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© Gpi-1?, Mod-2%/Mod-2% myonuclei and Gpi-1/Gpi-l

ABSTRACT ,

Mature mammalian myofibres are multinucleated elongate cells
in which the nuclei are regularly distributed along the entire lengiﬁ
- RN .

of the cell. The multinucleated condition arises by the fusion of mono-

»

nucleated‘;;BBI?sts to form ‘myotubes during primary devekopment. A

fundamental and ésseﬁtially unexplored problem in fuscle cell biglogy
: L]

1s the question oivthe nuclear-cytoplasmic relationship in muscle. fibres.

Although local mewbrane specializations cccur, most notabiy in the region

~

of innervatiom, it is notLEEEGn‘;f each myonucleus controls the biochémical

functions of a local territory comprised of the immediately adjacent

. . )
muscle cytoplasm, organelles,and membrane, or if the gene products of;

every myonucleus are‘uniformly distributed in the fibre. An understanding
of this aspect of the organization of muscle cells cquld help sclve other:
problems in the biology of skeletal ?uscle; for example, what is the .

'significance of X-~chromosome mosaicism f% ‘the expression of .muscle disease

in carriers of X-linked myopathies? Which myonuclei are the targets of
’ 7/ -r * '

_neurotrophic jinfluences on muscle?

“ N

In this study I -have taken advantage of the fact that iﬁlmouﬁe
chimseras two genotypically distinct: types of myonuclel are of;eq‘incor— \'
porated into single myofibres, in order fb-investigate'how multiple W }'
myohuclei maintain skeletal musfle cells in vivo. Mouse cﬁimﬁeras were 5 ;
pr;duced by the aggregation of embryecs homoiygous for different alleles for . '

both the monomers of the cytoplasmic enzyme glucoéephosphhte.isomerase

(GPi—l) and the monomers of the nuclear-coded mitq;hohdrial'matrix protein
. .h.' T
malic enzyme (MOD-2). Therefore, mosalc myofibres contained both Ggi—la/
b, Mod—2b7Mod—2b myonuclei. -
- ~ 111 : ) -
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.The distribution of the electrophoretic variants of GPI~-1

was measured at varlous points along the length of mosaic muscle

1S

fibres. Chénges in the isozyme composition aiung{the léngth of a cell
P ' :

would indicate that the enzyme remains localized in cytoplasmic terri-

torles. A uniform isozyme profile would result if the products of

individ%?l myonuclel are hamogeneously distributed. The results presented

here indicate that the intracellular distribution,of GPI-1 isozymes l

does not ﬁyange along\ibe length of mosaic myofibres in both adult and

yéihg mouse' chimaeras. Therefore, the\%foducts'of eath myonucleus are = - ,.EJ/
widely distributed in skglefal myofibres. ¢ // , ) ' ,“[\‘.E‘,,ﬁi
C Functional GPI-1 is an oligomeric enzyme compoga? of two monomers.
-

Analyses of the proportidns of GPI-1 dimer types in mosai%rgzgfibres

reveal . that -the homogenebus dis;ributionsiqf GPI-1 1sozyﬁes arise by

.

the Widespread‘diétfibution of precursors of, GPI-1 (monomers or menomer

precursors such as messenger RNA) before dimer formation; dimers are

hof';nitially assembled" in.local territories around,éach myonucleus and
L — .
then widely distributed. ’

L 4
<. The investigation was extended to the question of whether

igdividual mitochondrion in skeletal mycfibres have access to'nucleér—

.

toded proéeine éhcoded by one or by multiple myonuclel. Evidence was

obtéiqed that indicates that both types of monomers of nuclearrgoded

mitochondrial malic enzyme (MOD-2) are present in an individual mitochondrion

of a mosalc myofibre.
4 The results indicave that the gene products of different myonuélei
are widely distributed both before.fhe assembly of &ytoplasmic oligomeric

- v

proteins and before the incofporation of proteins into nitochondria.

C
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. kS :
Taken together, the results obtained in this udy constitute

direct evidence that mammflian skeletal myofibres are functional syngitia

ajP'in which the gene products of-many myonuclei are &istributed throughout
- N I .
each cell. Problems and possibilities regarding the mechanisms of
. . ) ) . ') .
digstribution anq the nature of the geéne produgts distributed are discusseq)
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INTRODUCTION
| ELELO L LT 0N

Skeletal muscle 1s a widely used rmodel. gystem for studying cell

. ‘

ifferentiation and cell communication. Many of the quantitative and

qualitative changes in protein synthesissthat occur during myogenesis

have been described (for reviews see Merlie, Buckingham and Whalen, 1977;

Garrels, 1979). 1It is known, too, that innervation exerts a major

influence on gene expression in muscle cells, and investigation of the #
important neural factors is a major research area (see reviews by Guth,
1968; Harris, 1974; Gutiann, 1976; Purves, 1977). Skeletal muscle is .
also widely studied with the aim of determining éhe mechanisms of the
many diseases of human and.animal muscle (Walton, 1974; Adams, 1975;
McComas,“Q377). |

A fundamental andlesséhtially unexplored.problem in muscle cell
biolog& i1s the question of the nuclear;cytoplasmic rela;ipnship in
muscle cells. Vertebrate skeletal myofibres are multinucleated cells
in which the myonuclel are unfformly distributed along the length of
th-;fibre (Fischman, 1972; Landing, Dixon and'Wellg, 1974). 1In électron
microéraphs, all myonuclei are sim;lar ia appéarance (Schultz, 1976)
ﬁnd, therefore, it is generally believed that all nuclek are functicmally
;quivalent. However, the extent of the influence of each nucleus Is
not knowna Spepificall;, it is not known whether the gene products

b
of all the myonuclei enter a common pocl that is distributed throughout

the fibrg? or 1f each nucleus contributes gene products primarily to

‘the local cytoplasm, organelles and membrane.

L
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INTRACELLULAR ORGANTZATION

The inﬁéstigation of how multiple nuclei maintain a skeletal
muscle fibre could prbvide insights into several important biological
. X
pProblems. For example, the skeletal muscle fibre provides a unique

opportunity to Investigate certain aspects of intracellular organization.

Many of the subcellular elements that are common to many types

of cells are identified in Flgure 1. The earl; view of the typical
cell as a membrane-bound randem mixture of enzymes, metabolites and
organelles in water has seen replaced by the concept of the cell as a
ﬁighly organized structure. The revised view of the cell is based
largely on the discoveries that many cell compoments are pre&isely
localized within the cytoplasm. ' -
Ultrastructural studies have revealed that there are elaborate
systems of cytoplasmic fibres (microtubules, intermediate or 10hm
filaments, microfilaments, and 3-6nm cytoplasmic strands) in varicus
cell types. Microtubules appear te function in generating force and
providing direction for precise intracellular movements of various
organelles in cultured cells (Wang and ﬁbldman, 1978; aang, Cross and
Choppin, 1979). A rgle has also been described for microtubules in the

transport of organelles and proteins along the axons of neurons (Jeffrey

‘et al., 1972; Ochs, 1974). Five major classes of intermediate fila-

ments have been biéchemically and immunélogically distinguished. The
funcgions of these cytaske%etal elements are thought to include provisién
of mechanical support and maintenance of nuclei and other cell organelles
at their‘ch;racter{g:;é"posicions in cells (revigwed by Lazarides,-1980).
Bundles of_aétin—containing microfilacents function both as structural

supports in extended cell processes and as part of the actdmyosin-based



Figure 1~
a) Diagramratic illustration of.an ideal animal ?cell showing tl:he

'arrangement of the major organelles and the continuity between mémbraiie—
bound elements. The c'on;ponent‘s' include the Géigi apparatus (G),
lysosqmes (1y}, mitochondria (m), nucleus (N)., nucleolus (n), polysofnes
(p), rough endoplasmic reticulum (1;31)7, smooth endoplasmic reticulum
(ser), and secretory ve cles (?v).(af:ter Porter and Bonneville.' 1974.)

“b) Diagram 11lustrating the arrangement of myonuclel i:n a segment

'0f a mammalian skeletal .wuscle fibre (after Landing et al., 1974).

7/
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contractile apparatus of motile monnuscle cells (Gold%gn Milsted
Schloss Starger ‘and Yerma, 1979). Microfilaments a:& *also thought

toe anchor some membrane  bound prote1ns at spec1fic sites on the plasma

\\\‘Bhrane (Rothman and Lenard, 1977). Wolosewlck and Porter (1976)

N
have presented ultrastructural evidence that 3-6nm thlck strands of

cytoplasmic ground substance form 2 three-dimensional lattice through-

out the cytoplasm of culturedghuman WI-33 cells. They suggest that

this 'microtrabecular system' is continuous with the larger fibre

elements and that the entire system forms a structured frame for the

nonrandom distribution of orgamnelles such gs nuclei, ribosomes, and
v . . “‘ N

the membranous systems of endoplasmic reticulum and Golgi apparatus—

Another characteristic of intracellular organiz&&iif fs that

- the activities ¢f many enzymes are specifically localized in intra-

cellular compartments {e.g. lysosomes, nitochondria,; secretory vesicles)

or bound to particular membranes {e.g. plasmalemma, miﬁochondria, endo-
plasmic reticulum)(Mahler and Cordes, 1971). Although 20-25% of the
total protein content of a cell may be recovered in the soluble fraction

of cell homogenates,' there is evidence that many of these 'soluble'

proteins are in fact looseiy associated with other cell components

in vivo. Pette and co-workers have found that several glycolytic '

enzymes are associatgd with actin filaments in rabbit skeletal muscles
(Arnold gnd Pette, 1968; Arnold, ﬁenni;g and Pette, 1971). In addition,
the “results of studies by Clarke and Masteris (19}3) indicate that
glyéglygic enzymes occur as a multi-enzyme complex in rat skeletal
muscle. Seferal groups have noted that enzymes of a given metabolic
pathway are often present in a constant iatiq of concentrations

{e.g. Petté, Luk and Blcher, 1962), and it haé been suggested that the



phenomenon of constant-proportion groups of enzymes depends on the

structural~arrangement of the enzynmes at common_qites (Lebherz, Sardo,
=4 N

Petell #nd Shackleford, 1978): These cbservations, combined with the

/1ETQQE3Fical argument thgt cell components are organized for efficieﬁt
and controlled function, have led some authors to question whether
any enzymes at all are freely soluble in‘the cytoplasm (e.g: Sigel
and Pette, 1969).

It has been well established that mechanisms exist for the
specific localization of many newly synthesized proteiﬁs. Proteins
destined for secretion are synthesized in the perinuclear region of
cells on ribosomes of the rough endoplasmic reticulum (RER)., The
nascent proteins are discharged directly into the lumen of the RER and
move along the cisternae of the RER and smooth ER to the condensing
vacuoles of -the Golgi complex. The prdt;ihé/are then stored in
gmmbrane-bound gsecretory granulgs deriveéd from the Golgi complex. ’

EQeutually, the proteins are discharged by exocytosis when the granule»u
membrane fuses with the plasma membrane. Palade and colleagues

originally describ the process for the localization of secretory

proteinszzgqt

thought to be essent

ls but the mechanism is now
ly identical for|the transport of secretory
and lysoscmal broteins in many cell types (see Palade, 1975; Shoge
and Tata, 1977 for reviews).

