of thoracic somites 21 - 25,
some quail cells wére found in the most latefal region of the pectoralis.
The majority of the muscle contained only chick cells. A few quail cells were
found in some other muscles of the wing, but their contribution was extremely
small. Quail cells in these chimaeras were also found in tho;acic vertebrae,
ribs, dorsal dermis, and intefcostal and abdominal muscles. ?

In all 15 chimaeras that received grafts of quail bréchial soﬁites,
quail cells were found in all muscles of the wing, shoulder and thorax

~on the operated sidé, including the pectora]is.méisr. These chimaeras. are

listed in Table 3.



| TABLE 3 o
e - _
@mrm'x:&%smnv OF QUAIL CONTRIBUTION TO PECTORALIS MAJOR
CHIMAERA AGE IN SOMITES AT TIME  SOMITE(S) . AGE WHEN = % QUAIL IN
- OF TRANSPLANT TRANSPLANTED ~ "ANALYZED  PECTORALIS
Donor Host ‘ S
112 17 18 16 -18 11 days
24 21 20 17°-20 . 9 days :
231 18 16 18 - 21 15 days 75% -
321 16 20 16 - 21 14 days 36
403 15 18 15 - 19 16 days
425 20 - 17 16-19 13 days 80
853 - 15 15 16 - 20 11 days 90
629 22 23" 18- 2 12 days . 87*
633 1 . 18 18 - 21 14 days 8g*
675 15 16 - 16 - 20 18 days 72
842 19 18 17 -19 - 15days
934 17 16 16 - 20  Stage 37 (11 days) 84
1027 15 15 16 =21 Stage 38 (12 days) 90
1077 14 76 14 - 21 Stage 37 (11 days) 88
1078 15 15 15 - 20 Stage 37 (11 days) 75

* Pectoralis.not completely removed. a

Wb
+
.

N
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In the intervertebral muscles, qUai1‘cef1s.wére found in both muscle
and connectiyé tissue (Figure 25). However, in all muscles of the wing,
shou]der,'and thorax, QQail nuclei weré seen predohinantTy in myotubes. The
" connective tissue was of chick origin (Figure 26). The‘periphgra1 muscles
derived from brachiai somites are shown in‘ Figure 27.
i The results of the quantitative study is shown in Table 3. The average
. percentage of quail nuclei in the muscies is 78%, with a range of 36% to 90%.
In every case but oné, quail cells were in the majority.

Three chimaeras are marked with an asterisk. In these cases, the pec-
toralis on the operated side was removed from the chimaera for counting.
When the rest of the chimaera was sectioned and stained, it wés fouhd that
a small but significant portion of the pectoralis had been left behind. ~ This
portion contained mostly chick cells. The guantitative determinations ‘for
thesg muscles are therefore inaccurate. A1l three of these chimaeras receiveﬁ
grafts of somites 18-21. The portion that was left behind and that was
derived from chick probably came from somites 16 and 17. If the resuits of
these three chimaeras are excluded, the average number of quail in the muscie
is 76%. This is based on 8 chimaeras that received grafts of at_ieast‘S somites
between somites 15 and 21.

In addition to muscles, the quail somites formed cartilage structures,
including the vertebrae and the ;capula at the graft level. Quail cells in
the vertebrae ﬁere restricted to the operated side, while the remainder of
the vertebrae were formed by chick somites on the unoperated side. Figure 28
shows the midline of a chimaeric vertebta. The quail-and chick nuclei form
opposite halves of this structure and d9 not occupy each others’ normal ter-
ritory. - | “ .

Qqai] somi tes céntrﬁbdﬁxithe dermal Iayér of thé skin of.the béck'distal1y
to the level of'the.scapula (Figure 29); The dermis of the skin of the wing

and body wall is derived from somatopleuric mesoderm.
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Figure 25

Intervérteb 1 muscle in a cross-section at the graft level of a
stage 35 chimaera that received brachial somites from a quail donor at
stage 13. In these muscles, both muscle and connective tissue are derived

from the transplanted somites. M: muscle; CT: connective tissue.

Figure 26 N

Pectoralis major muscle in a cross-section of the same chimaera as
in Figure 25. In this peripheral muscle, the nuclei that are associated with
aggregations of the myotubes (muscle cells) are quail, while the connective
tissue cells between the-aggregations of myotubes are chick cells. .M:

aggregations of myotubes; CT: connective tissue; arrows: quail nuclei.

~
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Figure 27

86 -

The muscles éonsidered in this study that are derived from brachiail
somites, as seen in an adult ﬁhicken.

A. Ventral view. On the left side of the drawing are the mdscTes as
seen after removal of the'skin; The bectora1is major is the largest muscle
and cerrs severallother thoracic muscles. On the right side are the
thoracic husﬁles ds seen after removal of the pectoralis major. Both the

pectoralis major and pectoralis minor muscles consist of two parts that are

separated by connective tissue. The muscle fibers in the two regions in

each muscle are aligned in differént directions,

B. Dorsail View. right side only. ALD: anterior latissimus dorsi;
PLD: posterior 1atissiwus dorsi. All of the ske1éta1‘husc1es of the wing
and thorax are derived Irom the brachiaT.somites. However, only the muscles

that are labelled in these drawings were studied in detail.
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Figure 28
Mid-dorsal region of vertebra in a cross-section through the graft

level of a stage 35 chimaera that received a graft of gquail brachial

‘ ;omites.at stage 13. On the operated side of the.animal, the vertebra

is composed of quail cells (indicated by.arrows). On the unoperated side,

the vertebra is composed of chick cells.

Figure 29
A region of dorsal skin in a cross-section at the‘graft level of the same

chimaera as seen in Figure 28. The ectoderm is of host origin. The dermis

~ in the most dorsal region of the back is derived from somites and is

therefore quail (indicated by arrows). More peripherally, the dermis is
of host origin.. E: ectoderm; G: graft-derived dermis; H: host-derived

dermis.

™






Quail cellswere also found in the developing kidney tubules at the
level of the graft. These structures were actuai]y derived from the inter-
mediate mesoderm that l1ies between the somites and somatop]euré. This tissue
was transpianted along with the somites.

" In addition to the structures listed above, quail cells were sometimes
found 4n dorsal root ganglia and sympathetic ganglia at the Braft level.
This is due to the presence of neural crest cells that were migrating through
or around the somites at the time of the transplant. Quail nuclei were |
sométiﬁes -found along the length of a spinal nerve that left the cord at
the graft level. These were assumed to be Schwann cell nuclei, also neural
crest derivatives (Weston, 1970). Neural crest cells also give rise to melano-
cytes, which conferred quail coloring to the plumage of some chimaeras (Figure
30). In general, neural crest derivatives were excluded from-the graft
by performing the transplant at stage 12 (15 - 16 somites), before the
neural crest cells have migrated away from the_neura1 tube.

Embryos whose.brachial somites had been removed at 2 days in ovo were
analyzed at 9 -~ 10 days in ovc. These embryos showed no deficiencies in
the musculature on the operated side. All muscles were present and apparently
normal. However, the scapula, which is derived from the somites, was absent
in one embryo and abnormally small in the other. In both embryos, the dorsal
root ganglia that-formed in the operated region were reduced in number,land
most of them were either larger 6r smaller than ngrma].

In the embryo whose somatopleure had been re&oved at 2 days in ovo,
extensive regu]at%on had also occurred. The limb on the operated side was
present, but its site of attachment was stightly caudal to the normal position.
In cross-section, it was apparent that 2ll muscles were present and in normal
or near-normal \positions. Those muscles that normally attach to the humerus

did so in this embryo, even though the position of the humerus was abnormal.
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Figqure 30
Chimaera after 17 days in ovo. This embryo received a graft of quail

brachial somites at stage 14. The black feathers on the operated side

indicate that prospective melanocytes were transplanted with the quail somites.
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A1l cartilage structures were p;esent; but there was n0'30int between
~ the scapula and the coracoid bone. The two bones in this case were united

in a singie structure.

Discussion
The results of the grafting'experiments indicate that the brachial somites
are the source of all of the brachial muscles, including the pectoralis major.

Somites above and below this Tlevel contribute 1ittle or nothing to these

muscles. The cells from the somites mingle with cells in the somato-
| pleuric mesoderm to form a structure that is therefore heﬁerogeneous with
respect to the tissues of origin, the muscle cells deriving from somites and
the connective tissue from somatopleuric mesoderm. |
This conclusion is supported by a series of experiments performed by
Christiare Le Lievre (Beresford, Le Lievre, and Rathbone, 1978). She
transplanted quail.somatop1eure from the brachial level orthotopically into
chick embryos at stage 13 - 14 and aTlowed the chimaeras to reach stage 35
(9.5 days) or older.__In these chimaeras, the somatopIeur1c mesoderm formed
the dermis of the wing and body wall, the cartilage of the wing, and the con-
nective tissue of all brachial muscles, including the pectoralis major.
The musculature, however, was formed from chick cells (Figure 31). These
results are consistent with my conclusions that the somites are the source of
muscle and the somatopleuric mesoderm is the source of,connectiye tissue in
the peripheral muscles at the brachia] level. .
These results a}e not at variance with the results of Seno {1961), Pinot
(1969) and Christ et al. (1974a) (see Introduction), although they contradict
the interpretatioms the above authors gave to their results. Seno marked
the somatopleure opposite somites 19 - 28 with carbon particles. When the
paftic1es were subsequently found in the pectoralis, he concluded that he had
marked the source éf the musculature; when most Tikely he had marked the pre-

sumptive connective tissue. : /
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Figure 31

Pectoralis majér muscle in a cross-section of a stage 38 chimaera that
received a graft of quail somatopleure at the wing level at stage 14. The
nuclei assoc1ated with the aggregates of myotubes are most1y chick nuclei;
the nuclei found in the connective txssue are quail nuclei (1nd1cated by
arrows). A few quail nuclei are a]so found among the myotubes. These
nuclei are presumed to belong to connective tissue cells. Compare with
Figure 26. M: aggregations of myotubes; CT: connective t1ssue

(This chimaera was kindly provided by Dr. Christiane Le Lievre).
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Pinot destroyed somites 21 - 25 with X-irradiation. When the pectoralis
formed, sne concluded that it arose in the somatopleure‘at tnis Tevelt_ It
is likely, however, that the musc1e formed from the 1ntact brach1a1 som1tes _

Christ et al. (1974) demonstrated that the pectora11s formed from som1tnc ‘
tissue. They concluded that it is der1ved from thorac1c som1tes.} However, |
their protocol c¢learly shows that they transplanted a substant1a1 1ength of Loa
somitic t1ssue start1ng w1th cerv1ca1 somite 16. »The1r graft therefore in-
cluded all of the brachial somites.

It is a point_of interestft;at, although the somite itself gives rise
~ to dermis, muscle, connective tissue, and cartilage, those somitic cells
that migrate into the somatop1euric mesoderm are found primarily in |
muscle. This fact raises the possibility that these cells are conmitted to a

T

myogenic 1ineage once they enter the somatopleure. This-questiOn is discussed
more fully in Section 4. | ’

Tne results of the extirpation studies indicate that embryos at 2 days
of inéubationﬂare capabTe-oerxtensive regeneration. When the brachial somites
were removed at 2 days in ovo, all muscles that are normally derived from
these structures were present and normal-at 10 days in ovo. Cartilage deriva-
tives were general1y normal, except'for the scapula.

It is not possible to determine from the above results the tissue that
gives rise to these somite deriva&ives. fhere are three possibilities:-
1) cells of brachial somites that were left behind after somite removal;
2) cells from somites abote and_belon therbrachiai sonites, and 3} the somato-
pleuric mesoderm. This issue is discussed further in Section 3,-where some
evidence is given as to the origin of these cells.