There is very little known about. how newly synthesized ;embrane
proteins become associated with:the "cor¥e§t" cellular membranes
(reviewed by Rothman and Lenard, 1977; Wickner, 1979; Davis and Tai,

1980) . - However, there 1is experimental evidence for the hypophesis

that some integral membrane proteins reach the plasma membrane by a

- -



8.
pathway similar to that-taken by, secretory protei?s with the-exception
that the hasceqﬁ proteins are not released into‘theviumeﬁ-of the Eﬁ;
:;ther, they are incorﬁo;atéd into the ER membrane. Some of the evidence

has come from studies of skeletal muscle. In correlated kimetic and

. electron microscope autoradiographic studies of newly synthesized

acetylchoiine receptorsl(AChR) in cultured chick skeletal muscle cells,

Fambrough and Devreotes (1978) showed that the newly synthe;ized

receptors are {ocated in the perinuclear area and Golgi apparatus

before they apééar on the cell surface. 1In additian, it_appears that

catt Hg++ATPa5é, the major.inkegral membrané protein of the sarco-—

plasmic reticuluﬁ (SR) is synthesized on polyribosomeé-attached to the
v

SR in both cultured rat (Greenway and MacLennan, 1978)

~ .
and embryonic cnick (Chyﬁf‘ Martonosi, Morimoto, and Sabatini,

.1979) skeletal muscle.(/a\\

There.are also égiphological and biochemical observations

congistent with the theory that nuclear-coded mitochondrial proteins

are synthesized on RER which may be continuous or closely associated
L]

with £he outer mitochondrial membrane (Shore and Tata, 1977);

;On the basis of many of these observations, Shor; and Tata,
(1977),h§ve speculated that '"there is a tendency for cells to ?deart—
mentalize and concentrate the synthesis of particular proteins at or
rear their site of action." Although neither the site of synthesis
nor the final 1ntracellear location is known for the majority of cell
proteins, the possibilities emerge 1) that most pr&teins are not in

free solution inside cells, 2) that most proteins become localized at

specific sites during or shﬁrtly after thelr synthesis, .and ﬁ) that

»



these properties may be characteristic of multinucleated as wll as

—mononucleated cells. Investigation of the: extent of influence of. = . *
/ﬁ} ' s%ngle mycnuclei in a skeletal muscle cell could provide add"tional‘

in}ormatlon about the organizition of protein synthesis and local-
ization in multinucleated celjzt\vlf each nucleus in a muscle cell
controls only the logal cytoplast, organelles and Plasma membrane,” -
then it could be suggesthd that the products of each myonucleus,

the messenger ribonucleic acid molecules (mRNAs), are transferred

. ) Adirectly to the sites of protein synthesis and localization. Con-
ve{Fely, if the multiple myonuc;ei function as a single nucleus

(thar is, if the products of different nuclei are found together in
muscle fibres), then it would appear likely that there is an oppor- .
tunity 1or gene products (mRNAs and/or proteins) .to be widely distri-
buted before they are sequestered at specific sites,™ 6r that the products
remaln in free solution indefinitely. .

Carriers of X-linked Diseases of Muscle

The question of whether a myofibre 1is subdivided into territories,
each under the influence of a single nucleus, is also important to our
understanding of the control of‘muscle Phenotype in human femele cerriers
of the X-linked muecle diseases Becker end Duchenne muscular dystrophies

~and centrotubular myopathy.- It is net known what the primary defects

are in any of these diseaaes.\ ‘ K

’

According to the Lyon hypothesis, mammalian females are genetic
mosaics as a result of the random‘inactivation of one X~chromosome 'in
eacn ucleus eariy in development (Lyom, 1972). .Therefore, because
the multinucleated condition arises by cell fusion, single wyofibres
of female_cgrriers of X-linked diseases may contain somevmyonuclef

—
4
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. .
that express the normal X—chromosome and some myonuclei in whith the

actlve X—chromosome bears the abnormal gene. If each myonucleus' . .
. - » *

maintains an exclusive territory, then xﬁuch'mosaic myofibres could

+

well appear normal in the region of a normal nucleus and typically
J ' .

.affected in the region of an abnormal nucleus. -However, it has been

]

microscopy manifested abnormalities such as mitochondrial enlargement,

observed that both in Duchenne muecular dystrophy (DMD) and centr:—
tubular,myopathy.vthere is lerge phenotypic variation between earriers.
Muscle fibres in carriers vary in histoiogieai appearance from normal
to typically affected, with many aﬁzzeted fibres classified as inter-
mediate or moderately affected-(Emery, 196§:j§earson, 1963; Moser and
Emery, 1974; Barth, Van Wiiegaareen and Bethlem,»1975). For example,

muscle bilopsies obtained from DMD carriers anmd examined by electron

s

v

myofibrillar fragmentation, end streaming of X-bands, that were

.

qualitatively similar-but:i;es severe than the abnormalities that
occur in DMD patients (Fisher, Wissinger, Gerneth and Danowski 1972).
It is not knmown whether individual myofibres in carriers express the -4k
same phenotype throughout their leugth.* .
There are two obvious mechanisms which tould produce the inter-
mediately affected pheﬁotype in muscle'fibres ef female carriers:; g
either the myonuclel do not contrel territories and, therefore, the
entire mosaic myofibre has access to a mixture of normal and abnorﬁal -
gene.products, or the site ot expression of the mutant genes may be
extrafiscular. In" the latter case, intermediate fibres would arise

-

when the important extramuscular tissue provides intermediate levels of
T e

a gene product essential to the\éevelopment_or maifenance of muscle,

.

Therefore, if it can be shown that myonuclei do control local territcries,

-

—

~)
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of Duchenne muscular dystrophy and centrotubular myopathy is deter—

uoL

e

it,will appear likely that the Phenotwvpe of nuscle fibres in carriers

P -

mined- by an extramuscular influence. However a demonstration that
m®nucled cooperate in the maintenance of oyofibres will not help

to distinguish hetween 4 myogenic and an extramyogenic defect in the {

-
'y

pathogenesis of these diseases,

L

f}ophic'Mechanisms

© It is possible, ‘too, that an wnderstanding of the nuclear-
cytoplasmic relationships in myofibres will help to define the mechanISms
by which nerves regulate the metabolic and physiologic properties of
entire muscle fibres, Many studies have addressed the question of
whether specific muscle - Properties are regulated by the pattern of
nerve-induced contraetile activ1ty or by chemical factors secreted
by nerves (see review by Gutmann, 1976): 1If each myonucleus influences

only a limited region of the myofibre tHeu the proposed trophic mechanismg

should explain how some of the trophic effects, such as maintenance of

the resting membrane potential)(Albuquerque; Schuh and Kauffman, 1971)

are eventually expressed throughout the length of the fibre.

DEVELOPMENT OF MUSCLE
In vertebrate embryos, mononucleated cells of mesodermal origi
acqumulate and proliferate at sites destined to form muscle. Overt

myog sis begins with the differentiation- of hipolar, mononucleated

mygblasts from the mesenchymal cells, Ag a group, myoblasts are

.witotically active), synthesize large amounts of RNA and smaller quan//;ies

of fusing inteo multinucleated myotubes (evidence reviewed by Fischman,

1972) It is not known 1if only a discrete population of post—mitotic

.
3

~
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myobiasts is- capable of making tontractile proteins and undergoing’,

fusion (Holtzer,.Yeoh and Rubinstein, 1977) er if tnese are prop:

- erties of all myoblasts (Stockdalé and,O'Neiil,.1972;IDoering and
Fischman,-l974). Myoblasts nofﬁally undergo cytoplasmic fusion

over a short period of time in dev;iopment (days 13 to iS.in utero,
in the mouse (Pai 1965); days 7 towil in ovo in the chick (Harchck
and Herrman 1967), with limb musculature often 1agging behind trunk
muscles_(Fischman, 1972). Tpe myonucled remain distinct and are"
usually located in central rows along the length of ayotubes.

‘ During the neriod of myoblast fusionm, the synthesis of con-u
tractile proteins, acetylcholine receptpbrs, and many of the metabolit
enzymes characteristic of skeletal muscle increases greatly “In
addition to large accumulations of certain proteins, there are also
replacements of some.enzymes by other homologoos proteins (isozymes)
dnring.muscle‘develprment. Well onn examples-are the aldolase,
lactate dehydrogenase and creatin phosphokinase isozyme transitions
'(Cahn, 1962; Eppenberger, Eppenberger, Richterich and Aebi, 1964;
Lebherz, 1965). : ~ o

. . B e
The mechanisms that control gene expre351on during myogenesis -

N

are unknown but it has been “shown that many of the quantitative

- changes in protein synthesis can occur wﬁ;ﬁ myoblast fusion is blocked
(Emerson and Beckner, 974 Strohman -and Moss, 1977) Therefore, cell
fusion is nefthér an. initiating nor an obligatory event in muscle

differentiation. Devlin and Emerscn (1978) found that the major

N . - ¢ . .
contractile proteiég are synthesized coordinately in cultured quail_

TN

‘muscle and have suggested that a single factor regulates the q32£si§ion -

—
of the genes for most of the myofibrillar proteins.

; 7 -

AN
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Heywood and co-workers have shown that myosin heavy chaiﬁ, )
. actinf and tropémyqsin,gre each synthesized on a different class of
) polysomes in embryonic chick muscle (Heywood, Dowben énd Rich, 1967;
Heyyood and Rich, 1968). The distribution of these different poly-
somes in developing muscle has not been studied but it has been noted
that myosin and aj§iqlfilaments usually appear together and precede
the formatlon of Z-bands. The firs; myofibrils are elaborated '
in the péripheral region of myctubes (Fischman, 1967).
In ?he subsequent development of muscle cells, myofibrils

continue to increase in number and in size, and“come to occu—mst

- of the cell cytoplasm. The sarcoplasmic reticulum (SR) and t-tubule

- -

networks develpp around the myofibrils. The former 1s derived from
perinuclear RER and the latter develop;'by invagination of the plasma
membrane (Ezerman and Ighikawa, 1967). .The myonuclel are eventually
di;;;aced to the"periphery in most speciéé. In cultured muscle, the
bésal lamina of the basement membrane first.appears during cell fusion
(Fischman, 1970). Both the origin and funct;on of the basal lamina
'during myogenesis are poor;y understood. In mature muscle, the basal
lamina of the endpléte appears to be a site of cholinesterase activity
(McMahan, Sanes, and Marshall, 1978) and it may be inyolved in Ehe
differentiati;n of regenerating nerve terﬁinals (Sanes, Marshall and z/ﬁv
McMahan, 1978). : v
' A

Mononucleated cells termed satellite cells (Katz, 1961; Maure,
1961) lie beneath the basement membrane but outside the plasma membrane
of myofibres in immature and adult skeletal muscles of many species
(qur, 1970) It is not yet known-how these mononucleated cells come
to be excluded from the myotube during primary myogenesis, but it is

¢
4 .
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well established tﬁat satellite ceil%/?féféétential myogenic stem
cells that can proliferate and become incorporated into myofibres
during postnatal growth «(Allbroock, Han'énd Hellmuth, 1971; Moss
and Léblénd, 1971; Shultz, 1976) and regeneration (Konigsberg,
Lipton and Konigsberg, 1975). Satelli;e cells in mature normal

skeletal muscle appear to be rather déimant cells; the nuclear

thromatin is densely clumped, the nucleclus is not prominent, there’

are few ribosomes, the endoplasmic reticulum and Golgi appératus
\

~ -
|

are poorly developed aniJ&he cytoplasm is scanty and contains no
myofilaments (reviewed by Reznik, 1976).

The morphologica; dgffe entiation of the neuromuscular junction

—;cgggurs after muscle cell¥ have developed into myofibres, although

there is strong evidence that nerve contacts and functional synapses
occur much earlier in cyogenesis (Kelly and Zachs, 1969; Landmesser
and Merris, 1975; Kullberg, Lentz and Cohen, 1977; Butler and Cosmos,
1979). The differentiation of histochemical fibre types occurs
dufing late embryonic and early postnatal development, with the time /

—

of onset and rate of development depending on the species and mdggée
r

There have been many studies of protein synthesis and breakdown

under consideration (Romanul,.l964; Close, 1964, 1972).