One abnorma11ty that was found in the embryos d1scussed above ‘was- @
‘disruption in the regular pattern of dorsal root ganglia at the brach1a1 level.

This is not surprising, since 1t has long been known that the somites are

required for the normal formation of these structures. Detwiler (1936)'showed



.97 .

that in urodeie embryos, som1te removal resu]ted in abnorma11t1es in both
‘the s1ze and number of dorsal root gan911a that develop at ARat level, but
that peripheral muscles 'foymed normally and were hngfigted. ' -
My results indicate that the situation is similar in the chick embryo.

. The one surviving embryo from the somatopleure ext1rpat1on series was
also virtually complete. All structures_1n the 1imb and thorax Were present,
,althouththe wing appéared to be abnormally attached. In this case, some
indicaﬁion of the source of compensating cells is given by the fact that the

- scapula and coracéfd were one structure, ratherthan two structures as is
normal}y seen. In pr{;éry deveiopment; the scapula is derived from somites,
while the coraceid is formed by the somatopleure. Possibly some of the
structures norma]]y.derivéd from the somatopleure, such as the'coracdid, T

were forled by somitic tissue in this embryo.

Taken together, the re5ults of the extirpation stud1es reveal that at
two days in ovo, the chick embryo Jis capable of remarkable and extensive regu-
lation of gubsequent development. TheSErresu1ts are consistent with similar

'stuqies done by other investigators, who shoved that somite removal or somite
destruction by X-irradiation in chick embryos did not preveﬁt the formation of
the wing muscles (Cﬁeva]iier, Kieny and Mauggr,.]978) or the rib cage (Kieny,
Mauger and Sengel, 1972). _

A1l of the chimaeras discussed in this section were morphologically normai,

o indicating that the graft had healed properTy. Other chimaeras survived the
| operation but showed various abnormalities due to improper grafting. In most
_°” _ cases, such abnormalities were accompanied by a reduction of quail partici-
pation in mﬁsc1e formation. The reduction ranged from slight to a virtually
| complete absence of quail cells in peripheral muscles. The graft Could always

be found close to the vertebrae at the level of the operation,’ but the size

of the structural abnormalities that formed were extremely varied and bore no
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relationship fo the number of graft cells thatfbrﬂed peripheral structures.-
Sometimes large structuf§1 aberrations were accompanied by an appafent1y

normal participation of graft cells in the periphera] muscies. In 6ther cases,
the graft formed smal{, insignificant strucfures near the vertebrae, and

quail cells were not found in any othér structure in the embryo.

The variable pontribﬁtion.of quait’cells in peripheral muscles in the
presence of struétura] abnorma1ities emphasizes the maﬁor hazard in experi-
ments that involve the transplantation of somites between two species that
cannot be histoTogica11y.distinguisﬁed from one another: the participation
of donor cells to host structures cannot be Qerified. For example, if somites
are transplanted ggfkeen_two chick embryos, one of which is normal and one
of which carries'thg gene for muscular dystrophy; there is no independent means
of identifying the structures derived from the donor tissue. Such chimaeras
must be thoroughly examined for éven the slightest abnormalities that might

indicate a reduced involvement of the graft in peripheral muscles.

Ly
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SECTION 3

SINGLE SOMITE TRANSPLANTS: THE LIMITS OF THE PECTORALIS PRIMORDIUM AND THE
FATE OF SPECIFIC SOMITES

Introducﬁion _

Thfﬁ study was undertaken to define precisely the somites that contri-
bute‘to the pectoralis major muscle. "The resu1fs of the previous section
indicate that the 1imits of the primordium of this muscle are somite 16 “
anteriorly and somite 20 or 21 posteriorly. This could be verified by Qsing
a more precise approach. In addition, the origin of other muscles that
derived from these somites c6u1d be similarly evaluated.

Each chimaera received one somite (or in some cases, two), transplanted
orthotopicé11y (same level), from a quail donor at stage 13 - 14. Transplants
were made between somites 15 and 23 inclusive. Most of the resulting chimaeras

were analyzed at developmental stage 35 - 36 (9.5 - 10 days).

Results T

The chimaeras that were analyzed for this study are listed in Table 4.
Although the results are based on relatively few chimaeras, the observations
are consistent. Quail cells derived from grafted somites 15, 22, or 23
were generally not found in the pectoralis major muscle or in any of tﬁe
other muscles in the wing and thorax, whereas somites 16 to 21 always contributed
cells to these muscles. The results are shown jn Table 5. A1l somites trans-
planted between somites 16 and 21 inclusive contributed myoblasts to thé:
pectoralis major muscle, whereas various subgroups of only 3 to 4 somites
contributed to the remaining wing and thorax muscles.

In Table 5, the muscles have been placed in two groups, designated
Dorsal and Yentral. Sullivan (1962) described the development of the
wing and wing-associated muscles in the chick embryo befween 4.5_and 12 days

in ovo. In the youngest embryos that he examined {stage 25-26), he observed
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TABLE 4

CHIMAERAS ANALYZED IN SINGLE-SOMITE STUDY

CHIMAERA  AGE IN SOMITES AT TIME  SOMITE(S)  AGE WHEN ANALYZED -

OF TRANSPLANT TRANSPLANTED

952 20-21 20 18-19 17 days

1009 17 18 17-18 Stage 38 - 39 (12 days)
1015 17-18 17-18 16-17 ' 36 (10 days)
1049 21 20 . 19-20 35 (9 days)
1050 21 - 20 - 19-20 35 (9 days)
1085 16 17 15-16 " 35 (9 days)
1126 -~ 24 20 19 35 (9 days)
1127 24 20-21 20 | 36 (10 days)
1167 16 16 15 35 (9 days)
1170 15-16 .18 R 32 (7.5 days)
1176 22 18 .20 35 (9 days)
1202 17-18  _ 17-18 17 35 (9 days)
1207 21 21 21 35 (9 days)
1223 23 .22 22 35 (9 days)
1224 23 22 22 35 (9 days)
1225 23 20 o2 35 (9 days)
1226 20-21 ‘ 0 . 21 ' 35 (9 days)
1228 22-23 22 23 35 (9 days)
1229 22-23 26 22 . 36 (10 days)



Dorsal

Ventral

TABLE 5

.‘ SOMITIC ORIGINS OF BRACHIAL‘MUSCLES
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SOMITE

MUSCLE

15

16

17

18

19

20

21

22

Deltoid

Coraco-
brachialis
posterior

Anterior
latissimus
dorsi

Posterior
Tatissinus
dorsi

Triceps

Coraco-
brachialis
anterior

Biceps

Pectoraliis .

Major

Medial
* lLateral

Pectoralis
Minor
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two pre-muscle masses in the wing pud, one of wh%ch was iocated dorsal to
the developing humerus aﬁd'one ventral. According tb his observations, ;11
proximal wing and fhorax muscles form by cleavage from_oné of theée masses:
the pectoralis major, pectoralis minor, coracébrachia1{s anterior, and bi-
ceps muscles form from the ventral masg; the triceps, coracobrachialis
posterior, deltoid, ALD, and PLD are derived from the dorsal mass (the
distal wing muscles do not derive from these masses). My results show no
correlation between a myogenic mass and a particular group of somites.

Each somite in the 16 - 21 group contributes to at least three muscies. .
Moreover, the particular group of muscles that reéeive myoblasts from each
somite is specific for the somite. For examplé! somites 17 and 18 contribute
myoblasts to the same seven muscles, but in addition, somite 18 contributes to
the ALD. Similarly, somites 19 and 20 contribute to the same four muscles;
however, somite i9 contributes to both regions of the pectoralis major,
wheréas somite 20 contributes only to the latefal region.

Although all six somites in the group 16 - 21 contribute to the pectoralis
major muscie, the medial and lateral regions appear to be derived from a
different group of somites: the medial region from 16 - 19 and the lateral
region from 19 - 21, Both regions have somite 19 in common, but fhis somite
contributes only a few cells to the medial region. Most of the myoblasts from
somite 19 are found in the lateral region.

A particularly interesting feature of the chimaeras in this series is
the distribution of quail cells within certain muscles. Since each chimaera
received only one somite, or in some cases two somites, many individual muscles
were “herefore derived partly from the donor somite/somites and partly from
the host somites. The triceps muscle, for example, is derived from somites 19,

20, and 21. Fiqure 32 shows the triceps muscle of a chimaera that received

a graft of quail somite 19. All chimreras that received grafts of somites 19,
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Figure 32
Triceps muscle in a cross-section of a stage 35 chimaera that received

a graft of quail somite 19 at stage 12. Quail cells (indicated by arrows)

are fdund in all regions of the muscle, as are chick cells.
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20 or 21 showed a random distribution of graft and‘host cells in the triceps

. muscles. Similar results were found in mos t of the muscles of the wing and
thorax; whenever a muscle was derived from both donor and‘host somites, both
quail and chick myoblasts from those somites were found in all regions of

the muscle. However, this was not the case for all mdsc1es. The biceps,

the de]toid, and the pectoralis major muscles consistently showed a non-random
- distribution of quail and chick cells in this series of experiménts. Thé
pectoralis provides the c]earest’examplé of this phenomenon. Figure 33A

shows a cross-section of the pectoralis in a chimaera thét received a graft
of quail somite 16. The quail cells are concentrated in the most dorsal -
region of the muscle. The region next to it is composed predominantly of
chick cells. Figure 33B shows a similar section from tﬁé pectoralis of a

. chimaera that received é graft of quail somite 17. The region of the muscle
that was derived from somite 15 in the first chimaerz is composed predominantlj
of chick'cells in this chimaera, while the region next to it is composed
predominantly of quail cells. Similarly, in every chimaera that received a

. graft of one or two somites in the 16 - 21 range, the myoblasts from the grafted
somite(s) were largely restricted to one region of the pectora]js major
muscle. A few ﬁuai1 cells were sometimes seen‘infother regions, and usually

a quail region and a_chick region were separated by a small mixed region.

-~

Nevertheless, the genefai-tendency for quail cells to form primarily one
region of the pectoralis was striking. This regionaiization was evident
within both the medial and lateral regions of the muscie.

In addition to skeletal muscle, each somite forms cartilage and dermis.
In the single-somite chimaeras, quail cells were.found in the intervertebral
muscles, in the scapula, in the vértebrée, and in the dermis of the skin of
the back at the level of the graft. In some cases, quail cells were also

found in the dorsal root ganglion and along the length of the spinal nerve
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Figure 33

A. Pectoraiis major muscle in a cross-section of a stage 35 chimaera
~ that received a 'graft of quail somite 16:at stage 13. Quail nﬁclei are
found predominantly in the most dorsal ﬁégion of this mu§c1e ( arrows).

B. Similar region as in A of the pectora]js major muscle in a-crosg-
section of a stage 35 chimaera that received a graft of quail somite 17
at stage 13. Quail‘nuc1ei are found predominantly in a more ventral region

of the muscle (@rrows).