FROTEIN TURNOVER IN MﬁSCLE

in growing and mature skeletal muscle. It is clear that both RNA and
protein synthesis decline in'postnatal animals (revieéed by Goldspink,
1972; Burleigh, 1974)., It is also known that protein turnover is

sensitive to-ﬂormonal gnd nutritionaL‘factors‘(}ﬁllgard, 1970; Cheek,

S
Hol®y Hill ‘and Talbert, 1971). Rates of both syrithesis and degradation

are elso altered during_stretch—induced hypertrophy, follew 4

-
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denervatlon, and after 1t:obillzatlon (Goldberg, 1968; Goldspink, 1976,
1977). The mechanisms ther reay ate protein metabolism under many of
these condltlons are curr:atly under investigation sin many laboratorles
(see, for example, Fed. Proc. 39: 1~52).

T o & L‘

Protein turnover rates as measured by different groups vary

cunsid?raply pres#mébly because of the variety of techniques and
condi;ion% employed. Most estimates of turnover rates are based on_ the
rate of loss of isotope labeied proteins from the total protein
pool. It is thouéht that isotope re-utilization frequently occurs

and leads to underestimates of turnover rate (Burleigh, 1974). For

the adult fowl, Gallus doresticus, it has been estimated that both

myofibrillar and sarcoplas:ic'proteins have half-lives of 5-10 days
(Laurent: Sparrow, Bétes aad Millward, 1978). 1In the adult rat, myo-
fibrillar proteins appear to turn over with half-lives of 10-20 days
and sarcoplasmic proteins with half-lives of 5-15 days (Garlick, 1969;
Mit1lward, gates,'Laurent aad Lo;wlﬁlﬁ)._ The half-lives of several
glycolytic enz;mes in adult rabbit gb}eus muscle were estimated to

bg G.9 to 1.2 days (Ddlken and Pette,%l974). In general, turnover
is.more rapid in red musclz {slow twitch or slow toniclfibreé} than
in white muscle {fast twitch fibres) (Goldberg, 1967; Lebherz, Sardo,

Petell and Shackleford, 1578).

Quantitative Aspects of Praotein Synthesis Along Myofibres

Few investigators have commented on the distribution of sites
of protein synthesis along the length of muscle fibres. Gauthier and
colleagugs proposed that pi::eéﬁ\syntﬁesis in mature, innervated myo-—
fibres occurs dnly;&&éﬁé region of the neuromuscular junction. The

N

suggestion is based on their observation that ribosomes and polyribo-~-
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somes are abundant only in sarcoplizasm beneath the motor eﬁﬁplate
\\

1 t
(Padykula and Gauthier, 1970; GautHier and Dumn, 1973). According &

to this scheme, proteins required elsewhere in the cell originate

from this single site of synthesis. / Therfefofe, \the entire nyofibre
must have access to the preducts of ehxcH active mfonucleus, whether
the mRNAs are transcribed'solely in the nuclei &t the motor endplate,-
or in eveéy myonucleus in the cell. However, éalavazi (1971) found
that ribosomes are present in interm?%fibrillar, subsarcolemmal and
paranucléér sarcoplasm in rat myofibfes, and did not report that the
polyribosomes are concentrated at any particular level in the cells.
There is other indirect evidence that protein synthesis does
not occur exclusively in the sarcoplasm at the nedromuscular junction.
The results of several studies Indicate that newly synthesized mRNA —~\\\\
- .
(Kabat and Rich, 1969) and contractile proteins (Morkin, 1970;
Williams and Goldspiqk, 1974) are found along the entire length of

adult muscle fibres in vivo although the site of synthesis of these

products was not directly investigated. . 1”\

Qualigative Aspects of Proteln Synthesis Along Myofibres

.It has been well established that there are a number of differénces -
between junctional and extrajunctional regions in normal mature muscle
fibres in addition to the obvious structural difference. TFor example,
the cencentration, turnover rate, and several physical ;nd,chemical
properties of junctional and extrajunctipnal acetylcholine receptors
are different in many species (Fambrough, 1979). There are also
differences between the molecular forms of chélinesterase present in
junctional and extrajunctional regions of muscle (Hall, 1973). Im

addition, the cyclic nucleotide content.has been shown to differ betwggn

N N
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endpla;e and nonendplate regions both in innervated and denervated

muscles o{/ﬁﬁ% frog (Allen, Gardner, Yount and Ochs, 1978). It is

N 14
not yet known how any of these differential distributions arise within

a myofibre. One possibility is at the differences result when the ?

nuclei in the junctional and xtrajunctional regions direct the

synthesis of different gene products and the proteins remain local-

ized in the area of their synthesis. Conversely, all nuclei in tbe

myofibre may direct the synthesis of the same gene products, and the
assortment of these products may be induced by a neural influence.

In addition, although it has been shown that the histochemical
staining properti;s are uniform along ghe length of extrafusal muscle
fibres (Romanul, 1964; Farrell and Feddé; 1969), and the same proteins
appear to make up the contfactile machinery from end to end in myofibres,
it is not known whéther the unifornity results from fhe synthesis
of identical proteins by all nuclei or the homogeneous distribution

of the products of z few nuclei.

EVIDENCE FOR THE HYPOTHESIS OF NUCLEAR TERRITORIES

The hypothesis that skeletal muscle fibres are segmented into

‘territories, each under the contrel of a single myonucleus, has been

proposed by two éroups of ihvestigatérs (Ruéka and Edwafds, 1957; Landing
et al., 1974) and has been cited by many others (e.g. Farrell and Fedde,
1969; Holtzer, 1970; Cheek et al., 1971; Réznik, 1976; Millward et al.,
1978). The hypothesis was originally ba;ed on indirect morphological
evillence,
Morphology

Edwards and co-workers {Edwards, Ruska,Santos égd Vallejo—}reire,

1956; Ruska and Edwards, 1957) studied the ultrastructure of muscles from
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insects and seﬁeral verteb;ate classes and concluded that each myonuc}eus
controlled a given area of cytoplasm b§ way of the perinuclear endoplasmic
reticulum; they observed elements that they believed to be sarcomeres
at an early stage in formation in the perinuclear sarcoplasm. Evidence
that tht RER forms part of the pathway for the localization of secretory,
organelle-bound and membrane-bound proteins in many cell types has been
referred to earlier, However, there is generally very little RER in
ﬁa;ufﬁ muscle cells &Porter and Palade, 1957; Padykula and Gauthier,
1970; Fischman, 1972; Nihei, 1971). Andrews and Tata (19i1) estimated
that only 97 of mpecle RNA occurs in membrane bound ribosomes. It
remains questionable, therefore, thit the majority of musc;e protelns
is ;ynthesiZEd on perinuclear RER in mature myofibres.

Holtzer (1970).suggested that each myonucleus comes to céntrol
its own "cytoplasmic territory" during the development of avian musclé,
and Landing et al. (1974) proposed\that human muscle fibrés are subdivided
Into discrete "nuclear territories”. ﬁowever, these suggestions were
vclearly no more than speculations on the significance of the regular
spacing of nuclei along the length of the myofibres examined. -

There are other mﬁrpholo?lcal fealures of the mature myofibre
that are consistent with the hypothesis of nuclear territories. The
'Saiboplasm is denseiy packed with myofibrils and the sﬁall spaces
betweén myofibrils are largeiy occupied by mitochondria, sarco-
plasmic-reticulum and the t-tubule network. In addition, there are
several transverse elements within the mycfibrils (the Z band, the M-
line and the nyosin cross-bridges). In the middle of thé nineteenth
century Krause introduced the idea that the Z line was a continuous trans-

verse membrane which divided the mustcle cell into small compartments
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(cited in Adadgr'l975). There is ulﬁrastructural evidence that the
material of the Z-band is attached to the plasma mewbrane or sarco-
plasmic reticulum in some invertebrate muscle fibres (Franzini-Armstrong,
I979). 1In vertebrates, individual myofibrils-are linked lateraily
to adjacent myofibrils at their Z-discs by desmin filaments, and each
Z—pléne, as the interconnected network of Z—disés is called, is linked
by desmin filaments to the plasma membrane (Lazaridés, 1980). It is
possible that some or all of these features of myofibre structure could
limit the distribution of many large cell compone;ts within Euagie
cells. / |

In spite of the potential structural obstaéies in muscle cells,
several observations arguerthat there are no rigid barriers to the
long%EFdinal movement of cellular contents. In 1863, Kuhne reported
watching a living nematode move freely Qp and down the inside of a
muscle fibre and investigators have manipulated various in;lusions
{oil droplets, air bub%%es) under the sarcolemma aleong fibres from

insects and frogs (cited in Adams, 1975).

Diffusiau .

It has been shown tha; substances can diffuse along the length
of mature muscle cells. Rorschach, Chang; Hazlewood and Nichols (1973)
found that the diffusion coefficient of isotope-labeled water in muscle
fibres of the rat géstrocnemius is 1.40 x lD“Scmzsec—l. Blinks, Riildel
and Taylor (1978) found that the longitudinal spread of the Ca*t seﬁ;itive
bioluminesee;t protein, aequorin (M.W. approximately 30,000: Shimomura
and Johnéqn, 1969) injected into twitch muscle fibres of the frog was.
éonsistent with a diffusion coefficlent of approximately 5 x 10-8cmlsec—1

for the protein; the injected aequorin reached a point 1.mm on each
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side of the site of injection in about 2.3 hours. For both substances,
the coefficient of diffusion in muscle Té small relative to the value

in pure water and the reason for tﬁ; slaﬁer diffusion 1is not clear.
Rorschach 35_3},,~(1973) claim that this reduction cannot be attributed
entirely to the presence of transverse membrane and filazentary elementé.
They suggest that the physicochemi;al preperties of cellular water are
influenced by large macromolecules in such a way that the viscosity of
the cytoplasm itself is significantly increased. The general question
of the physical state of water in 'living cells has not been answered.

A minority view is that the 'soluble' proteins, water and solutes exist
in an organized non—liﬁuid state (e.g. Ling, Miller ané Ochsénfeid,
"1973). However, the ﬁore widely accepted view is that while some cof
the cellular water is bound in loose assoclatipn with proteins, mest

of the water is free. That i3, a fraction of the cytoplasm 1s colloidal
and the remainder is an aqueous solgtion (e.g. Rhodin, 1974). Therefore,
in muscle cells it appears'likely that unbound cell components are
freely diffusible in the unstructured regions of the cytoplasm and that
diffusion 1s slow only because so 1itf1e of the cytoplasm is unocccupiled
by structural elements.

Denervatiorn Effects .ot

- 'Iha results of some studies of denervation ?ffects in muscle also
indicate thét there is not free communication along the entire length
of muscle fibres. For example, Miledi (1960) showed that when frog
sartoiius muscle fibres werevdenervated at.one of their two endplafes,

the innervated and denervated regidns of the fibre responded differently;

sensitivity to acetylcholine (ACh)‘increased in the region around the

]

"denervated endplate but remained lew in the innervated region. This

)

" \
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observation indicates that the gene products responsible for the developmens
.of extrajunctional sensitivity to ACH were not freely distributed through-

out the length of the partially denervated fibres.