Feos
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that left the spinal cord at the level of the graft. These latter cells
are présumab1y Schwann ce115,3which/;re neural crest‘derivatives (see
Weston, 1970). |

‘Somites 15, 22 and 23 genéra11y did not contribute to any of the\ﬁusc]es'
in the brachié] region. There was one exception. In two of three s{hiiar
chimaeras that received grafts of quail somite 22, the operation was
technically successful, i.e. only somite 22 in the host was removed, and
an undamaged somite 22 from the donor replaced it. No quail cells from
somite 22 were found in the pectoralis in either of these chimaeras. However,
ina third chimaera, somite 21 of the host was inadvertently damaged dur1ng
removal of somite 22. As in the other two, somite 22 in this case was re-
' placed by an undamaged donor somite 22. No extra tissue was transplanted
from the donor to compensate for the damage done to somite 21 of the host.
. Nevertheless, in this chimaera, QU§11 cells from somite 22 were found in
small numbers in the extreme 1afera1 region of the lateral gélf of the pector-
alis. Possibly the damaged somite 21 was not able to occupy its ertire

territory, a situation that permitted myoblasts from somite 22 to occupy ;:>

.atypica1 sites.

‘Discussion

The results of the single-somite transplants confirm that the pectbralis
major muscle originates from somites 16 - 21 ‘and that somites above and below
this level do not normally participate in the formation of this muscle.
Theseireéults further demonstrate that somites 16 - 21 give rise to all
other wing and shoulder muscles and suggest that.each muscle originates from
specific somites within this group. —_—
As discussed in Section 1, the pectoralis major muscle consists of

a medial region and 2 1atera1_region'separated by a band of connective tissue.

The results of the single-somite transplants show that the two regioms have
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different embryonic origins. Since: the tuo reg1ons can be dwst1ngu1shed

both anatom1ca11y and embnyolog1ca11y, it is possible that the pectora11s

maagr musc1e in the chick is phy}ogengtxcaTIy derived.from two muscles. °
fhé.origins\of the anteriorl1a£fssjmus dorsi (ALD) frdm somites 18 < 20

and the-poéterior 1atissimus do&si (PLD) from soﬁites 19 - 21‘are of inter-

est in vieﬁ of a controversy among avian myologists regarding Fhe phylogenetic

derivation of these two mﬁsc]es. Some investigators believe that the two

'muscles are derived phylogenetically from one musclie, while others maintain

that they are and always have been two distinct muscles. Grim (1971) re-
viewed the literature on this issue and described the development of these
two muscles iq the chick embryo. He concluded that the early separation of
the two muscles from a commoﬁ %iimordiuﬁ; as well as“the persistence of
separate tendons, designated them as two separate muscles. My observation
(Table 5) thaé they have different embryonic origins lends further support
to the dual origin hypothesis.

The results of the‘single-somite transplants demonstrate that each éomite
plays a unique role in the development of the brachial muscles. Although
two adjacent somites may contribute to ﬁany of the same musc1e§,-the full _

array of myoblast rec1p1ents is specific to each somTte

The factors that determine the role: p1ayed by each somite are possibly

‘related to the position of the somite a]bng.the rostro-caudal axis. Somites

form in an anterior-posterior sequence. Therefore, each somite is, develop-

mentaily, stightly delayed with respect to the somite ahead of it and slightly

advanced with respect to the somite behind it. It is thus in a position
to contribute myoblasts to available sites that the somite ahead of ‘it has
not filled and that the somite behind it is not yet capable of filling.
Mydb'la_sts would thus migrete inip the periphery and form muscle in locations

éetennined by environmental conditions. If this hypothesis is correct, -

o
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.theniany somite grafted to a particuiar position a]ong the rosttO-cauda1
axis should contrubute to muscles appropr1ate to that pos1t10n. There is
.'ev1dence that this is so. Heterotop1c transp1ants of quail somitic meso-
derm from flank and Teg levels grafted to the wing.leve1 of chick hosts

can participate in the formatjon of wing mdscles (Cheva]lier et al., 1977;
Chevallier, 1979).. Heterotopic transplants of sinQTe somites, however,

have not Been done. ’ | |

The single chimaera that showed quail cells defived_frqusomite 22 -in the

pectoralis deserves further comment. It is possﬁble‘thaf_jn some embryos
somite 22 does.contribute-myobTasts to the péctofalislx Ho;eve%, the fact
that somite 21 was damaged during the operative procedure inbonly this ‘chimaera’
and not in the other two that received similar grafts-iﬁdicates that it is
th1s unusual c1rcumstance that penn1tted the part1c1pat1on of somite 22. If
intact somltes are thus capable of subst1tut1ng for adjacent damaged somites,
it suggests that in ¢ontrol embryos, in which somites were removed and not
replaced with other tissues (Sect1on 2), normal muscles developed by partici-
pation from intact som1tes above and below the level of extirpation.

One of ;he most interesting and unexpected observations in this series
of experiments was the distribution of quail cells within the biceps, deltoid
~ and particularly the pectoralis major. The restriction of graft-derfved
cells to one region of the muscles means that the myoblasts from each somite.
did not mix randomly with myob1asts from other somites, but that tﬁey remained'__,
'-together, segregated from other myoblasts. It is as if the pectoralis major
develops as six muscles rather than one. It is an unusually large muscle in
the chicken and derives from a correspodding?y large number of somites. It
is conceivable that this regionalization phenomenon is a reflection of the

evolutionary process of adaptation to flight. As a larger pectoralis became

-
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*.increasingly advantageous, an a]t;:§§ion in development that permitted

myoblasts from atypical segments to contribute to the formation of this
muscle aﬁd thus increase its growth potential would confer a‘se1ect}ve
advantage to birds in which this alterat{on had taken place. As discussgd
above, the participation of atypical somites in the formation of -the
pectoralis can occur in the presence of da@aged=somites.' Possibly it

can occur in any situation in which the normal participants are unab1§ to

provide enough myoblasts to fill the available sites in the periphery.
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SECTION 4

GRAFTS OF BRACHIAL SOMITES: DEVELOPMENT OF THE PECTORALIS J;TO STAGE 35

Introduction

Once it was established that brachial somites are the pr;ecursorS' of the
pectoralis and other wing muscies, it became of interest to study the manner
in whick the graft gave-rise to these structures, in particular how early
the cells began to leave the graft and the route that they took to reach

the sites of muscles formation. J//

Results

The results in this section are based on 33 chimaeras that received
graftslof quail brachial somites at stage 13 and were fixed between stages
"15 {50 ~ 55 hours) and 34 (9 days). The chiméeras are Tisted in Table 6.
Table 7 shows the distribution of the chimaeras with respect to developmental

stages.

Stage 15 (Figure 34)
The entire,somite consists of quail cells and is differentiating into
dermatome, myotome and sclerotome. The limb fold is present, and quail cells

are present in the somatopleuric mesoderm.

Stage 17 (Figure 35}
The dermatame, myotome and scierotome of the somites are populated
entirely by quail cells. The 1imb is mostly chick, but a few quail cells are

found dispersed in the mesenchyme.

Stage 20. (Figure 3

Quail cells are found in all layers of the somite and in the developing
kidney tubules. There are many quail cells in all regions of Ehe 1imb bud,
most of them near blood vessels. The distal edge of the myotomé has dis-

persed into the mesenchyme of the shoulder region.



TABLE 6 \\\\ -

CHIMAERAS ANALYZED IN DEVELOPMENTAL STUDY

CHIMAERA AGE IN SOMITES AT TIME OF SOMITES AGE WHEN ANALYZED

TRANSPLANT TRANSPLANTED
Donor — Host

474 14 16 16 - 21 5 days

480 - 15 . 16 16 - 19 5 days

484 14 16 15 - 21 4 days

557 17 R Y 16 - 20 5 days

558 17 18 16 - 21 6 days

561 17 18, . . 16-20 3 days

562 19 . 18 16 - 20 _ 3 days

584 14 15 15 - 20 Stage 17 (2.5 days)
587 20 19 - 15 - 20 ) 25 (4.5 days)
588 19 ; 19 16 - 20 17 (2.5 days)
592 16 o 16 16 - 19 27 (5 days)
602 15 ‘ 16 - 16 - 18 16 - 17 (2.5 days)
604 18 _19-20 18 - 20 16 - 17 (2.5 days)
613 ) 16-17 17 18 - 20 19 « 20 (3 days)
619 20-21 - 19 18 - 21 ‘ 28 (5.5 days)
643 21-22 - 19-20 19 - 22 16 (2.5 days)
645 17-18 17 17 - 20 16 (2.5 days)
685 20 20-21 16 - 20 21 - 22 (3.5 days)
686 17 18 16 - 20 19 - 20 (3 days)
689 16 16-17 16 - 20 32 - 33 (7.5 days)
709 17 17 16 - 20 16 (2.5 days)
722 19 21 16 - 20 33 - 34 (8 days)
833 19 21 17. - 19 17 (2.5 days)
855 22 22 18 - 19 " 19 - 20 (3 days)
907 21 20 15 - 20 . . 14 (2 days)
1070 16 _ ‘ 16 16 - 20 20 (3 days)
1137 18 19 16 - 19 24 - 25 (4 days)
1168 16 19 17 - 20 .26 - 27 (5 days)
1184 18-19 18 16 - 19 24 (4 days)
1185 16 17 16 - 19 23 24 days
1189 18-19 19 16 - 19 20 (3 days;
1218 17-18 17 16 - 20 18 (2.5 days)
1219 . 16 17 16 - 20 28 (5.5 days)
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TABLE 7

oo

DISTRIBUTIONAOF CHIMAERAS IN TABLE 6 WITH RESPECT TO .
DEVELOPMENTAL STAGES

Stages of Development Numbers of Chimaeras Analyzed
15 = 17 ‘ 9 )
18 - 20

8
21 - 25 6
26 - 30 8
31 - 34 2
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Figure 34

Cross-section through the brachial level of a stage 15 chimaera
that received a graft of quail brachial somites at stage 13.

A. Somite. The grafted somite is undergoing the appropriate
morphological change in a normal manner. D: dorsal wall S: developing

sclerotome.

B. Limb bud. A few quail nuclei {arrows) can be seen in the somato-

pleure. S: somatopieure Ec: ectoderm

r——
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Fiqure 35

Cross-section at the leve] of the wing bud of an early stage 17
chimaera that received a graft of quail brachial somites at stage 13.

A. Somite. The myotome layer is not yet fully formed. The entire
somitic mesoderm is made up of quai{ cells. S: somite N.T.: neural tube.

B. Limb bud. Quail cells (indicated by the arrows) are present

in the limb bud in small numbers.
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A. Cross-section at the level of the wing bud of a stage 20 chimaera

Fiqure 36

that received a graft of quail brachial somites at stage 13. G: grafted region.
8. Limb bud of A. Quail cells (arrows) are seen in the limb bud

in much larger numbers. They are found in‘all regions of the limb.
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Stage 23 (Figure 37)

Qua11 cells in the 1imb bud appear to be migrating away from the central
area of the limb, where cartilage will form. This central core is now
composed targely of chick cells and is not vascularized. Blood vessels,

Tike the quail cells, are found in more peripheral areas of the 1imb bud.

- A number of quail cells are also found in the body wall medial to the

Timb. No quail cells are found in posterior levels.

" Stage 24

Pre-chondrogenic areas in the som1te and wing are obvious, a1though

chondrogenesis has not begun. No qua11 cells are found in the pre- chondro-
genic areas of the Timb. They are restr1cted to the myogen1c regions.
For the first time, quail cells can be seen in the body wall caudal

tc the Timb.

- Stage 25 (Figure 38)
The dorsa] and ventra] myogenic masses are evident. inthe 1limb bud.
A1l quail cells in the 11mb are restr1cted to these two masses. More gquail

cells are evident in the body wall ventraT and caudal to the wing.