EVIDENCE AGAINST THE HYPOTHESIS OF NUCLEAR TERRITORIES‘ -

Mouse Chimaéra\Studieé

- Evidence that discrete terrééories do not exist in muscle fibres
 with respect to the maintenance of.some gene products comes from studies
of mouse chimaeras. Techniques have been developed for the production
of single composite mice by the aggregation of 2 or more mid-cleavage eggs
(Tﬂrkowski, 1961; Mintz, 1962) or by the injection of a few blastomeres
from one egé inteo the blastocoele of anofher b;astOcyst (Gardner, 1968).
Tissues and organs from mouse chimaeras are often mosaics of cells derived
from both donof embryos. Chimaeras have been used extensively in

investigations of problems such as cell lineages, cell interactions,

and mutant gene expression (see reviews by Mintz, 1974; McLaren, 1976;

[l
~

Mullen, 1977; Peterson EE.EE" 1979),
In an attempt to determine whether the multinucleation of myofibres

ariges through myoblast fusion or by repeated divisions of mycblast nuciel

while the cytoplgsm remains undivided (endemitosis), Mintz and Baker,

(1967) produced ﬁouae-éhimaéras by aggregating mid-cleavage eggs from

2 inbred strains which produéed different iggzymea of the cytoplasmic

enzyme, isocitrate dehydrogenase (Id-1). Inbred mice of different

(Ve

strains produce either single slow or fast electrophoretic forms of
Id-1. Results of studies of Id-1 in hybrid mice indicate that the
active enzyme is a &imer. the gene codes for enzyme monomers, and ;he
2 different fngs of monomers aggregate at random in heterozygous cells

to produce 3‘e1ectrophofetid variants of Id-1l: The slow and fast homo-
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dimers and a band of intermediate mobility composed of heterodimers
(Henderson, 1966). Mintz and Béker reasoned that Id-1 heterodimers
4 ..

lwould also be produced in muscle of mouse chimaeras i1f sing%fj’Ebres
contained the 2 genetically different types-of nuclei. They found
that all 3 electrophoretic variants of Id-1 ;ere indeed present in ]
muscles from some chimaeras and concluded that myoblast {zj;on occurs
_during myagenesis., -~ ~—
Subseq%ently, heteroaimers havF been found in muscles ;;\;:::e (;\\\\\
chimaeras that were mosaic for v§riants of other oligomeric cyto-
x&f?mic enzymes: malic‘enzyme (Baker and Mintz, 1969; Peterson, 1974)
and glucosephosphate isomerase (Gearhart and Mintz, 1972; Peterson et
al., 1979). |
These results indicate that, for._each enzyme, in the mosaic

-

muscle cells the two typeé of monomers or their precursors are preignt
iﬁ a common region of toplas; bpfore the assembly of enzymatically
active oligomers occurs. Therefore, discrete nuclear territories.
cannot exist. However, the possibility remains that_thére are simply
some regions 6£‘o§erlap between adjacent nuclear territories. According
to the,electroﬁhoretic Tesults published by Baker and Mintz, the
proportion of hetercpoelymer in homogenates of whole mosaic muscles was
small relat to the proportion of homopolymers. Therefore, » it is
possible that the heteropol&mers had, been generated and had remained -
10cali;ed only in the regions of cytoplasm betweeﬁ adjacent geneticall;
different nuclei. None of the published results convey any inférmatioﬁ‘

about’ the distribution of isozymes along the 1engtﬁ of mosaic muscle

cells.



Suppression of Hyperinnervation

Further indirect evideﬁce that there may be an exchange 6f materials
between different'?egions of a muscle cell is éhe observation that-the
establighment of dfaynapse’%y one nerve often induces membrane refractori-
ness to further innervation. TFor example, during the innervation of muscle
fibres of the rat diaphragm, initial nerve contact at one site makes the
entire fibre refractory'to additional innervation (Bemnmett and Pettigrew,
1974), 1In oéher muscles polynéuronal, nultiterminal ihng:rhtion occurs A\
during development but is eliminated at. later stages (Bennett and Pettigrew,

-

1974; Riley; 1977). However, multiple endplates do persist in some éituations,
e.g. on the multiply innervated fibres of the avian a;te;ior latisdimus
do;si,muscle (Pdrvee, 1977), and ;:\gfbres of the rat sgleus that are re-
inn;rvated by foreign nerves (Kuffler, Thompson, and Jansen, 1977). These
observations could indicate that the factor fesponsible for the“ revention

or elimination of hyperinnervation is distr}buted along the entire 1ené§h

of some myofibres and over more limited distgnces‘iﬁ others.

AIMS OF THIS STUDY . rd

In order to investigate the extent of the 1§F1uencé of myénublei
in the mammalian skeletal muscle fibre, I have exteéded the studies of
;sozymea in muscles from mouse chimaeras and specifically T have a?qussed
two questions: '

1.  Are the produ;ta of different nuclei uniformly_distributed.glong the

length of mosaic muscle cells? Mosalc myofibres from mouse chimaeras are

single cells in which genetically different types of myonuclel are Z_ .

distributed along the fibre length. Thefefore, a uniform distribution.
of genetically determined isozymes along the length of a mosaic myofibre

could indicate that the products of individual myonuclel are homogeneously

distributed throughout the cell, while a non-uniform distribution would be
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consistent with the hypothesis that the gene products of different nuclel
largely remain localized in "nuclear territories". ~
2. Do enzyme monomers aggregate into oligomers in sites close to the ﬁ\,

~

nuclel that directed their synthesis? Althougg a -uniform isozyme profile

enz

alo the length of mosaic myofibres could indicate that the assembled
:zl

is Homﬁgeneously distributed, the possibility would Temain that

the distribution of the moncmer precursors, or the distribution of t?%
monomers fhemselves, is more limfted.. if monomers are not uniformly .
distributed -at ali sites of oligomer assembly, there would be preférential
aggregation of 1{ke monomers tio form- enzyme homopolymers and relatively
few heteropolymers generated in mosaic muscle cells., Conversely, if gene *
products are widely distributed before the assembly of enzyme oligomers,
then the proportion of heteronlymers willnbe relafively high in mosaic .
muscle fibre. It was possible to distinguish between these possibilities
both fo aﬁ enzyme that is presént in the soluble fraction of muscle
hoﬁogena.es and for an enzyme that is localized in the ﬁitochondrial

matrix.

EXPERIMENTAL STRATEGY

-

Mouse chimaeras were produced by‘tﬂe aggregdtion oﬁ embryos from
the SM/J and C57BL/6J inbred mouse strains. The strain composition
of the chimaeras is represented by the notation SM/J +> C57BL/6J. This
particular combinaticn of embryos was selected betause there are appropriate
genetic differences between the two strains and because the results of
preliminary studies had indicate& that there Is usually a large proportion

of mosalc myofibres in skeletal muscles from SM/J ++ C57BL/6J chimaeras.
\

it
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'Soluble' Enz¥me -

One of the many genetic differences between SM/J and C57BL/6J
mice is at the structural gene locus for glucosephosphate isomerase
(GPI, D—glucose—S—phosphate.ketol isomerase, E.C. 5.3.1.9). The gene
locus is designated Gpi-l. Undér appropriate conditions of starch gel
electrophoresis, the. GPL pgoduceﬁ-by SM/J migz*%nd by mice of several
other inbred strains, designated'GFI-1A, ﬁigrates tégard the céthode'
as a single band that moves more slewly than the single GPI band, GPI-1B,
from mice of inbred strains such as C57BL/6J (Carter and Parr, 1967;
DeLorenza and Ruddle, 1969). Most of the activity of this glycolytic
enzyme is recovered in the soluble fraétion of cell homogenates, although N
there is séﬁe histochemical (Sigel and Pett;, 1969) and bipchemical
(Arnold, Henning, and Pette, 197£) evidence that a fraction of the GPI

is associated with ﬁyofilaments in striated muscle. In the mouse,

A

éPI-l_aétivify in most cell types is high relative to many other enzymes
{Carter and Yoshida, 1969).

It has been'weli established by in vitro hybri&ization (Carter
and Yoshida, 1969) and génetic studies (Carter and Parr, 1967; De Lorenzo
and Ruddel, 1969) that the structural genme codes for a monomer of
GPI-1 while the active form of the enz%qe is a dimer. In mature somatic
tissues from SM/J x CS57BL/6J Elmiqe, the lsozyme distribution is 25%
GPI-1A: 507% GPI-1AB: 257 GPI-1B (?ete%son and Wong, 1978), indicating

that the Gpi-12 and Gpi—-lb alleles are expressed equa11y<§h each

heterozygous nucleus, and that in heterozygous cells the A and B monomefs

are able to aggregate at random to fofm all 3 possible types éf dimers.
Althoqég_spere.are small differences in heat stability'between the GPI-1A Q
and GPI-LB dime}s (Padua, Bullfield and Peters, 1978), it appears thgt the

enzymatic activities of all three dimers are equal under controlled
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conditions of quantitative analysis (Peterson and Weng, 1978). 1t

would be vety difficult to explain the distribution of sozyme activities

observed in heterozygous tissues if the dimers have unequal activities.
3l

The specific activity has not teen determined yet for any of the mouse,

GPI l isozymes,

L

In mosaic skeletal muscle fibres from SN/ ++ C57BL/6J chimaeras
myonuclei derived from the SM/J nid-cleavage egg direct the synthesis
of A type monowmers of GPI-1, and myonuclei derived from the C57BL/6J
egg encode B type monomers., The two types of nuclei become distributedl
along the myofibre length during development and there is no evidence
that indicates that myonuclei change their positions in adult myofibres.

Therefore, in order to determine whether the products of different

‘myonuclei are uniformly distributed along the length of mosaic ‘myofibres

.

from SM/Y +—+ C57BLIGJ chimaeras, I have measured the GPI-1 isozyme ratios

in serial cryostat-cut Cross-sections of single mosaic myofibres and in
serial segments of collagenasenisolated single mqsaic-myofibres. Although
even the smallest samples (i.e. 20 um thick ¢Toss-sections of single muscle
fibres) contained more than one myonucleus, it is unlikely that an ldentical

combination of nuclear types was present in .all the samples from any one
s
mosaic myofibre. Therefore, if the measured distributions of GPI—l isozymes

had beén the same in &fé?} sample, it is likely that products of individual

o -

myonuclei are wldely dispersed in muscle cells; Alternatively, it is

to be expected that the GPI- 1 isozyme distributions would have differed

between sections along the length of a mosaic m}ofibre if gene products

. remein. localized around‘the nuc%éi that direct their synthesis.

To investigate whether enzyme monomers are uniformly or’ nonuniformly
: LS
ﬂistributed pPrior to dimer formation, the measured GPI-1-isozyme distri-

" butions were used to determine whether monomers within each sample had

-
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aggrega;ed at random (seg¢ Materials anq‘Methods sectlon for details).

If tée isozyme distribytions reﬁieéted random monomer aggregation, then
it is likely ehat e! the sites of GPI-1 éﬁmer formation ;n mosaic myo-
fibres hhye access .to both types of;gpnemers, es in heterozygous eells.
That {;}\in mosaic myofibres, moﬁeme;e\or thelr precursors mustrbe

uniformly distributed prior tgvéimer formation: However, if the results

had indicated tiif there had been preferential aggregation amongst like
monomers, a plaisible eﬁghanation is that most of the GPI-1 monomers

)

« @ggregate into dimers in territories around the nucleil that direct their

synthesis. -
- /

Mitochendrial Enzzpe
- The other genetic diféerence between SM/J and C57BL/6J mice that
is important to this study is at the miscchondrial malic enzyme (MQp-2,
4 L—malate Napp+ oxido—reductase E.C. 1.1.1.40) lotCus. MODjZ 1s encoded
by nuclear DNA, thesized on cytosoiic 80S ribosomes, and eventually
o localized in the mitochondrial maerix &Schetz and Mason, 1974). 1In the
mouse, enzymaticellf active MOD-Z is a tetraﬁer (Bernstine, 1979). Two
alleles, resulting in different electroahoretic variants,are known
(Henderson %966) SM/J mice are homozygous for the Mod-22 allede and
produce a eingle band, MOD-2A,composed of AAAA tetramers. All other
| inbred strains, including C57BL/6J are hoquygous for Mod-2P and produce

.
only the BBBB tetramers. The Mod-2 isozyme distribution in Mod-23/Mod-2b
v

kY

. L . —
composed of 5 bands: the 2 parental forhs, AAAA and BBBB, and the three

. . \ -
[//’//4£eterozygo€es has_not been clearly resQlved, but the pattern appears to be
: t
hetero olymer forms, AAAB, AABB and ABBB (Shows, Chapman And Ruddle, 1970).
,,ﬁ MOD-2 activity‘nannot be detected in homogenates of single muscle

cells winh techniques currently available. It was my a2im simply to determine

% ) _ <
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whether or not MOD-2 heteropolymers are present in the mitechondria

of mosaic muscle fibres from MOD-22/Mod-22 <+ Mod-2P/Mod-2P chimaeras.

If monomers or monomer precursors of MDD—Z.are widely distributéﬁ before
oligomer assembly and/or incorporation intc mitochendria, then hetero-
polymers would have been recovered from mosaic muscle fibres. Alterna-—
tively, if the mechaﬁfgms that exist for the localization of nuclear-

coded mitochondrial proteins link each myonucleus directiy and exclusively
N
with the mitechondria in its vieinity, then each mitochondrioglin these

s

mosailc muscles would 'have contained only one or the other form of MOD-2

tetramer and MOD-2 heteropélymers would not have been observed.

New Techniques Used in the Study.

Relatively simple techniqﬁes weke available for the separation and
detection of isozymes Sf GPI-1 (Carter and_?arr,l967; De Lovenze and Ruddie,
1969) but the methods were not sensitive enough to measure the i1sozyme
distribution in cros;—sections of single muscle cells. During the course
of the study, a proq;;ure was\geve}opéd for the accurate quantitative

@ analysis of very small tissue samples (Petergon, Frair, and Wong, 1978)
including sections of single myofibres. Techniques were also developed
for the recovery and handling of serial cryostaf-cut secticas and enzymati-
cally di;sociated segments of individual muscle fibres.

v
Existing techniques for the separation and visualization of MOD-2

1sozymes on starch gels were modified to accommodate small volune, samples .
Y .
ra

and to improve the resolution 2pd éensitivity of the analysis.

A
Collaboration

‘ The preparation of mitochondrial,extrécts from whole cells and
from fsolated mitochondria, and the staining of gels for MOD-2 activity

were done in collaboration with Drs. Strasberg-and Freeman of the
. t ~—
~

~.

Department of Blochemistry at McMaster University.
L

LY



29

SGMMARY OF RESULTS

' v
The results of my investigations indicate that skeletal muscle
cells are not subdivided inte nuclear territories; rather, multiple

myonuclei contribute gene products to each region of the myofibre.
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MATERIALS AND,METHODS \\\

All mice were houseé-in the Animal Facilitiés at McMaster

ANTMALS

quversity Health Sciences Centre. They were fed a standard diet
with 117 fat content (Purina Mouse Chow), and'kept on a lé-hour light
eycle (light 0500-1900 hoursj. Mice used for the production of
chimaeras were bred at }kﬂ%ster from stocks obtained from the Jaekson

Laboratory, Ba Harbour, Maine,

CHIMAERA PRODUCTION

.

‘The procedure for the production of mouse chimaeras was essentially
that described by Mullen and Whitten (1971), modified after Tarkowski

(1961) and Mintz (1962).

Production Schedule

r

'Day -1, 1600-1800 hr. Pair straiﬁ’h % with A &
Pair strain B § with B &

Day'O, 0800-1008 hr. Observe and record copulation plugs
" in A and B g's. .
1600-1800 hr. Pair recipient ¢ with vasectomized ¢

Day 1, 0800-1000 hr. Observe and record copulation plugs
in recipient g s,

Day 2, .1200-1500 hr. Collect and aggregate A and B strain eggs.

Day 3, 1500-1700 hr. Transplant blastocystg_into pseudopre%yang_
recipient g's.

Day 20, Observe and record litters born to recipient
9'5 or'deliver surgically and present to

foster
31 2
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Timed Matings

Donor and recipient females were mated during proestrus and
judged by the extern?ésfppearahce of the vagina.

Collection of Eggs - ‘

Fertilized eggs were collected from females of the two donor
strains.on Day 2. A donor was killed by cervical dislocation and the
oviduct and uterine horn on each side was removed and placed on a watch
glass (4cm square with a 3 enm dlameter cavity). For each side, the
uterotubal junction was held with curved forceps and the oviduct was
flushed using a 3 m1 hypédefmic syringe fitted with a short bevel 30 gauge
needle {Popper and Sons, Inc.) filled!yith warm (379C) Brinster's culture
medium (BMOC-3), Gr;nd Isiand Biological Company). Mid-cleavage eggs
at the 8-celled stage-wefe collected in a glass micropipette, washed
in warm Brinster’s‘medium, transferred to 2 solution of pronase (B gra@e,
Calbiochem, 5 mg/ml in Brinster's megium) for 2-5 minutes to remove the
zonae éa&}ucidae, and then washed three times in fresh warm Brinster's
medium, .

Culture of Morulae
hY

Approxi;atély 1 hr. before eggs were coliected, paraffin oiJ
(white, Seybolt Viscosity 125, Fisher Scientifie Cofipany) was equili—
brated with Hank's balanced salt solution (Hank's BSS, Grand Isl:?d
Biological Compaqy) and an atmosphe§9r6f 5% €09/95% air; the warmed
;gas was bubbled through the mixture of oil and Hank's BSS for 10-15
minutes. The oil was separated from the Hank's BSS by centrifugation
and placed in 10-12 ml. lots in Falcon plastic tissue culture dishes

(60 x 15 mm). Fifteen to twenty-five separate drops of Brinster's
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medium (3-5 mm in diaceter} were introduced under the oil and adhered
to the plastic surface of the culture dish. The culture dish was
covered and placed in a stainless steel culture jar (Torbal, Fisher
Scientific Company) that was gassed with 5% COz in air, sealed and
placed in an incubator at 379C until tﬁe eggs were collected.:

Oneizona—free morula of each donor strain was placed in a culture
droﬁ and the pair pushed together. The culture dishes Wére covered and
returned to the culture jar and the jar was gassed, sealed and placed in
the incubator. Two to three hours later the culture dishes were cbserved

once more and any separafed pairs of embryos were re-aggregated.,

Transfer of Blastocysts

After twenty-fogr ﬁpurs in culture, each pair of aggregated morulae _
. ’ +

usually developed into a single, composite blasﬁoayst. The giant blasto- . ™

cysts were ¢ 1ected,lwashed once in warm Brinster's medium and transplanted

into pseudopregnant recipient mice. The transplant procedure is described

below. -

Recipient mice were anaesthetized wiéh sodium pentobarbital

(Nembutal, 85 ﬁélkg I.P.). A 10-15 mm long incision was made in the

skin élong the "dorsal miéline “the skin pulled back to expose the

musculatuge ovérlying the uter 1 oviduct and ovary on the right side of

the aniﬁaI: A small incision (appruximately 3 mm long) was made in the

AN L
misculature and the eranizl portion of Ze rightéf:jﬁte horn was gent% '0

pulled through the inciE&w . A thread jwas passed through the mesometrium
and was used to hold tﬁ; ;terus while the blastocysts were Injected
through a hole made by puncturing the uterus with a 27 gauge hypodermic
needle. Care was taken to inject orly a minimal volume of medium and, no

air into the uterus. Up to 10 blaétocysts were transplanted to a

“single recipient. After the transfer of blastocysts, the uterus was gently

/
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pushed back inside ‘rhe body cavity and the incision in the body wall

was closed with d~suture. The skin incision was closed with stainless
steel wourd clips., After surgery the recipient mice were caged indivi-
dually.

Delivery and Care‘gf Chimaeras -

‘

Recipient female Eice that had not deflivered litters by midafterncon

of the seventeenth day after the transfer of blastocysts were killed and
any fetuses were removed from the uterus. Full-term animals delivered in
this manner usually began breathing on their own and were caged with a
foster female mouse. Recipient females that had borne litters naturally

were allowad to nurse their litters,

__,)

- .
ANALYSIS ‘OF GPI-1 ISOZYMES
' Preparation of Samples
1. Frozen Sections . hd

Muscles were removed from freshly killed or anaesthetized ﬁice

(Nembutll. 85mg /KEJ, mounted in minced liver on cork discs, and immersed
for 15 seconds\in isopentane (Practiial Grade, J.T. Bhker Chercical Co.)
cooled with liquid nitrogen. The muécles were stored\ii aled“containers
at —80°C until sectioned. Frozen sections were cut at a chicknes; of

20, 30 or 40 um in an American Optical Cryo-Cut model cryostat at -22°C, .
Whele muscle sections were either homogenized for the determination of
total GPI-1, ~or prepared for the dissection of single muscle fibres.

For the determination of total GPI 1, a2 sample of Bne or severzal

frozen sections of the whole muscle was homogenized for 60 sec in § el

of cold (4°C) to ogenization buffer in an ice—coldground’jlass homogenizing

tube. Each tube was fitted 47ith a matched ground glass pes

le for complete
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disruption of the sample. The homogenization buffer was 2.5 ng/ml b&vine
serum ‘albumin (Fracti;i V, Sigma) in GPI-1 gel buffer. The pestles

were remay;E ;;E‘EEQTEB ogenates ;ére centrifuged at 27,000g for 3Q min.
at 4%, Approximateiy/1 Hl aliquots of the supernatant were electro=-
phoresed.

IS

. For the fisolation of single muscle fibres, a frozen section yas
7 melted on to a ciréular glass coverslip (22 em diameter)_@hich had been
“coated with a 507 w/v solution of polyvinylpyrolidone (PVP, 10,000 MA,
Sigma). The PVP acted as a gentle fixative; it preserved the morphology
of the cut muscle fibres without significantly reducing the actiQity
/—~\e£kF?I (Burstone, 1957). Af;er the section had been picked up; a perspex

O-ring was sealed with siliéaéf grease (Dow Corning High Vacuum Grease)

around the margin of the coverslip. The section was covered with silicone

-, .
oil (Dow Corning 200-fluid} to a depth equaI/:;’:;;‘;hickness\gi\the O-ring
: !

%

(1.5 m). The silicone oil prevented rzﬂid dehydration of the section.

-
.

The ﬁ?kpared section was examined under differential interference
contrast conditions at 80X magnification using a Reichert inverted
microscope. - Se}fcted aﬁéas of tﬁd_gggtion were ﬁhotographed with a
Polaroid camera éﬁd“ﬁuﬁhers assigned to individual muscle fibres on the
prints. Identified fibres were dissected from the section with a tungsten
needle and homogenized in approximateiy 1yl of homogenization buffer,
¥ith the aid of the photogéaphs, a particular fibré/:;uld be identified
and disseptegjfrom other cross sections of the muscle (Figure 2T..

A microsystem was designe or the rapid homogenization and
essentially compl:le recovety of these smallvolume samples. Homogenization

tubes of 1-3 pl capacity were made from heat-sealed glass cabillary tubes.

A high speed electric rotary motor (Dremel Togl Corporaﬁgon) was adapted
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Figure 2

36

Series of photograpﬂs taken during the isolation of a single

muscle fibre from a 20um thick cross

-section of a mouse anterior

tibialis j@hcle. The diameters of muscle fibres in the mouse range

from appfoximately 20 to 80 um.

~—

/
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to driive a small platinum wire hozogenizing loop (approximately 0.5 mm
diameter) mounted in a 26 gauge hypoéermic needle. Samples were homo-
genized at 45,000 r.p.m. for 5 seconds. The ioop was washed in a tube
containing homégenization buffer alone between samples. Occasionally
the washing selution was taken for GPI-1 analysis to determine whether
samples'cpuld be ontéminated during homogenization.‘ GPI-1 activity -
was never detecged in the loop wash.

Once homogenized, the single nuscle fibre samples were cent;ifuged
for 30 seconds in a microhaematocrit centrifuge (Adams Readacrit). The

entire volume of supernatant of each sample was electrophoresed.