Stage 26 (Figure 39) |
The pectoralis primordium is clearly seen extending from the Timb near
fhe‘ﬁumergs into the body wall, which buiges outward below the wing. No
myotubes can be seen yet.
The pecforalis’minor muscle is represented by a very few quail cells 1in _
- the mgdia1 body wa11: Although other individual musclie primordia cannot be
recognized,in-the‘1imb on tﬁe unoperated side, the distribution of quail cells

in the‘ifmﬁ'on the operated side shows that several muscle primordia have -
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’ predominantly in periﬁhera] regions of the 1imb (encircley). The central

region is nearly. devoid of quail cells. C: central regifn; P: peripheral
. o0t A . . . .

Figure 38
Limb bud from a cross-section of a stage 25 chimaera that received a

-graft of quail brachial somites at stage 13. As in stage 23, the quail cells

LN

_are most prevalent in periphefa1 myogenic areas {encircled), and the central

chondrogenic core is of host origin.

ca-
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split away from the dorsal and ventral myogenic'masses. The two masses
have now -become five, representing the pectoralis, biceps, triceps, deltoid,

and latissimus dorsi.

Stage 28
Al muscles are 1arger an& more distinct.than before. -Qdai] cells are
present in all the muscle primordia, the vertebrae, the scapula, and the

dermis of the skin of the back.

Stage 32 - 34 (Figure 40) .

In all muscles, spaces are present between myotubes, allowing the obser-
- %
vation that quail cells are restricted to the myotubes, while the connective
tissue is composed of chick cells. The two parts of the pectoralis major

muscle are separated by connective tissue of chick origin.

Discussion '
The_resu1ts of this study show that cells begin migrating from the

graft within é few hours after the operation and before the somatopleure thickens
to form the Timb Qud. When the 1imb bud appears, all graft cells that have
migrated peripherally are contained within it. Graft cells in the stage 17
T1imb are very few in number but are found in all regions of the mesoderm.
Many more are present at stage 20. (It is not pessible to determine from

. these .r‘esu'lts whether the quail cells increase in number by preliferation
or by migration from the somites). Between stages 23 and 25, the quail cells
become restricted to peripheral regions of the Timb where muscle will form.
At the same time the prospective muscle-forming areas become more vascularized

than the prospéctive cartilage forming areas.

. The pectoralis primordium is recognizable as 2 distinct entity by stage
26, al h quail cells that probably contribute to it are seen in the body
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Figure 39 | .

Pectoralis major muscle (encircled) from a cfoés-section of a stage
26 chimaera that received a graft of quail prachia1 somites at stage 13.
This is the earliest stage in which the primordium of this muscle can be
recognized. It consists of a mesenchymal condensation of quail (arrows) -

‘and chick cells. There are no myotubeéxpresent.

Figqure 40

Pectoralis major muscie from a stage 34 chimaera that received a graft

.

of quail brachial somites at stage 13. Quail cells {arrows) are seen in

-

association with myotubes. Connective tissue cells are primarily of host

origin.
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wall medial to the 1imb by stage 23. By stage 24,.qUai1 cells are ﬁeeh cau-
dal to the limb. This means that cells are m%grating to levels more
posterior than the graft Iéve1. Myotubes are present by stage 28. As the-
muscle primordium grows larger, it continues to extend both ventrally and
caudaT]y. By stage 34, quail cells from the grafted somites have ﬁigrated
a.considerable distance away‘from the graft level. This is also true,
though to a lesser extent, of cells in the pectoralis minor and posterior
Tatissimus dorsi muscles.

The correlation between blood vessels, graft cells, and muscle differ-
entiation seen in the limb from stages 20 - 25 may have relevance to studies
of cell Tineage. It has been suggested, and widely accepted, that 1imb
bud mesoderm is a'homogéﬁou§ population of undifferentiated cells that
become committed to a myogenic or chondrogenic lineage during a short but
specific time period (Medoff, 1967; Iwilling, 1968; Searls and Janners,

1969; Finch and Zwilling, 1971). According to this hypothesis, prior to

stage 22, each cell in the limb is capable of differentiatiﬁg as muscle or

as cartilage. Betﬁeen stage 22 and 25, local epvironmenta] factors influence h
cell expression such that the cells differentiate as muscle in peripheral
areas and as cartilage in the center of the 1imb (Caplan, 1870). The environ-
mental cues responsible for phenotypic expression are thought to be metabolic .
gradients established by differential vascularization between myogenic

and chondrogenic regions of the 1imb {(Caplan, 1972). The uniform vascular
network of early 1imb bhds gives way to a v&scu]arized periphery.and an -
avascular core between stages.ZO and 24, just prior to overt cell differenti-
ation (Caplan and ?outroupas, 1973). This differential vascularization is
‘be1iéveﬂ to result in a high concentration of metabolites in peripheral areas,
a condition that favours muscle differentiaf%on, and a low concentration of
metabolites in central areas, which fiiahrs cartilage development.

: N i

NN
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Such studies have been criticized on the grounds that they do not
rule out the possibility that 1imb mesoderm is a heterogeneous population
of commi tted ‘myogenic and chondrogenic cells. Local environmental conditions
wauld then favour selective migration or proliferation of one cell type
over the other (Dieﬁstmann, Biehl, Holtzer and Holtzer, 1974; Newman, 1977)}.
. My results lend support to this possibility. The limb bud mesoderm of the
chimaeras is heterogeneous from the beginning, containing chick cells that
form cartilage and quail cells that form mﬁsc1e. My observations confirm
those of Caplan and Koufroupas (1973), that myogenic cells are found in well
vascularized areas. However, in my chimaeras, the cell population that con-
téins the myogenic cell line can be'recognized at earlier stages becahse
they are also quail cells. These cells accumuiate in specific areas of
the 1imb before overt muscle differentiation occurs. It is therefore possible
‘that cells of somitic origin are committed to a myogenic Tineage from the
time they enter the 1imb bud and are a;tracted to appropriate regﬁons by
environmental cues - conceivably the vascular system - before the final
stages of differentiation. .

An alternative exp1anationfmight be that quail cells are attracted to
peripheral regions, not because they are nwogeﬁ%c cells, but because they
are quail cells. It is conceivable that quail cells could be more strongly
attracted to vascularized areas than chick cells, and that this would acc;tﬁt
for their predominance in muscle. If this wefe the case, in somatop]eure‘
transplants of quail to chick at stage 13, chick—sells from the somites
entering the quail Timb somatopleure would Tikewise be exciuded from musclefg
The 1imb muscle would be formed from quail cells, whether the chimaera con-
" sisted of quail cells migrating into chick somatopleure or ch{ck ceils mi-
grating into quail somatopleure. In somatopleure transplants, however, chick

cells that migrate into the graft during 1imb formation are found exclusively
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in muscie, while the cartilage is formed from quail cells (Section 2;
Beresford, Le Eievre_, and Rathbone, 1978). Somatopleure transplants,
therefore, ;pnf‘irm the results of somite transplants that somitic cells
form 1imb muscles, and these results strengthen the hypothesis that somitic
cells are committed to a myogenic lineage from the time that they enter

the 1imb.region.
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SECTION 5
THE _ORIGIN OF THE MYQOTOME AND ITS RELATION TO MUSCLE DEVELOPMENT

Introduction

As descrfbed in the Introduction and in Section 1, the‘somite s
originally an epithelial sphere that subsequen;ly becomes divided into:
1) a ventral mesenchymal sclerotome that forms cartilage; 2).a 2-layered
dorsal Iame11a, with (a) an oufer Tayer or dermatome, which forms dermis,

and (b) an inner layer or myotome, which forms skeletal muscle. It has

generally been accepted that the myotome layer arises by proliferation and
migration of cells from the edges of the dorsal wall of the primary somite
(Lillje, 1908; Williams, 1910}. However,.a descriptive study by Mestres

and Hinrichsen (1976) suggested that the myotome was formed by an aggrega-

tion of sclerotome cells, implying that the myotome ariseﬁ-from the ventral

wall of the primary somite.

As interesting as the question of the origin of the myotome is the questio;
of its fate. Previous investigators who supported 2 somitic origin for
sketetal muscles (see Introduction) assumed tpat the myotome layer was
the source of the myogenic cells that migrated inmto the lateral mesoderm. An
alternative hypothesis suggests that these migrating cells may originate from
the sclerptome (Elizabeth Hay, personal communication). In the secondary
configur:SHon of the somite, the myotome consists of a layer of epithelium
in which the cells ére held firmly td one another with 11tt1é space or
extracelluiar matertal between them. The sclerotome, on the other hand,
consists of mesenchyme, a spongy tissue in which the cells are held together
loosely and which might therefore be more likely to give rise to migrating
cells. |

Therefore experiments were performed in order to determine:-

1) which partof the primary somite forms the myotome of the secondary somite;

2} whether or not the myotome gives rise to peripheral muscles, and thereby
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deteruiine which part of the frimary somite gives rise to peripheral muscles.

In order to carry out this study, transplants of parts of somites at
stages 14 and 18 were carried out. At stage 14, when the somite is an
epithelial sphere, the upper halves bf somites 16 - 21 were transplianted
from quail to chick. Some of these chimaeras were analyzed at stage 17 - 18,
to determine which layers of the secondary somite are derived from the
dorsal walls of the primary somite. Further chimaeras of this type were
allowed to develop to stage 35 (9.5 days), in ofder to determine the con-
tribution of,:gz dorsal halves of the somites to peripheral musc]es.'

At stage 17 - 18, the upper halves of somites 16 - 21_were.again trans-
planted; at this stage the graft'wou]d include the dermatome and myotome.
These chimaeras were allowed to develop to stage 35, to determine the contri-
bution of the dermomyotome to peripheral muscles.

The results of these studies led to the decision to perform limb-bud
transplants at stage 18. These chimaeras were allowed to develop to stage
35 in order to determine the contribution of the limb bud to the pectoralis
muscle. ‘

In addition, extirpations of somite dorsal walls at stage 14, dermomyo-

tomes at stage 18, and 1imb buds at stages 17 - 18 were carried out.

Results and Discussion

1. Dorsal Wail Graf:s

Operations
Twenty-three-chimaeras were made in which the dorsal walls of somites
16 - 21 were transplanted from quail to chick at stage 14. Two 0f these
chimaeras were analyzed between stages 17 and 19 to determine the contribu-
tion of the dorsal wall %o the myoiome. of fhe remaining 21 chimeeras, only
two survived to stage 35 (9.5 days). These were analyzed to determine the

contribution of the dorsal wall to the peripheral mustles.
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Eleven chick embryo controls were subjected -to removal‘of‘the.ddrsal
walls of somites 16 - 21. No quaé] tissue was tfansp]anted in their place.
Two were analyied at stage 17 - 18 to determine ;hethef a deficiency in
the somites was evident. Of the others that were left to develop to a

later stage, only one survived to stage 35.

Observations

Two chimaeras that received grafts of the upper half of somites 16 -
21 at stage 14 were—fixed befueen stages 17 and 19. In both cases, the  \
dermomyotome of the somites were of quail qriéin, while the sclerotome was
chick (Figure 41). These results gupport the prevailing view that the dorsal
wall of the primary somite forms the'myotome. In these chimaeras, a
few quail cells were also found in the limb bud. These were assumed to be
myogenic cells that had migrated from the graft, as is seen in whole somite’

- -

transplants.

The results of dorsal wall removal are consistent with the resuits of
dorsal wall transplants. At stége 20, one day after fhe removal of the
upper walls of the somites, no dermomyotome is prgsent (Figure 42). The
ventral wall has giveh way to the mesenchymal sclerotome. These resuits

support the view that the dorsal wall of the primary somite forms the dermomyo-
- tome, and the ventral wall forms the sclerotome.

Two chimaeras that received grafts of the upper walls of somites 16- 21
at stage 14 were fixed at stage 35 (9.5 - 10 days). The analxéis of these
chimaeras showed an abundance of quail cells in a1l of the muscles of the
wing and shoulder girdle. Although the quail cells in the muscles were not
counted, it is apparent that the mejoritly of the nuclei within thg myotubes

are of quail origin (Figure 43).
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Figure 41 -
‘Cross-section of a stage 19 chimaera that received a graft of the _
dorsal halves of quail somites 16 - 20 at‘stage 13 - 14. The dermatome

(D} and myotome (M) contain quail cells. The scierotome (S) contains

chick cells. i ) ' )

-Ficure'42

Cross-section of a stage 20 chick embryo from which the dorsal hatves
of the brachial somites were uniiaterél]y removed at stage 13 - 14. The
somite is normal on the unoperated side (U). On the operated side (0),

there is no dermomyotome. All other structures appear to be normal.
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These results suggest that the dorsal wall of the primary somite is -

: the source of the skeletal musculature that derives from the som1te._ Even

though there.are no apparent d1fferences between ce]ls in. the dorsal wall

of the somite and those in the ventral wa11, 1t :s the cells in the dorsal

wall that are destined to give rise to derm1s and muscle wh11e the ventral

wall is destined to form cart11age ; e
- _ One embryo- from which the dorsal walls of somites 16 - 21 had been

removed at etege ]Q surviyed to stage 35. The ena]ysis of this embryo

showed no deficiencies as a result of the operation. Like the control -

embryos from which whole somites had been removed (Section 2); all muscles

in the wing and shoulder were present and apparently normal.

~

|
2. Dermomyotome Grafts

Operations p -

Twenty chimaeras were made that consisted of a graft of the dermomyo-

‘tomes of somites 16 - 21 from quail to chick at'stage 18 EZ.S'days;.BZ - 36

somites). Only two survived to stage 35. They were analyzed to determine

the contribution of the-dennomyotome:to the peripheral muscles.

Tenh chick embryo controls were subjected to removal of the dermomyotomes

Ay

of somites 16.- 21 at stage 17. Only one survived to stage 35.

-

Observations

- Two - chimaeras that received a graft of the dermomyotomes of somites 16-.

© 21 survived to stage 35. In these chimaeras, the iniervertebral'muscles

. -were derived from the graft. However, quail cells were not observed in- any

- -

of the peripheraI muscies of the wing, body wall, or shoulder girdie. - All

. of the wing and wing-associated muscles were composed offchick cells

(Figure 44). This result suggests that the myotome does not contain the

primordium of peripheral skeletal muscles.
: AN
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. Figure 43

Pectoralis major huscie in a cross-section of a stage 35 chim;era
that received a:graftzof the dorsal walls of quail brachial somites at
éfagé714. Most ‘if not all of the nuclei associated with mythbes are
quafl‘nuc1ei. The connective tissue cells are chick cells. Compare
with Figure 40. MWith respect‘to-this muscle, transplanting the dorsal
walls of the brachial somites is equivalent to tfansp]anting entire,

intact brachial somites. gq: quail cells ¢: chick celis.

Figure 44 ' ¢
Pectoralis major muscie in a cross-section of a stage 35 chimaera
that received a graft of the dermomyotomes of quail brachial somites at

stage 17. Both muscle and connective tissue are derived from the chick

host.

/
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The primordia of all skeletal muscles at the brachial level are
‘c1ear1y in the somites at stage 14 (Sections 2, 3 and 4). More specifically,
‘the. primorida are in the dorsal walis ‘of the somites. The dorsal walls '
of the stage 14 somites give rise to the myotomes of the stage 18 somites.
They also give rise to all of”thg muscles of the wing and thorax in the

stage 35 embryo. Yet the myotomes of the stage 1€ somites do not give ri§e

-

to .these peripheral muscles.
Assuming that the results of the dorsal wall grafts and of the dermomyo-
tome grafts are representative, it is possible that the ce]is desfined to
form the 1imb and thorax muscles migrate from the somite into the 1imb
somatoplieuric mesoderm between stage‘14 and stage 17, and that no further

migration from somite to 1imb occurs after stage 18.

3. Limb Bud Grafts )
Operations i |
To test the above hypothesis, 1{ﬁb buds were transp]anted_from quail
to thick at stage }8. Twenty-nine stage 18 limb transplants were performed,
of which 8 survived to stage 35r Thirty control embryos were subjected to

wing bud removal at stage 18, of which 8 survived to stage 35.

Observations

The chimaeras were analyzed at stége 35. A1l structures of the limb,
both muscle and cartilage, were derived from the graft. In addition, all
wing-associated mu;cies, including the’peétoraIis-major, pectoralis minor,
anterior and posterior latissimus dorsi muscles, were of quail origin. Botﬁ
musclé and cohnective tissue were derived from_the graft (Figure 45). These
results indicate that after stage 18, there is little or no migration of

myogenic cells from the somites to the iimb.
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Although all musclies and cartiiaginous elements were present in

these chimaeras, in every case the thorax was open. The two halves of

the sternum had not.succegsfulfy met énd fused down the ventral midliine.
This observation indicates that the graft may nbt have healed properly, and
therefore May have interfered with the normal migration of cells from the
host somites into fheldonor limb. Young embryos are known to be capable

of regulative activiz; to make up for deficiepcﬁes. It is pdsﬁib]é‘that‘
if the gréft did not heal properly, the cells within the graft were effect-
ively isolated. The myogenic cells present in the Timb would be required

to form all of the muscles, even though normally they would be joined by

others'migrating into the 1imb from the somites. This latter possibi]ity

would require that the 1imb bud at stage 18 is cdpable of complete differenti-

ation, although normally it is not required to do sO.

The above interpretation of the T1imb bud results appears unlikely in oL
view of the fact that there is evidence that the grafted limb per se did heal
properly. In particular, on the dorsal side of the graft, host and donor
tissue attach to one another ﬁorma]ly (Figure 46}. Mdreover, graft-derived

~——
muscles that attach the grafted limb to, the host, such as the ALD and PLD,

were normal -in al1 chimaerds. There were, in short, no abnormalities in the

embryos on thexdorsal sufface of the graft. On the ventral surfacg where the
graft attaches to the host body wall, there is further evidence that success-
ful healing did occur. The pectoralis major and minor muscles, of quaﬁ]
origin, were attached to the sternum, which is chick (Figure 47). It therefore
apbears most 1ikely that the graft did heal as expected but that the chimaera
developed abnormally after healing took piacé. Possibly the gquail donor -

tissue was not capable of growing at an acceptable rate to permit the sternum

of the operated side to meet its counterpart in the ventral midline.

-

7
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Figure 45
Pectoralis major muscle in a cross-section of a stage 35 chimaera
that received a graft of a quail wing bud at stage 17. The entire muscle,

including connective tissue, isof quail origin. Compare with Figure 26.

Fiqure 46

Shoulder region in a cross-section of a stage 35 chimaera that receiyéd
a graft of a quail wing bud at stage 17. The ALD muscie is derived from
the grafted tissue and attaches in a normal manner to a host vertebra. The
scapula(s) is derived partly from grafted tissue and partly from host
tigsue. ‘Two muscles (M} that_are derived from the host attach the scapula

to the host vertebrae in a normal manner.
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Figure 47 ’ _ , -

Pectoralis ﬁaipr muscle from a cross-section of a stage 35 chimaera
that received a graft of a quail wing-bud at stage 17. The pectoralis
major muscle is derived from the grafted tissue. It attaches ventrally
to cﬁnnective tissue of hosf origin that is associated with the host

sternum. M: muscle C.T.: connective tissue.
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Eight embryos that had been subjected to limb bud removal at stage 18
sd;vived to gtage 35. « In every césé, there was no limb and the muscles
normally associated with the pectoral gi?ﬁ]e were absent.

The results of the 1imb transplant and limb rempval studies support
the hypothesis that éfter stage 18, there is no further migration of myo-
genié cells from the somites to the 1imb bud. The entire migration occurs
between stage 14 aéd stage 18.

In summary, the results of the dorsal wall, dermomyotome, and 1imb bud
studies demonstrate the following:

The cells that are destined to give rise to the muscles of the wing
and shoulder girdle are located.ig the dorsal walls of somites 16 - 21 at
stage 14, when these somites are in their primary configuration. Between
stage 14 and stage 18, as the ventral walls of the primary somites form the
mesenchyme of the sclerotome, the dorsal wails give rise to myogenic cells,
some of which migrate into the adjacent somatopleuric mesoderm, and some of
which reqain in the somite to form the myotomal layer of the secondary somite.
By stage 18, when the change from the primarj-EO the secondéry configuration
is compliete, the migration.of m}ogenic cells into the 1imb mesoderm has ended.
The mydtoma] layer of The somite will ultimately give rise to the inter-
vertebral muscles. The myogenic cells in the 1imb mesoderm will give rise to
all of the muscles of the 1imb and shoulder girdle. -

These conclusions provide an explanation for the controvefsy in the
literature regarding the origin of skeletal muscles in the chick. Uhen
Saunders (1948) marked the brachial somites of 2.5 - 4 day embryos, he sub-
séduent1y found no carbon particles in per%pheral tissues. He concluded
that somites do not contribute to limb structures. My results suggest that
the somitic contribution to the timb {g complete by 2.5 day§. Saunders,

therefore, marked the somites after the migration had occurred.
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This argument can similarly be applied to the study by Straus and
Rawles (1953). These investigators were concerned with the origin of trunk
‘ muscles and did not study the 1imb, but Tike Saunders, they berformgd their
experiments’ at 2.5 - 3.0 &ays of development. Their studies showed that
somites did not contribute to the peripheral muscles and that the somatopleure
contained myogenic¢ cells af the time of the marking. If abdominal musctes
are derived from somites irn a manner s%mi1ar to 1imb muscles, these experi-
ments, like Saunders, were performed after the migration of myogenic ce1fs
from somite to somatopleure had been completed. |

On the other hand, Seno (1961) performed similar experiments on 2;0 -
2.5 days jg_é!g_embryos. His results showed a somitic contribution to ab-
dominal muscles. He atfributed the difference between his results and those
of St}aus and Raﬁies to a difference in_the techniqﬁe of applying carbon particies
to the tissue in quesfion. However, his results would be expected if the
migration of myogenic cells from the somites into the somatopleure was-
occurring at this time. ‘

Perhaps the most important point that these results emphasize is'that the
- timing of such experiments is crucial to thé outcome. If an experimentor
wishes to study the contribution of somites to 1imb muscles in the chick
embryo, the appropriate time to perform his experiments is not when the Timb
bud forms, but when the 1imb somites form. This point should be kept in
mind when interpreting the resuits of similar experiments on 2ll classes
of vértebrate embryos. My results and those of others working on the
chick embryo (Christ et al., 19742, b; 1977, 1978; Chevallier gt al., 1977,
1978} show that skeletal muscles in birds are derived from somites. This
may be the case in amphibians, reptiles, and mammals also. A11 of the
experimenta] results mentioned in the Introduction that have been interpreted

to show a somatopleural origin for skeletal muscles are consistent with

o
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the hypothesisAthai myogenic cells migrate into the periphery over a

short, specific time period that begins as soon as the somites are

formed. If the experiments are performed'after this migration has occurred,
thé results will’ show that the somatopleure can give rige'to muscle.
However, if the expériments are perférmed before this migration takes place,
the results will support a somitic origfn for skeletal muscie.