2. Cells Isolated with Collagenase

Muscles or, in the case of fetal and newborn animals, the entire-

skinned hindlimbs were removed from anaesthetized or freshly killed zice,

N

The tissues were {fmmediately placed in 5 ml of Ca++¥freé, Mg++;free Hank's
balanced salt solution (CMF Hank's, Grand Island Biﬁlogical Company) at
379C for 15-20 minutes, and then transferfed to a 25 ml Erlenmyer flask
contéining 5 ml of a 0.3% collagenase solution (Sigma Type I, -in CMF{Hank's)
at 37°C. The flask was covered and placed in a shaking water bath

(37°C; 60 shakes/win) for 15 minutes. The enzymatic digestion was s;opped
by removing the tissue to a Falcon plastic petri dish (60x15 mm) containing
15 ml of ice-cold CMF Hank's. The muscles were gently agitated and the
dish waé placed on the stage of a Zeiss diésecting-mic7asigpe. Fibres
released.by the enzymatic and meéhanical disruption Weré examina@-;t

100X magrification to confirm that they were single fibres.' Cnce identified,
single muscle fibres were usual ‘picked up on a microdissec;ing_needle_and
transférred to homogenization tubes containing approximately 1 ul_of buffer.

1]
Longer segments of single fibrgs (ove were plpetted on to a glass
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microscope slide and cut 4nto two or more pieces. Each piece was then
treated as an individual sample. Samples containing segments of single
muscle fibres were homogenized and centrifuged by the method described
for samples containing dissected sections of single fibres.

3. Red Blood Cell Lysateé

Fresh blood was collected in a heparinized glass capillary tube
(0.1 ml volume) and traﬁsferred to 2 1 rl plastie centr;fuge tube
(Eppendorf) containing 0.5 m! of GPI-I1. homogénization buffer. Each
sample-was frozeﬁ an& thawed three times to completely disrupt the cells
ané, finally, centrifuged in an Eppeadorf desk-top cen;rifuge for 1 min.
Aliquots of the supernatant were electrophoresed. |

Electrophoresis T . )

The,q}crdstar;h gel techﬁique of.Tsuyuki, Roberts, Kerr, and R;nald,
(1966) was adapted for the horizontal high voltage electrophoresis of
GPI-1. The conditions of electrophoresis were: |
1. Buffer System
| The buffer system was a modification of‘that reported by Erickson

“et al (1974). The bridge buffer was 100mM citric acid (anhydrous, J.T.

Baker Chemical Co.) adjusted to pH 7.2 with Trizma base (Tris (hydroxym;thyl)
aminomethane, reagent grade, Sigma Chemical Co.). The gel buffer wags 7 ml
of bridge buffer diluted to a final volume of 250 mi with distilled water
{(i.e. 2.8mM citric acid).
2. Starch Gel \

A 15.27 starch gel.was made by adding 250 ml of gel buffer to 38 g
of hydrolyzed potato starch (Lot 307, Electrostarch Company, Madison, Wis-
consin). The‘Eél was cooked to the.supplier's sppcifications and allowed

to set at room temperature in the gel mold (17.5 x 3.5 x 4 cm deep) for

(‘\
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2 hrs before it was cut. GCel st;ips o? 1.5 mwn thickness were cut and
supported between Mylar film (Johnsan Inéustrial Plasf@cs,'Toronto).
Sample wells were cut in each strip and the samples were applied with

fine glass micropipettes. .

3. Running Conditions

Electrophoresis was carried out at 49C . Power was supplied by
an Ortec 4100 pulsed Eonstant power supply (Oak Ridge Technical) at <i‘
0.1 YF discharge capétitance and 500 pulSes/sec. The gels were run for .
1350 Volt hours at a voltage gradient of 30V per cm. |

4. Starch Lot 303

Early in the study, Electrostarch of Lot 303 was used. Best electro-
phoretic results were obtained with’ gels from Lot 303\d;arch when the bridge
buffer was 47mM citric acid E?e gel buffer’ins 1. 32mM litric acid, the
gel was 16.87 starfh, and the gels were run for 1000 Volt hours at a
vﬁltage gradient of 33V per cm. .

Enzyme Localization .

. -

GPI activity was detected by a modificatién of the histochemical
‘staining procedure reported by Carter and Parr €1967¥. The sequence of
reactions which leads to the p;oduction of the visible stain, fofmazan dye,

‘is:

" Fructose-6-phosphate Blucosephosphate isomerase, glucose-6-phosphate
7

Glucose-6-phosphate + NADP+ glucose-6-phosphate dehydrogenase
6-phosphogluconate + NADPH

NADPH + phenazine methosulphate (PMS) + NADP* + PMSH,

» o
PMSHp .+ “izféklfe tetrazolium (NBT) BMS + reduced NBT (formazan)

The ‘sensitivity of tHe staining technique wgs\iﬁcreased significantly

by the use of a filter overlay system, apparently because bﬁé>nfirocellulose

filter matrix traps virtually all the formazan produced.” The filters hre

7
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alsd more conveniently stoted and more easily cleared for densitometric
analysis than are conventional starch eleétrophoretograms.
1. Filtef Overlay Teéhnique It

{ ‘
The filter overlays were assembled by covering a rubber O-ring

(45 mn outeitdiameter, 40 mm inner diameter) on one side with silicone

grease (Dow Corning High Vacuum Grease) and preSS;ng the ring firmly

on té the less polished surface of a numbered nitrocellulese filter

disc (0.45Ium pore aize, 47mm diameter, Sartorius Membrafilter). Following
electrophoresis, ‘the section of each gel strip containing the origin and
the zone of GPI-1 migration {cathodal) was cut out and placed on—é giAss
microécope élide (75x50 mm).. A filter overlay was placédfover the GPI-1

zone. When the filter was uniformly wet and adsorbed to the gel, the

6.5 ml staining well formpd.bylthe filter and O-ring was filled with‘

staining:solution., The assembly was covered with a second.%lass slide

3

and incubated in the dark at 37°C.

2. Staining Solution

The staining soldtion was 20mM citrate buffer, adjusted to pH 8.0
with Trizma base, and ccntaining_l ﬁnit/ml. glucose-6-phosphate dehydrogenase
(Sigma Type XII from Torula yeast}, 4.65 mM D-fructose-6-phosphate (dis

4

salt), 2.5x10 M. B-NADP+ (or beta—NADPf) (sodium salt), l.lxthaM. phenazine

methosulphate, 2.3x10-éM. nitroblue tetrazolium (Sigma Gmade III), and

ro N .
30mM MgCl,. All stain components weré obtained froﬁ Sigma Chemical Company,
except for citric acid and MgCly, which were obtained from the’J.T. Baker

Chemical Combany.

3. Fixing and Storage of Electrophoretogranms

Stained filters were rinsed with distitiég water, the O-rings were = -
removed and the filters were lifted from the starch.gel surface. Each filter

- 4
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L

was triomed to remove all traces of silicone grease, and fixed for at
least 1 hr in a solution of water, methanol, and glacial acetic acid
(5:5:1 by volume). Fixed filters were dried overnight at 37°c. Dried
filters were photograghgd and either cleared immediately for densitometry
or stored in the dark.

3

Densitometric Analysis of Electrophoretograms -\

The relative amount of each GPI-1 i?ozyme in a sample was assumed

to be equal to the relative'staining intensity of each band ‘o= th
= : :

electrophoretogram.™ The assumption appears to be valid over the

Peterson and Wong, 1978);

of GPI-1 activity of the samples analyzed in this study (Klebe,
P
The stained, fixed, dried nitrocellulose filters wer

EIEé;ed for

densitometry by immersion for a few seconds in cedarwood o1l (J.T. Baker'

Chemical Co.).h)The cleared filters were sandwiched between two glass slidds

(75x50) mm) and the zome of GPI activitf was scanned in a Clifford densito-

méter (Model 345, Fisher Scientific). The Clifford Model 345 densitometer -’/}
is equippeé with an electronic integration system that automatically

- calculates the percentage of the total density that occurs in each peak. °
Each sample was scamnmed three times and the results averaged-to determine

the relative activity in each isozyme band.

Calculation of Expected GPI-1 Distributions

For each observed distribution of GPI—i isozymes, the fheoretical
distribution that would have resulted from random association of the

monomers was calculated. In the general case, if the observed proportion

is xAA:y AB:2zBB, then the ratio of A:B monomers present in the sample\is

’

x + (y/2))+((y/2) + z). The proportiMns of AA, AB and BB dimers rhat wolld

-
-
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have resulted from randomly selecting monomers two at a time from the
population are given by the coefficients of the binomial expansion
{(x + y/2)) + y/2) + 2) }2. For example, the measured isozyme
distribution in a single muscle fibre from a GEi-la/GEi—lb mouse was
21.32 AA: 56.07 AB: 22.5%7 BB. Therefore, the A:B ratic in the sample Y
was 49.5:50.5 and the expect proportions were 24.57 AA: 50.0Z AB:
ZS.SZ BB.

Control Samples and Statisftical Tests

ey

1. Differences Between'§5nples

One of the major-qTestions asked in this study was whether there
were differences in GfI—l sozyme distributions between samples ffom
mouse chimaeras. lHquver, t was clear that repeated quantitative analyses
of identical samples did not.produce identical results; the measured
gSozyme distributions varied in spite of efforts to carry out sample
preparation, electrophoresis, stainlng and densitometry under identical
conditions. It was expected that some differences between experimental A
samples would also arise because of.errors in the quantitative analysis‘system.
To obtain appropriate estimates of the differences iﬁ isozyme
distribution that could be expected to arise between chimaera samples as
a result of experimental error, the isozyme profiles in serial czess—sections
of whole muscles, and of single muscle fibres, from Cpi- la/GEi—lb mice
were measured. Myonuclel along the length of .skeletal muscle fibres from-
GEi—l /Gpi~ 1 mice are genetically identical with respect to the synthesis
of GPI-1 and, therefore, the GPI-1.isozyme | distribution is identical
througHout these myofibres. Thus, the apparent differences between samples
"

from Gpi—la/GEi—lb mice were due to experimenfal error.

In order to'determine whether the differences in isozyme distribution -

+
'

™~ . . ' ’ ’ . v
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between chimaera samples were greater than the differences expected to
arise due to experimental error, the differences between samples from
Cpi-1 /Ggi—l mice {&ontrcl) were compared to the differences between
samples from chimaeras (experimental) by the Mann-Whitney test for a
difference between 2 means (Freund, 1967). |

2. Agprepation of Monomers

A second major question was whethér the monomers of GPI-1 had
aggregated into dimers at randop in‘experimental samples. In order to
determine whethef aggregatjion had been random or nonrandom, the
difference was calculated between the proportion of GPI-l activity
measured in the heteropolymer band and the proportion of heteropolymer
predicﬁed on the basis of Eandom aggregation, Examination of the resul;i
for sam%les from Gpi-12/Gpi-1P mice, in which the random aggregation of
monomers fesults in’an isczyme distribution of 257 GPI—lA: 507 GPI-1AB: w
257 GPI-1B (Delorenzo and Ruddle, 1969; Peterson and Wong, 1978), revealed
that, in any single sample, the measured proportion of GPI-1AB was seldog
equal to the predicted value. Both the measured value and the predicted .
value (since it was calculated from the measured  isozyme distribution) were
subject to experimental error. Therefore, iy order to test whether there
were real differences between‘the measuréd ngfﬁredicted proportions of
GPI-IAB in chimaera samples, the experiment (measureq'
minus predicted) values were compared to the (measured minus predicted)
values for a gréup of samples from cdntfol Ggi—la/GEi-lb nice
by the Mann-Whitney test fo: a difference beﬁween 2 means (Freund,

1967).
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ANALYSIS OF MOD-2 ISQZYMES

Preparation of Samples

Whole cell extracts were obtained from frozen cross sectiops
of skeletal and cardiac muscles. The procedure for the dissection, freezing -
and sectioning of tissues was described_above. Approximately 5-10 m
of tissue (15-30 sections of 20 um thickness) were homogenized by hand
in 5 pl ;kuextraétion buffer (10mM phosphate buffer; pH 7.4, containing
S5mM L-malate, 2x10"Y beta-mercaptoethancl, 0.1% Triton-X 100) for 60
se¢ - In an ice-cold ground glass homogenizer. Homogenates were ghen
sonicated for 5 min (Cole Parmer ¥odel 8845, ice-cold) and centrifuged
at 27,000 g for 30 min at 4°C. Aliquots of the superﬁatants were
electrophoresed. "

Mitochondria were_i;élated from 100-200 mg‘of fresh unfrozen ruscle.

by the procedure of Spiro, Moore, Prineas,/Strasberg and Rapin (1970)

and'disruptad by homogenization and sonichtion as above.