Several other investigators have attempted to define the period of migration
using descriptive studies. There is general agreement among them that cells
leawve the somite and enter the somatopleure up to stage 18 {(Grim, 1870;
Gumpel-Pinot, 1974; Christ et al., 1976; Jacob et’al., 1978; see page 180 for
these referencés): My resuits are consistent with this view and are, at present,

the only, experimental results that have established an end point. -




FINAL DISCUSSION

150

‘:.1



151

DISCUSSION

—

The embryonic origin and formation of the pectoralis major muscle
have been_iqvgstiééted in interspecific chimaeras between quail and chick.
My observations are as follows: |
1) The in ovo transplantation of quail brachial somites orthotopically
into chick embryos at stage 13 ieads to the apﬁearancé, at stage 35, of
quail nué]ei in the pecioralis majo} musé1e, as well as in all the other
wing and shoulder muscles on the operéted side. Quail nuc1éi are found in and
. associated'with myotubes. The conhective tissue of the muscle is made up
of chick cells (Section 2}. )
.2) The in ovo transplantation of any one of somites 16 - 21 orthotopically

from quail to chick at stage 13 leads to the appearance, at stage 35, of

quail,nucléi'within some of the myotubes of the pectoralis -major muscle.

- : Tﬁg majority of thése quail nucley are restricted to one region of the

) -husc]e; The'regﬁon-oc;upied by ‘the quail n;clei is dependent upon the
:somite‘tha; is transpianted. The transpTgntation of somites anterior to
somite 16 o% posterior fo somite 21 results in a pectoralis major muscle con-
sisting entirely af chick cells (Section 3}. ’
3)‘.The,iﬂ_g!g_transplantation of quail brachial somites orthotopically into
chick embryos at-stage 13 leads to the appearance of quail cells in 1imb
somatop}eure'és early as stage 15. The number of quail cells in the 1imb
neéode?m increases at each stage of development. From stage 23 onward,

it is apparent that quail cells are yestricted to the myogenic regions of
the.Timb and body wall. Overt muscle differentiation begins at approximately

stage 27 - 28, when mononucleated cells of quail origin fuse to form multi-

nucleated myotubes. By stage 35, the two halves of the sternum have met
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and fused in the ventral midline of the embryo, S0 that the pectoralis

major muscle, and the other wing and shou]der musclies, have reached their

def1n1t1ve pos1t1ons (Sectxon 4}). |

4) The.1n ovo transplantat1on of the upper {dorsal) halves of somites

16 - 21 orthotop1cal1y from quail to chick embryos at stege 13 leads to ’

the appearance of quail ce115 in the dermatome and myotome of the somite _5‘

et stage 17. A few cuei1 ce1ls.are also seen in the 1imb bud mesoderm.

‘ when:similar chimaeras are allowed to develop to stage 35, quail cells

are tound primarily associated with the myotubes of the'pectoralis major

muscle, as well as all the muscles of the wﬁhg and shoulder .{Section 5).

5) The jg_ggg_transpfantation of the dehmomyotome,of somites 16 - 21

orthctéhica11y from quail to‘chick embryosAat Stage 18 results in a pectoralis

major'mhscle coneisting entirely of chick cells at stage 35. All cther

wing and shoulder nusc]es are also composed entirely of chick ce1ls The

only muscles that contain quail cells are the intervertebral musc1es at

the graft level (Section 5).

g) The iﬁ_égg_transp1antation of the wing bud orthotopically from quail to

chick embryos at stage 13 leads to the appearance, at stage 35, of quail

~cells in both myotubes and connective tissue of the pectoretis majoh-musc]e.

This muscle and all other wing and shoulder muscies, as well as all cartilag-

ihoqs elements of the wing, are composed exclusively of;quaf1~ce115.

(Section*S).‘ '

Theselobservetions Jead to the following conclusions: Cells that

are destined to form the skeletal muscles of the brachia1 level, including

' the pectora11s maJor are 10cated in the dorsal walls of the somites 16 - 21

at stage 14. Between stages 14 and 18 (2 - 2.5 days in ovo), myogentc ce]ls

migrate from the dorsaT‘yaTT in two d1rect1ons.” 1) ventheTTy, where they

will form the myotomal layer of the somites and ultimately the intervertebral .

"
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- muscles, and 2) laterally into the limb mesoderm, where they w111 fonn'
" the wing and wnng-assoc1ated peripheral musculature. Each somite plays
a unlque role in the formation of the brach1al muscles The myotomal

layer of the somites does not contr1bute to per1pheral muscles

validity of Technique

The above conc]usidns are based on the p}enise-that quail tissue develops
in the chick host in precisely the same manner as “the chick t1ssue that ;f~;:
it replacés, prov1ded that (1) the donor and host are at equ1va1ent stages
of deveTopment; (2) the grafted tissue is placed in the same region of the
host as the region of the donor from which it.wes removed, i.e. orthotopically,
gndiﬁfﬁ) the original dorsoventral, anterior-posterior, and medio-lateral
orientations of the tissue %ge retained during the grafting procedure.
) There is one publication in the:literature that calls into question the
validity of quail tissue as a marker for developing tissue in the chick.
. In this study {Chevallier, Kieny and Mauger, 1977), the originof Timb
nuscles was inyestigated by grafting quail somites into chick hosts and vice
< versa. According to the authors, when quail somites were grafted to chick
_hosts, all the nuclei in the myotubes of the wing muscles were quail

® nuclei; but when chick somites were grafted to quail hosts, the muscles con-

tained a mixture of chick and quail nuclei, and some muscles were T

entire1y by quail cells. The authors specu1ate that, since quail embryos
take -16 days to reach hatching and ch1ck embryos take 21 days, qua11 tissue
may have an intrinsically faster rate of development than chick tissue.
Quail ceT]s‘in both ‘chick and quail hosts would begin to form muscle
eatlier and "prematurely occupy available spaces" (Chevallier et al., 1977).

This phenomenon has been encountered in grafting experiments in insect

P : -
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k4 embryos (Morata énd ijoll, 1975) and in some mouse aggregation chimaeras
( Peterson, 1978). . In both'cases, ceils from one source bédome dominént‘
in one or hore tissues. Chevallier ggggl:‘(1977) suggest that this may be
otcurring in theirechick-quail chimaeras. The-evidénce they provide in
;upport'of this hypothesis consfsts of three photographs of skeletal
muscles showing a mixture of chick and quail nuctei i:lthe myotubes.
These muscles were found in one ch1maera that con§*§;ed of a heterotopic
graft of chick leg somites to the wing level of a qua11 host.
The suitability of this chimaera as evidence for the hypothesis discussed

above is doubtful for two reasons:

1) According to the figure legend accompanying the photograph (Chevallier
et al., 1977, Figs. 10 - 12),lprospective.wing somites 16 - 20 were removed
from the quail host, which had 15 pairs of somites at the tjme of the oper-
ation; and replaced witﬁ prospective leg somites 26 - 32 from the chick Y
dono;i'which had 19 pairs of éomiteg. It is questionable whether. the donor
tissue was -developmentally equivalent to the tissue tha$ it replaced.
Somitic mesoderm that is n;t\fcheduled to develop som1tes for many hours

. may have a reduced capacity ﬁo'give rise to-m¥grating myogenic cells when

it is placed at a developmentally more advanced 1evel. -

2) Previous studies by members of this same group of investigatots‘(Kieny,
. Mauger and Sengel, 1972) have shown thax the cartilage derivatives of
somites are determined in the somitic mesoderm before.the somités form and
cannot be altered by gra%ting the sohific:mesodenn to a different level.
Therefore, heterotopic grafts of leg somites’to‘the wing level must have
resulted in cartilage derivatives that were inapprOpriate for the wing level,

although ‘this is not mentioned by Chevallier et al. (1977). My own studies

have shown that structural abnormalities at the level of the graft often
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reqéit in a reduced participation of graft-derived ce115 in the musc1es
derived from that Tevel (Section 2). The reduced part1c1pat1on of leg
somites in the formation of wing muscles’ observed by Chevallier et ai. (1977)
cog]d be explained by the presence of atypical cartilaginous structures. “

It is worth repeating in this context.ﬁmat in numerous'Studies pérfor-
med by Le Douarin and her colleagues (see Introduct1on), involving chick
embryos that received grafts of quail tissue and qua11 embryos that rece1ved
~ grafts of chick tissue, the results of both types of ch1maeras were the
same. There was no indication that quail celis had a developmental ad-
~ vantage over chick cells.

In thé absence of we11-docuqented evidence to the contrary, and in
view of the.careful studies carried out by the originator of the techmique,
the valid{ty of quail somites as a "biongical“ marker in chick hosts has

" been assumed throughout the course of the present investigation.

Relationship between Somites and Skeletal Muscles: Recent Investigations

During the course of the study presented in this thesis, a number of
publications appeared that confirmed and extended the studies by Christ et
al., (1974 a, b) showing a somitic orfgin for wing muscles. Christ, Jacob
and Jacob (N977) reported their earlier studies in a moré compiete form
and added the results of somatopleure transplants that, 1ike those dogk
by Christiane Le Lievre {discussed in Section 2); show that wing somato-
pleure forms the carti]age and connective tissue, 5ut not the muscles of the
w1ng. The study by Christ et al. (1977) was carried out using both somite ”
and somatop1eure grafts of qua11 to ch1ck the 1nab111ty ‘of the somatopleure
to develop muscle was further tested by graft1ng quail wing somatopleure

into the intra-coelomic cavity or onto the chorio-allantoic membrane of a

chick host. The results led the authors to conclude that the wing somato-
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pleure at stage 12 - 13 in ovo is incapable of forming skeletal muscle.
Another group hﬁs published the results of similar studies that were

designed to test the role of the somite in the formatibn of wing muscles

(Ché§a11ier, Kieny and Mauger, 1977). They too grafted quail brachial

somites orthotopica11y'ipto chick hosts at stage 13.- 14. Their reSul;S,

Tike my own obser@&tions and those of Christléi_gl, (1974 a; 1977), show

that graft cells contribute to the musculature of the wing but that the

cartilage and conneétive tissuq is formed by host cells. Adéitional

experiments by these authors (Chevallier g;_gl;, 1978) inéTuded the replace-

\menf of brachial somites with quail non-somitic tissue,.the destruction

of somitic tissue by X-irradiationm, or somite removal. Somite removal did

not prevent the formation of wing muscles. Replacing somites with a piece

of quail digestive tube also did not prevent thé wing musclies from déve]oping,

and these muscles were entire1y of host-origin. Somite destruction by‘x-

irradiation, however, féd to severe deficiencies in the ying musCu Mgture.

The authors concluded that somites are the source. of the wing musculature

and that the regufaiive ability of the embryo enabled it to develop wing

muscles in the absence of wing somjtes or when these somites had been replaced

with non¥somitic tissue. .
My resu1t§ are in agreement with the somite transplant and somite re-

moval investigationg discussed above. When quail brachial somites are

grafted orthotopically into a chick host at stage 13 - IQ, graft cells are

found in the muscuiature of wing and shoqueEfmusc1es. The removal of

brachial somites from a chick embryo at stage 13 - 14 does not prevent the

- formation of wing and shou]def muscles. |

Christ et al. (1978b) performed transplants of the dorsal walls of pyimany

somites from quail to chick. After two more days of incubation, quail cells

were found in the dermatome and myotome, but not the sclerotome. These
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results, 1iké'mine, substantiate the view that the dorsal wall of the pri-
mary s&mite gives rise to the dermomyotome of the §econdary somite, and.
_the ventral walls form the sc1ero£ome. _

Chevallier (1978) investigated the migration of cells from the somite
into the periphery.' He labelled chfck donor somites with tritiated thymidine
and grafted them orthotopically into chick hosts at stage 13. He found
labelled cells in the somatopleure within a few hours after the transplanta-
tion was performed. His examination of chimaeras at later stages led him
to conclude that cells ho longer migrated from the somites into the
. somatopieure after stage 17. His conclusion is based on the fact that the
dermomyotome was fully differentiated 5y stage 18 and that from stage 18 on-
ward there were no labelled cells in the immediate vicinity of the lateral
edge of‘Ehe'dermomyotome.