Electrophoresis ‘ 4 \//

The horizontal electrophoresis of MOD-2 isozymes was carriedhout k\\\

using the microstarch gel system {(Tsuyuki et al, 1966). The proggg;re
¥
" for MOD-2 electrophoresis differed from th described for GPI-1 onl§’

in the following details:
S

1. Buffer System

The bridge buffer was 47mM citric acid,(;nhidrous, J.T. Baker
Chemical Co.) adjusted to pH 8.6 with Trizma base (powder, Teagent .grade,
Sigma Chemical Co.). The gel buffer was 12.5 ml of bridge buffer diluted )
to a final volume of 250 ml with distilied water.

2, étarch Gel
A 147 starch gel was prepared. Starch from Eleétrostarch Lot

303 was always used. ’ |
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3. RunnI:;—;onditions

' Elecgkobhoresis‘was conducted for 1250 Volt hours at a voltage

gradient of 15V/cm.

Enzyme Localization

' MOD=-2 catalyzes‘the‘oxidation of L-malate and the reduction pf .
NAHP+ . Therefore, MOD-2 acE}vity on the starch gels was detected as
areas of NADPH fluorgscence elicited by ultraviolet illumination of
gels which had been incubated in the presence of L-malate and NADP+
‘(gtfasberg, Davidson, Wallacé and Freeman, 1974). This method was used
}(2§§hce the routiné MOD-2 staining reaction involving the reduction of
- nitroblue tetrazolium dye (Henderson, 1966) was not suffici )tly ?ensitive.
Following electropheresis, the entire gel strips were‘remﬁved
from the bridge tank and were incubated at 37°C in the staining solutien.
Thg»stainigg solution was 40umM triethanolamine adjusted to pH 7.5
a yith EC1, and containing 4mM MnCls, 5 mM L-malate (monosodium salt),

and 2.6x10“4

M  B-NADPY (sodium ;alt). All chemicals were obtained
from Sigmé Chemical.Company. |

In most samples, fluorescence was detected after a 15 min
incubation. The enzyme activity in each sample was between 1.0 and

2.0x107°

units (1 unit is equivalent to the 'activity which transforms
1 Ymol substrate per minute at 25°C). To provide a permanent record

of the résults, the electrophoretograms were photographed immediately

after the incubation.
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RESULTS

ANALYSTS OF GPI-1 ISOZYMES

Electrophoretic and Staining System

1. Resolution of Isozymes

The genetically determined variants of GPI-1 were clearly resclved

in the starch gel electroﬁhoretic system. The relative migrations of the

I-1A and GPI-1B isozymes, as well as the distribution of isozymes in

heteroi&ﬁoee mouse are shown in Figure 3. The densito-

- metric pEofile of the electrophoretogram of the h erozygote sample is

alse shown in Figure 2.

2. Origin of GPI-1

In this study GPI-1 heterodimers were recovered from only two

sodrces; somatic cells of Gpi—lalgh;—lb'heterozygous mice and skeletal

muscle cells of Gpi—la/Gpi—la + .Gpi—lb/C-pi—lb mouse chimaeras.” All these .

cells contained the ge;es for bothetypes of GPI-1 monomers:’<f?1—lAB
was not generated by the dissoclation of homodimers and’;;;ggregation
of monomers to form hetercdieers durteg sample prepatatieh or electro-
phoresis as only the two homodimer bands were present in mixed sampies
coutaining tissues from hEmozygouslei—la/Gpiula and Gpi—lb/Gpi—lb mice,

R4

In addition, there was no evidence that heterodimers ‘could arise from

the exchange of €PI-1 monomers between mnnonucleated cells in vivo, "’ Hetero—

dimers were not recovered. from cardiac muscl&K liver, or blood of GEi—l /
Ggi—l iﬁf—}cgi— mouse yhimaeras. These results are in agreement

with prexious reports that there is no intercellular exchange of monomers
" 7

of either GPI-1 or isocitrate dehydrogenase (Baker andxﬂintz, 1969) in

48 ) -
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Figure 3

a) Electrophoretograms of the genetically determined variants of
GPI-1 (photograph of filter overlay). The o?igins, with 5 mm slots, are
located at the upper part of the photograph. Undq; the conditions used
in fhis study ,\GPI-1 migrates toward the cathode. _Rl:__ngi:l mice
produce a single band, designatéd GPI-1A, that migrates with a lower
electrophoretic mobility thEE_fEE single band produced in.ﬁEi:lP/EEi:lP
ﬁice and designated GPI-lB; Both the slow and fast enzymes are composed
of homodimers- GPI 1A is composed of two 1dentical A/ﬁonomers and GPI-1B
is composed of two identical B monomers. In mature somatic cellsg of
_2“:£ [_E___ mice, a band of intermedlate electrophoretic mobility,
composed of AB heterodimers, is produced in addition to the two. types of
homodimerse ’

b) Dénsitometric profile of the GPI-1 isozyme distribution in the
heterozfgote sample shown above. The filter was cleared and the three
bamds-were scanred in a Clifford model 345 densitometer.’ The percentage

of the total stain present in each of the thrgﬁ“%fnds is dindicated,

~
p
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there was considerable variability from sample t sanple in the measure7f

51

2-

apprepriate mouse chimaeras. On the basis of these observations, it was
assumed that the measured bPI~l isozyme distributions are valid estimates
of the intracellular distributions, and that the nuclei within each
muscle Eell ;re the only nuclei that are responsible for the synthesis
of the GPI—l present in that cell,

3. Sensitivity of the Overlay Staining Technique

s The staining)procedure allowed the resolution of GPI—I/@
P 4

from very small tissue samples, (e.g.) a Cryostat cross-section of a

single muscle fibre, a few hundred erythrocytes, or a single m&EEé\______//

. ] y
oocyte (wet weight of thesex§amples are approximately 5, 50, and 180 ng

res&Fctively) Exanmples of/;lectrophoretlc results from these samples

‘are shown in Figure 4.

4. Accuracy of the Quantitative Analysis

To assess the accuracy of the.apantitative analysis, samples of
somatic*tissues from mature ggg—lalc i:lb mice, in which the lsozyme

. N K
.o . -
distribution was known to be~25% GPI-1A:"507 GPI-1AB: 257 GPI-1B

x

(Peterson and ang,'1978), were analyzed at various times over the course

TN

of the study. .Based on the resulés‘for 39 samples on 14 gels, the N\,
- overall mean and standard deviation values for th 0 tion of'GPI—l
~
activity in each isozyme band were 24, f{\ : Q& GPI-1A: 49,2 + 7, 07 GPI-1AB:
AT

26.7 * 4,27 GPI-1B. That is, when identical sampigi;yere analyzed on a

large number of gels, the mean of the measured isozyme distributions
,/‘3'

was accurate. However, as indicated by the stdndar deviation values,

P

ments of isozyme distributions, even though the samples, in fact, ntained
identical {sozyme distributiens. The variability was due to 9452:::ental

error in the quantitative analysis system.
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Figure &
_ , N
Detection of GPI-1 from small samples, ’ }

A) On the left, an unfertilized ovum froo a GEi—la/GEi—la mouse
and, on the right, an unfertilized ovum from a GEi~1b/GEi—lb mouse.,

Staining time 12 hr.

K

B) Mouse red blood cell lyé tes. On the left, a mixture of
}

approximately 13,000 red blood cells each fron a Gni—la/GEi—la mouse

and a GEi—lb/GDi—lb mouse. On the right, approximately 26,000 red

blood cells from a Gpi-1%/Gpi-1" mouse. Stainfng time 2 hr 15 min.

bf\%&iEEEE saople was a 20 um thick crgss-section of a single muscle

. ~
fibre from the anterior tibialis muscle of » Cgl-l /G E —1 ‘mouse.

While the isozyme distributions as measured in samplés fréph\\_;
heterozygous mice were seldom exactly equél to the expected 257 GPI-1lA:
502 GPI—lhB 257 GPI-1B distribution, the gctuval deviation from the
expected distribution is exaggerateé/ﬁ\\ :Ze Fho ogzgphs of electro-

phoretograms In these photographs, the GPI—lB band in heterozygous

samples appears to contain much less than 257 of the total GPI-1

activity. The relative proportion of GPI-1B r2asured in the éamples

was between 19 and 22 %. - }f%éﬂk : b"
| ) \'\\- -_-/’ N
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5. Control Samplea -~
Differencéé(;etween samples \
B .

In order to determine whether or not there were real differcnces

in GPI-1 isozyme profiles between samples from mouse chimaeras, it was
[ ]

/ necessary to know what apparent differences between samples could be expected:

to arisa due to experimental error. These estimates were obtained from

analyses of GPI-1 isozyme distributions in sampleslfrom gui:ié/cpi—lh mice.
The apparent differenceé in GPI-1 isczyme profiles between ndjacqnt

cross-sections of single skeletal muscle‘fibreé and between adjacent-

. . . | . L,b . ‘ . ,
whole muscle crosg-sections from Gpi-1"/gpi-1 mice are summarized in

.- N ‘ ;
frequency histograms;ii>Figures 5, 6, and 7, (original data in Appoendix 1),

~ It is apparent that Small differences were measured more often thypn large
< ' -
differences. However, all these differences were due to crrbr in thw
4 ° _ . ..
quantitative analysis; -it is known that the GPf=1 isozyme prefile is unilorm
' [y ’ .
i‘ throughout the somatic tissues of heterozygous mice. ‘Therefore, the values'
o - ) ) + -
for the apparent diffcrences between scections from heterozypgous mice

comprised’ groups of control data that could_be\cqmpared to the differences

observed in appropriate groups of exbperimental-samples using qpr6;1umutric

’

statistical tests (see Materials and Methods).

Monomer agpregation o .
~ I

s - Lk -
o determine whether, within samples from house chimaeras, moromens

GPI-1 had aggregated at random; the me;sured proportions o:/GfI—lAB
were compared tnghe pfoporgions predicteé to arise if all ‘the monomens
had'randomlf agg}egated. If there had beén praferential aggregation-

. among like monomers, theq the measured proportiens ¢f GPI-1AB would have

‘béen less than the predicted amounts.
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Figure 5
Apparent differences in GPI-1 isozyme\ istribution between
idéntical control samples from _i—&_a/Gpi-lb mice. The dlfferences in
the measured percentage of each GPI-l band between adjacent cross-sections (\
of whole muscleg (bdz):oken-lines) an:i between adjacent cross—sections of
single muscle fibres (soli‘drline:s) from hetgpozygous mice are summar-
; ized in frequency histograms. Each of the freqyency distributions ’j -~

approximat}s t:he right half of & normal, distribution, that is, small

L

differences bet:ween adjacent sections occurred more frequently than

~
large differences. The apparent d.ifferences are due to experimental &
. . J/ : ‘
error. Section thicknes}: 20 ym, “ \L‘“\i ! ' *
o 0

. —a . f /
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Figure 6 . : . \ ‘ \>
\ Frequency distributions of the apparent differences in the
measured percentage of eaéﬁ-GPI—l 1sozyme band between adjacent whole
muscle ¥ross-sections (bro#en lines) and between édjacent single muscle
fibre cross-sections (solid lines) frqm EEE:E?[EEE:EP mice. Section

thickness 3G pm.