The combined results of the dermomyotome_and Timb bud transplants that
I performed on stage 18 eabryos suggest that myogenic cells migrate frdm the
brachial somites to the somatopieure betweengstages 13 and .18, and Ehat by
stége.18, the 1imb bud contains the progenitor cells of the entire muscula-
ture of the Timb. These results are compatible with those of‘Cheva]iier
(1978). |

The results of the brachial somite transplants (Section 2) and, more
partgculariy, of the single-somite transplants (Section 3) have shéwn that
somites-16 - 21 give rise to the pectoralis major muscle and all other wing
and shoulder muscles. This concIusio: is based on the fact that when
any or all of semites 16 - 21 are grafted from a quail to a chick embryo
‘at stages 12 - 14, quail cells ,are found in some or all of these muscles
at stage 35. Furthermore, similar grafts of somites above or below this
‘level result in wing and shoulder muscles that are composed entirely of host

:;e11s.
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In_g recent publicéfion, Chevallier (1979) concluded that the somites
. which gave rise to the pectoralis major muscle are somites 12 - 22 in-
clusive and that all other wing and thorax muscles. arise from somites 12 - 20.
This is a much larger region th;nlmy exE;;;ments inaicate.

As in-his previous studies, Chevallier (1979) grafted quail somites
or somitic mesoderm to chick hosts at 2 days in ovo and analyzed the chimaeras
between 4 and 11 days after the operation. His experiments ccnsisted of
the following series of orthotopic grafts: Somites 10 - 15, 12°- 17,.15 -
20, 17 - 22 and 19 - 26. When he grafted somites 10 - 15, the wfng and
thorax muscles were entirely cowgpsed of chick cells in some chimaeras
while in others the muscles contained a mixture of chick and quéiT cells.
When he gra%ted somites 12 - 17 or 15 - 20, all wing, shoulder and éhorax
muscles, inc}uding the pectoralis, were composed entirely of quail cells
in all cases; These results led him to conclude that somites 12 - 20
give riseato a]]lwing, shoulder and thorax muscles. When he grafted somites
19 - 26, no quail cells were found in any wing and shoulder muscles, but
in a few cases there were quail cells in pectoralis. These results,
and the results of grafting somites 12 - 17 and 15 1.20, led him to conclude
that the pectoralis arises from somites 12 - 22. These results, however,
do not warrant such a conclusion. If somites 12 ; 20 all contribute myo-
blasts to the muscles of the wing, shoulder and thorax, a graft of |
somites 12 - 17 or of somites 15 - 20, whiqh contain only a portion of
this region, should result in a chimaera with at least some muscles composed
of a mixture of chick and quail cells. Chevaliier, however, found that dn'uﬁng
and shoulder muscles were composed entirely of quail. A graft of somites
19 - 26, which contains part of the region that gives rise to these muscles,

should result in a chimaera with quail cells in at least some of the wing
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muscles, but Chevallier found quail cells only in the pectoralis. "A
graff of somites 30 - 15 shodld also result in a mixture of quail and
chiQL in at least some of the muscles; Chevallier had some chimaeras 1ike -
this, but others had no quail cells in the pectoralis, and some had no .
quail ce]ls'in the wing muscles. The author-mékés no attempt to explain
how all of the muscles can arise from a portion of the region that normally
gives risg to them, nor why a group of chimaeras with apparentiy identical
grafts do not all show a similar distribution of quail cells in the muscles.
\H\The results of Chevallier's study can perhaps be understood when it is
éonsidered that his operations inyolved grafting unsegmented somitic
mesoderm rather théﬁ fully formed somites. A1l of the chimaeras shown in
is figure received grafts of unsegemented or partially segmented somitic
mesoderm. This is acéeptab1e when the investigator is interested in finding
the approximate region that gives rise to the structures he is interested
in, but in order to define precisely which somites are_involved, it is
necessary to gréft fully segmented mesoderm. The entire length of unseg-
mented somitic mesoderm that 1ies between the last-formed somite and Hensen's
node at'the caudal extreme of the embryo is refgrred to as the seggeﬁta]
plate. 7The absolute length of the segmental plate increases as deve]ﬁbmgntb
progresses, and yet at each stage, it contains tﬁe potential to form approxi-
mately 12 somites (Packard and Jacobson; 1975). It is therefore difficult

not yet become¥-fully formed, with the possible exception of the most anterior

if not impos;;‘1e to determine the precise position of any somite that has
prospective somite in the segmental plate. It is Tikely that in Chevallier's
experiments, he miscalculated the positions of the more caudal prospective
somites. This is particularly likely to occur when most or all of the
grafted region is unsegmented. Moreover, in some cases, he grafted tissue

from a donor that was not at the same stage of development as the host



160

" (Figure 5, Chevallier, 1979). In such chimaeras, -the donor tissue may
not be deve1ophental1y equivalent to the host. Chevallier's results must

- therefore be interbreted with caution.

Contributions to the Current State of Knowledge Regarding the Origin of

Skeletal Muscle 9

Transplants of quail béachial somites/to chick embryos af stage 13
(Sections 2, 3,'and 4) show that the musculature is derived from somites,
while the-cbnnective tissue is derived from somatopleure. The evidence 1n
favour of a somitic origin for all skeletal muscles in the chick is now
extensive {Christ et al., 1e744, by 1977; 1978a, 5; Chevall}er ;E_gl,,
1977; Chevallier, 1978;‘1979). The present study confirms this, and is in
general agreement with this view; in-addition, it shows that all muscles
of the shoulder girdle fncluding the pectqné]is major are derived from the
six brachial somites. In the case of the pectoralis, it explains the di-
vergent opinions concerning the origin of this muscle. Both Senc (1961)
_and.Pinot (1969) assumed that it arose at the thoracic 1evé1, since this
is the area it occupies in the adult chicken.-Seno's conclusion in favour
of a somatopleural origin.for the pectoralis was based on the fact that
carbon‘particTes placed in. the somatopleure opposite thoracic somites
19 - 28 were subsequently found in the muscle. In all probability, however,
he‘marked the source of the Eonnective tissue of this muscle. ’Célls '
from the brachial somites migrate Iaterél]y, and later, caudally into the
thoracic somatopleure during the deve]ogment of this muscle. Pinot (1969)L
- destroyed somites 21 - 25.. When tﬁe muscle formed, she concluded that
it arosé in the somatopleure; it is likely, however, that it formed from

the undamaged somites 16 - 20.

T
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The present study confirms Sullivan's {1962) observation thqt'
the pectora]is.dévelops at the wing level. Al11 of the muscles considered
in this study attach to the wing. "All of them originate from sohites
aﬁ the wing level. Subsequenf morphogenetic movements may'carry the bulk
of a muscle some distance caudal to the level of origin, but each one
.retains an anatomical attaﬁhhent at the level of its embryonic origin.

" The removal of brachial somites does not prevent formétion of the wing
’énd.shoulder muscles (Section 2). Simi}ar results were obtained by Chevallier
g;__l._(1978). A]thqub'there ére deficiencies at the site of the
operation, more peripheral structures are apparéhtTy normal. These resuits
cou1§ be interpreted to mean that somites are no§ required for tﬁe formation
of peripheral muscles. This was thérconclusjon of Léwis (19190) and Detw;leh
'(1936) in amphibian emb;yos. However, the evidence of quail somite and

somatopleure grafts (Christ et al., 1974a, b; 1977; Chevallier et al., 19775
1978; the present study), somite destruction (Chevallier et al., 1977) .
and the evidence of the ability of intact somites to take over the role
of damaged écmites-(Section 3) all support the view that somites are the
_source of the skeletal musculature, but that development can be'tegu1ated ‘
) .tq_make up for their loss if need be. "It is possible that the situatiqn
is similar in the amphibian embryo. The results of Lewis-(1910)-and Detwiler
(1936) are nét incompatible with this conclusion.

Transplants of the dorsal walls of primafy somites show that this region
'is the source of the dermomyotome (Section 5). This'confirms the prevail-
ing view, and refutes the conclusion of Mestres and Hinrichsen (1976) ~.
that the myotome arises from the_sc1erotome1 - _

The dermomyotome and 1imb-bud transplants at stage 17 indicate that
by this time in development, the migration of myogenic cells from somites
to somatopleure is complete (Section 5). These results suggest an explan-

ation for the findings by Straus and Riw1es (1953), ‘who concluded that



<—%

162 .

o

ventral muscles arise from somatopleure. They marked the somites or

somatopleure of 2.5 to 3 day in-ovo chick embryos. Their results showed
that somit;s formed only the dorsal muscles, while somatoplehre formed -
the ventral muscles. But by 2.5 days ig_gxg, the migration of myogenic
cells from somites\ﬁs somatopleure is complete. There are indegd ﬁyg-

genic cells in the somatoplieure, but they have previously migrated to

this region from the somites. The somites still contain myogenic cells,

but these cells remain in the somite and form the intervertebral muscles.
Similarly, other studies on embryos of other classes of vertebrates
may lead to erroneous conclusions for the same reasons. The situation in

the chick invites a re-evaluation of studies in other classes of verte-

b
brates that employed methods and reasoniqglfimi1ar to those discussed above.

’__f—gggéﬁbiTities for Future Siudies

. N
omite and 1imb-bud transplants between quail and chick embryos have

permitted the location of muscle primordia in 2 to 2.5 day in ovo embryos.
Surgical manipulations of embryos this early in deveTopment is easier

and more successful than at later stages, when embryos are_enveloped 1'n‘f
extra-embryonic membranes and have become highly vascularized. Thé‘infor-
mation about muscle development that has been acquired during the course

of this investigation could be used to study other interesting problems in

development.

1. Environmental influences on‘the pathogenesis of muscular dygtrophy

The'origina1_pufpose of the.present study was to; define the region of
the 2-day ig_ggg_émbryo that gives rise to the pectoralis major muscle.
This information would make it poSsibTe'to.trqnsplant this region betwgen
normal chick embryos and chick embf@os ca(rying the gene for muscuiar

dystrophy, in order to study the effects of early environmental influences
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on the pathogenesis of this-disease. In the normal embryo, the pectorall '
.major muscle derives from somites 16 - 21. Howeier, before the sfgdf’/)r?
described above i;rcarried out, it would be advisabIg to perform grafts

of quail somites 16 ‘- Zliintb dystrophic embryds'at 2 days in -ovo, in
order to determine whether this muscle is derived from the  same region in
the dystrophic as in the normal chick émbryo. Although the probab111ty
that the pectoralis is derived from a d1fferent region in the dystrophic
embnyo may seem remote, it must be kept in mind that normal and dystrophic
cells cannot be distinguished histologically by .any means other than

the phengtypic.expression‘of dystrobhic traits. Since both varieties
belong tb the same species, graft-derived cells in a dystrophic-ndrmal
chiﬁaera will appear identical to host-derived cells unless one type %
expressing features of dystgsphy and the other is not. Moreover, since the
initial abnormality in.dystrophic birds is not known, the possjbi]ity of

an abnormal site of origin of the affected muscles in the‘dystrophic_
animal cannot be ruled ouf.

If the region that gives rise to the pectoralis in the dystrophic
embryo is the same as that in the normal embryo, it would be possible to
transplant the primordium of the pectoralis major between normal and dystro-
_ phic embryos at 2 days in _!g, The muscle cou1d be analyzed subseqﬁentlx__
-for the presence or absence of dystrophic characteristics.

Although differencesrbetwgen normal and dystrophic muscles have bg§n
found in embryos before hatching (Co;mos, 1964; Weinstock and Dju, 1967; -
Stewart et al., 1977) the most definitive differences develop after hatching
when the muscles undé?go functional maturation (Cosmos and Butler, 1967;
Cosmos, 1970). Chimaeras made between normal and dyétrophic eqbryos would )
have to be hatched in order to determine whether the definitive dystrophic

characteristics of a muscle are imposed by the host environment or inherent
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in_theAmuscIé'itsle. Unfortuna;g1y, it hés proven to be:éxceedingly
difficult to hatch embryos. that have been subjected to graftfng procedures
:at 2 days in ovo. It may not be possible to.hatch sufficient numbers
for such an analysis. : . |

The results of-the Tiﬁ@ bud transplants suggest an’ alternative method
of hatching chimaeras; Since the cells that will gi§e rise to the pector-
alis muscle are cdntained.wi;hin the Timb bud at stage 18, grafting limd
buds between normal éﬂd dystrophic embryoéiat this stage is another
means of transplantmng the pr1mord1un of the pectora]1s. Limb bud trans-"
_p]ants are far less traumat1c than somwte tr&nsp]ants and are therefore b
more -Tikely to permxt the chimaers to hatch. If it is desirable to place
the primordiumfﬁ?“fhe muscle in a diffefent’hoét at stage 13 rather than
stage 1§; the somites could be transplanted at stage 13, and the resulting
chimaeric 1imb Bud could be grafteg\fafé second host at stage 18. It would
thus be possible to study almest the entire in ovo and ex ovo development

’ P
of a muscie of one variety of bird in the natural environment of another.

- 2. Environmental influences on muscle fiber tvpe

Grafting of quail somites 16 - 21 to a chick embryo at 2 days in ovo
has been carried out in the ;resent study in order to maguthé origins of
the pectoralis major muscle. Similar grafts could be‘carried out for
another purpose, i.e. to determine the influence of the environment‘on_m
muscle fiber type. In the chick, the pettoralis major is a nearly homogenous
muscle consisting of w:u'te fest-twitch glycolytic fibgrs .(Co;mos, 19655 Cosmos
and Butler, 1967; Cosmos, 1970). In fhe quail, Ahe péctoraTis consists of
two fiber types: fast-twitch glyéolytic and fast-twitch oxidétive-g]yco]ytic
(E. Coémo;?‘personaﬁ communication). The latter fiber type can be distincu-

ished from the former by appropriate histochemical staining procedures.

t is well established that the inn@rvation of a muscle fiber influences
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. its metabolic characteristics (Guth, '1958) In the chicken, the

denervation of a fast- twitch g]yco]yt1c musc]e and its subsequent re-
1nnervat10n by a nerve that norma]Iy 1nnervates a slow tonic oxidative
'muscle, 1f performed soon after hatching, will result in a conversion of

at least some of the fast-twitch g?zgolytic fibers'tq slow tonic oxidative
fibers (Mazliah, Coémﬁs and Butler, 1978). Hoﬁéver, the fast-twitch oxida-
tive-glycb]ytic fiber type seen in the quail is ﬁot;nrsent in‘the pectdﬁa]is of
chickens ¢£. Cosmos, personal communication) If ch1ck embryos that received
grafts of quail brachial som1tes at 2 days in ovo coqu be hatched (as
discussed above} and their muscles analyzed sever§1 weeks ex ovo, after

_ metabo]ic maturation occurs, it would be possibie to determine whether.the
qua11 ox1dat1ve-g1yc01yt1c fiber type could be expressed in the envxronment

of a chick host. If the quail fiber type d1d appear in a quail muscle that
was innervated by chick“neurons, it would demonstrate that this fiber

tyﬁe is capable of expressing metabolic characteristics that are not dictated
by its innervation. Similarly, if quail embryos that'received grafts of
chick brachial somites at 2 days in ovo could be hatched and their muscles
analyzed several weeks 1ater;*it would be possible to determine whether a
quail nerve could direct a chick muscle to express quail fiber type chatgct—

eristics.

3. Cell lineage studies , T

Grafting of quail brachial somites at 2 days in ovo leads to the
appearance o%;quail cells in the limb bud‘by stage 17. At later stages,
these quail cells are invariably found in the fluscles of‘the'wing, while
the cartilage is invariably of host origin. Although overt muscle and 4
cartilage differentiation does not occur until approximately stages 25 - 27
(Sections 1 gnd 4; Caplan-and Koutroupas, 19735, the segregatian of pro- .

spective myogenic and chondrogenié cells is apparent by stage 23 (Section
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" 4). This strongly suggests that the wing bud mesenchyme is@ga homo-

geneous population of mu]tipotent cells, as suggested"hy Searls and

Janners (1959) and Caplan and Koutroupas (1973) (d1scussed -in Section 4)
but that from the t1me 1t f1rst becomes v151b1e, it is a heterogeneous
populat1on of prospect1ve myogenxc -cells. of som1t1c origin, and prospect1ve
cartilage -and connective tissue cells der1ved from the lateral mesoderm.

This Tatter'hypothesis‘has been suggested by -previous investigators

'GBTenstman et a1., 1974 Newman, 1977), but attempts to resolve the con-

- troversy have not been successful because prospective myogen1c and choidro—

genic ce]ls cannot -be d1stsngu15hed pr1or to stages 24 - 25, when myogenic

and chondnogen1c regions of the unoperated ¢h1ck 1imb become apparent.

-The-éhimaera 1imb budl could be a useful pneparag for. invest:fgéting

this‘pr051em. Limb bud mesenchyme froma chimaera*can be iso1ated from
Surrounding tjgsues as early as stage 20, and broken apart by gently pipetting
imorder to mix the cells thoroughly. ~This mesenchyme can then be treated

in one of two ways: 1) it can be packed inte a Fjacket" of chick wing

bu; ectodenn'and gra?ted to the_tlank éf a chick host; in this situetion,

the 1imb mesenchyme is capable of differentiating into both muscle and

- cartilage (Zwi]ling, 1972): ort 2) it can be placed into several smaf]'

culture dishes; some of these cultures can then be placed into environmental

‘conditions that are optimaT for muscle differentiation, while the others

can beﬂniaced into env1ronmenta1 conditions that are optimal for cart11age

dxfferent1at1on (Caplian and_Koutroupas, 1973): "In both cases {1 and 2) the

experimental tissue can subsequently be analyzed to see whetﬁﬁr the quail

“ce11s have been’ ab1e to d1fferent1ate 1nto muscle. If this has occurred

‘ée11s have participated in the formation of cartilege, and whether chick

-

-

1t wou?d 1nd1cate that at the~stage when'ﬂe 1imb bud mesoderm was 1soTated

L I

[y

the ce11s had not beeome comm1tted to efther a myogen1c or a chondrogenic °

}11neage ‘and that subsequent conmnttMent to a part1cular 11neage was dependent

RPN
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qn,environmental conditions. ‘HOWEVET, if quail cells ﬁad formed only muscle
and chick cells had formed bnly caﬁti]age; it would suggest that at the
time the 1imb mesoderm was isolated, . qua11 cells were comm1tted to a

myogenic 11neage and chick cells to a chondrogenzc 11neage. .

4. Nerve - target specificity

One of the most 1ntr1gu1ng problems facing neurob1olog1sts is to 1dent1fy

. the mechanisms that d1rect nerves to fbrm connections w1th spec1f1c end-

‘organs. Among’ 1nd1v1duals of the same species, a given structure invariably

receives innervation from a specific spinal nerve or nerves. Several theories

@ave beeﬁ'advanced-to account .for this remarkable regularity (reviewed

by Landmessér and Morrie ]9?5-'Frank 1977). Conceivab]y, an excessive

number of neurons. could grow out random]y and estab]ish connect1ons w1th

_the nearest reqept1ve target 1nappropr1ate connections would subsequently

berlost. ‘ﬂlternatively,'! neuron may'bekaogranmed to seek out a specific

target from the time it first extends outward from the spinal cord. A

third p0551b111ty is that several mechanisms Operat1ng at different t1mes

and in different reg1ons serve to guide each neuron to its appropr1ate target
One preparation that has been used to study this probiem is the hind '

Iimb,of the chick embryo. Hind limb muscles are always 1nnervated_by

nerves from specific segments, and these connections do not appear to Sea

the result of random nerve outgrowth (Landmesser anﬁ Morr1s, 1975). More-

over, the nerves to a- part1cu1ar muscle are capable of locating their te5;

get prior to 1ts cleavage froﬁ the dorsal or ventraT myogen1c mass within the

Timb bud. Th1simnd1cates that nerves “recognize and respect pre-muscle

boundaries® w%thin the myogenic mess (Landmesser, 1978). The nature ofvs

this recognition phenomenon is not known.
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-Singlé-soﬁﬁte_chimaeras may provide a new method for studying thé
relationship betwsen a nerve and its target. In a chimaera that has
received a graft of a single quail sﬁmite, ali of the tissue derived.from
that somite can be_identififf anﬁ distinguished from't{ssueatgggiygd from
other somites. It should therefor? be possible to determine whether |
the muscie o; skin derived from a particular segment”is innervated by the
spinal nerve associated with that segment. The data of Landmesser and
: Morris (1975) is not inconsistent with this-hypothesis: These investigafors
have shown that each muscie in the chick hindlimb ié innervated by nerves
from two, three, or four édjacent segments. Single-somite experiments
(Section 3)-have'shown that most muscles in the chick wing and shoulder
g%rd]e are derived from two, three or four adjaceni somites. Single-somite
transb]ants fnvo]ving somites 26 -_32,w0u1d provide information that could
be comp&red wifﬁ the data of:Lgﬁdméssér and Morris (1975) to determine
whether theqszﬁs,ﬁndeed a relationship bétween the ﬁdﬁclgs and nerves derived

from the same

fsegr_nents.
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Summary of the results of experimental studies concerning tﬁa'embﬁyonic

origin of skeletal muscle in the bird at the beginning Qt the presén

study (1975).

Author

Hamburger
(1938)

Saunders
(1948)

Straué and
Rawles (1953)

Seno k1961)

Pinot (1969)

i,

Christ, -
Jacob and
Jacob (1974
a, b)

. W

Conclusion

Timb muscles arise
1imb muscles arise

back musclies arise

Experimental . Age of Region Studied
Procedure Embryo

intracoetomic 2-2.5 1imb muscies

graft of 1imb days in somatopleure

buds - ‘

carbon marking 2.5-4 1imb muscles

of brachial days in somatopleure
somites

carbon marking .2.5-3 trunk muscles

of thoracic days

. somites or som-

atopleure; intra-

coelomic grafts
of somatopleure

same as Straus
and Rawles

intra-coelomic

.grafting or X-

irradiation of
thoracic somites

grafts of quail
somites to chick
hosts

2.0-2.5 truhk musc'les'?

days pectoralis

2.0-2.5 trunk muscles
days" and pectoralis

2.0 T1imb and
days thoracic
muscles

from somites; ab-
dominal muscles
arise from somato-
pleure

‘back muscles and

abdominal muscles
arise from somites;
pectoralis arises
from somatopleure

abdominal and inter-
costal muscles arise
from somites; pectoralis
arises from somatopieure

1imb and thoracic
muscles, including
pectoralis, arise
from somites