Il
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-
Figure 7 -

Frequeﬂéy distributions of the apparent differences in the
meaéured percentage of each GPI-1 isozyme band between adjacent whole
muscle cross—sections (broken’ lines) and between adjacent single muscle
fibre croés—secpions (salid lines) frPWIEéi:l?[§2$:lP mice. Sectioq_\\

thickness 40 um. % y
|

»-
L
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It was expetted thﬁt there would be some differences between \\4//*/

\ measured agd predicted proportions of GPI-IAB due to egpefiméﬁtal error. Lﬁ\
) T iy < . 2

-

“If order to determine whether, in ?ég;ra samples, the differences were
- s
greater than could be expected as a :eéﬁlt of experimental error,the
r .
(measured minus predicted) values for the percentage of GPI-1AB in

chimaera samples werggcompared to tﬂe\(measured minus predicted)>wvalues
. . - .

for the proportion ongPI:lAB in samples of mature somatic tis;Pes‘

from Goi~1%/Gpi-1° mice,, - - / v
It is widely accepted that egqual broportions of A and B type ’

monomers of GPI-1 are produce& and aggregate at random to‘produce at

257% GPI-1A: 507 GPI-1AB: 257 GPI-1B igozyme distribution in-som?tig

'tissues of mature GEi—lijEiilb mice (Peterson and Wong,é%%ﬂ?.‘ There- -

fore, the differences between measured and predicted proportions of

: \
GPI-1AB in samples from heterozygous mice provided estimates of the ™

differences that could be expected to &rise in chimaera samples .du - i)
s
experimentél error.
: 1&

_Thé (wgasured minus predicted) values for the.perdentages of

GPI-1AB in the heterozyébua control samp%és are presented in Figure-8
(original. data in Appendixrz ). Although the mean measured proportion
of éPI—lAB was 49.22,fcr each ‘single heterozygous muscle sample, the S

measured proportion of GPI-1AB was seldom exactly 50%7 of the total GPI—lI
. -~ ’ . - o
activity; over the codrse‘of\??is study, the measured proportions of GPI-1AB

>

in hétergzygous samples variediover a ranéé from 36.87 to 60.8%.
. ‘
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Fig\v}s‘e 8 _ \I

L Controi (meesur;e ninus predicted) values.‘ The differences,
' for samplei_fréa‘Qggzla[ggizlp mice, between the percentage 6f GPI-1AB
measured ;nd the peréentage of GPI-1a8 ediceed on the basis of random
monomer aggregation are saﬁmarized in a ney histogram: The
apparent differences between the measured ‘and predicted values in these
samples -are due to experimental error.
, The control values fof the (m-p) relative amounts of GPI-1AB
a;pear‘to be normally distributed about a mean value between -1 éﬁﬂ\g/£
GPI-1AB. = ' ’ |
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- 3

GPI-1 Isozyme Distribution in Muscles from Mouse Chimaeras

1. VWhole Muscles from Adult Chimaeras

A principal objective of this study was to measure the GPI-1
isozyme distribution in rosaic muscle fibres at various points along

their length in order to determine whether the isozyme distributions

differed along the length of the muscle cells. Initially, the‘aiétributions‘
of GPI-1 isozymes were compared between whole muscle cross-sections taken
from various points along the length of individual mosaic muscles. L

In one experiment, 12 serial 30 pm thick-cross-sections of the
left anterior tibialis musclg of chimaera 189 (Jﬂ age 7 months) were
analyzed for GPI—l-isozymes. The 'differences in isozyme diﬁtribution.

between adjacent sections of this mosaic muscle are presented in Figure 9.

Also shown in Figure 9 are the apparent differences in isozyﬁe distribution A
. S ' h
between-adjacent whole muscle cross-sections from a GBi-la/GEi—lb control

dgimal. The differences between aﬁjacent sections pf the chimaéra mus#le

//f\}ere not significantly different from the control (i.e. erq@p) differeﬁces
., . i ]

(? > 0.95). The conclusion {s, therefore, that there were not detectable

differences wkth respect to the distribution of

ozymes of GPI-1 along

the length of the mosalc muscle.

t In four other experiments, series of adjacent secti were not
obtainéd but rather whole muscle cross-sections were taken from va?ious
points along the 1e£gth of mosaic muscles. The differences in isozyme
»distribution between cross-sections separated by a variety of distan;es

are shown in Figure 10. These differences were not larger than th; aﬁparent
diffe;ences between fdentical control samples (P > 0.95). Therefore, these
results also indicate that the GPI-1 isozyme p:ofiles ﬁere uniform aiong

N 1
the length of mosalc muscles.



N\

N

65

Figure 9
Frequency distributions of the differences in the measured

percentage of each GPI—l\£§ggymg\band between adjacent cross-dections

of the anterior tibialis musclé of chimaera 189 (so0lid Tines) ;nd

between adjacent whole_muscle cross-sectioég\from hetérozygous control
s migce (broken lines). Section thiékness 30 um. g
/ ' The apparent differences between, adjacent control sectionrs are
-'\\\gge to experimental error‘in the quantitative analysis. The differences

in isozyme distribution between adjacégﬁlsections from the chimaera

. sguscle are not larger than the differences between adjacent control

sections.

. t /

o~ N
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Figure 10

Frequency distributions of the differences in the measured

. s
percentage of each GPI-1 isozyme band between nonadjacent whole muscle

cross~sections of mosaic muscles. Samples were taken at several points
. T
along the lengths of 2 muscles from each of 2 chimaeras (chimaera 32,32

age 10 months, and chimaera 38, o7, ége 1 yr). The sections were separated

——
’

by vafious distances (50 to 1000 uﬁ) and were of va;ious thicknesses,
For each 1sozyme band, small differences between sections

occurred more frequently than larg; differences, and the differences

betypeen chimaera samples are no.t greater than the _‘iffefences between

N

control samples (40 thick édjacent whole muscle cross-sections from

S

sults for sections of mosaic muscles separated by various

heterozygous fiice).

The

distances are presented together as the numbers of pairs of sections
. o)
taken at each sepﬂifffgp distance were small. However, the differences

between sections separéted by as much as 1000 pm -are not greater than

the differences between adjacent sections.

\

b
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~.‘;’The finding that the fPI-l isozyme distributions were the same

. at various points along the length of wosaice muscles ia\consistenp,wigh the
aN

hypothesiﬂ/zhat the cytoplasm of individualfmosaic muscle fibres is homo-

(geneous with respect to LPI-] isozymes. However, the possib{lity }emained

-

Ehat, although/the totals isozyme .distribution was idéntical inyvarious
\\§ d cross—seetions o; an entire mosaic muscle, there were differentes in the
isozymeﬁdistributionbalong the lengﬁh of individuallmyofibres. Figure ‘11
is . a diagram whiQE_iiiustrates how the diet}ibutions of isozymes ebfained
in sadjaceut whole muqu@ crnse—sections may be idenfical when ph%;e are
differences between adjacent sections ef‘giggle muscle fibres,
To invesuigate directly the possibility that the GPI-1 isozymes
. were not unifbrmly distributed within individual mosaic muscle fibres,
it wag necessary to measure the isozyme distributions in different
regions of single ﬁosaic myofibres. K

2, " The Analysis of GPI-1 Isozymes in Single Muscle Fibres from Adult

Mouse Chimaeras L . \
\ V7 . .

. Segments of single myofibres were isolated either by the dissection
of cryostat-cut whole muscle cross-sections, or by the enzymatic disruptiou

of whole muscles (see Materials and Methods). @

e " Lryostat sections

- ~ ’
\ (’”‘\ - To determine whether the GPI-1 isozyme d{ptribution was different

~—— between neighbouring regions in a single mosailc muscle cell, the isozyme

r

b

profiles in adjacent cross-sections of individual fibres were compared.
Typical electrophoretograms are shown in Figure 12. The samples were two /’Hq\
pairs pf adjacent 30 ym thick sections,

* The differences in isozyme distribution between adjacent 20, 30 and ’_
. . . . !

vy .
- - , S
¢ PN ~
._V L : ,‘
SN ot ST
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i
Figure 11 : _ : ( -
o 3
Diagram illustrating how the GPI-1 isozyme distribution can be

identical in 2 adjacent cross-sections of a whole mosaic myscle when

the isozyme distributions are Zﬁffe nt in adjacent cross-sections of

individual muscle fibre#» For implicity, only 4 muscle fibrgs and a

few'GPI—l dimers are shovn. The oval represent myonuclei: the dark

ovals are GEi—la/GEi—la myonuclel and/the light ovals are Gpi—lb[GEi—lb
myonuclei., In each section the GPI
4

5
507 GPI-1AB: 25% GPI-1B. s o \
< T

hY

-1 isozyme distribution is 257 GPI~1A:

- .

==
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Figure 12
" GPI-1

single‘égscle

a) Fibre

ilS (=, age 9

GPI-1A: 34.1%
4.6% GPI-1B.

-~ b) Fibre

142 (i’ age 4

GPI-1A: 43.47

7.0% GPI-1B.

phenotypes in 2 pairs of adjacenf cross-sections of

fibres from mouse chimaeras. Section thickness 30 ym.

ne.,

mwo) .,

72

- .

4 from the right anterior tibialiskEEiiii\of chimaera

The isozyme distributions in the 2 samples are 61,6%

GPI-1AB: 4.37 GPI-1B and 62.7% GPI-1A: 32.7% GPI-1AR:

no.

mo) .

9 from the right anterior tibialTs muscle of chimaera _Jﬂ)
. Pl -

. The isozyme distributions in the 2 samples are 46.0%

GPI-14B:"10.6% GPI- B and 46.67 GPI-1A: 46.47 GPI-1AB:

%
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40 Um thick cross-sections of single mosalc myofibres are summarized ip

. Figures 13, 14, and 15, respectively (original data in Appendix III).

At each section thickness, there were mo significant differences in

isozyme distribution between adjacent ¥actions.

‘ To Investigate whether there were differences in GPI-1 isozyme
\
distribution between nonadjacent sections of a mosalc muscle fibre, a
number of single myofibres were sampled at se$Er L points along their
ieugth. For example, the GPI-1 isozyme profiles of 4 different sections
of a sinéie mosaic fibre are shown in f;gure 16. The diffefences\in
1sozyme distrihutions between single mycfibre sect&ons separated by
varlous lengths are shown in Figure 17. There were'ﬁp significant
differences in isozyme profiles ‘between sections separated by as much

2

as 1000 um (E_> 0. 95)

\\\4\\ These measuremeuts of GPI-1 isozyme ‘distributions in single mosalc

myofibres support thf hypothesis that the GPI-1 isozyme profile is

aniferﬁ eléng the length of mosaic nuscle cells. However, the results

of one type of control experiment indicate that it was possible that the
GPI-1l recovered in seétions.of single muscle fibres did not come exclusively

from the dissected fibre. In experiments in which muscles from Ggi—l /Gpi-

and Ggi— /GEi-l mice were mounted together for freezing, sectioning, and

diesection of %ingle fibres, both. the GPI-1A and the GPI-1B isozyme bands

+
wexe recovered from. some single fibres that were dissected from the boundarr
4:. A

between the 2 muscles. The amount of 'foreign' in a single fibre

section varied from-less thaZ/Ix to #Pproxinfately 407 of the, total GPI-1
t

in the gample. These resul I¥ndicate that it was possible that, in

samples of single myofibres from mouse chimaeras, differences in G?I-l N
.'

iszyme qigtributions betweentwarious sections were maskgd/by contaminatiug

SN L ' ' y

e
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Percentage of each GPI-1 isozyme band between adjacent cross—secti£¥s

of single muscle fiﬁFes from chimaeras. Section thickness 20 Hm,

The differences between chimaera samples are not greater than the diff-

erences between adjacent cross-sections of single muscle fibres from

heterozyéuus control mice (Figure 5). - ///
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Figure 14

. &

. Frequencys distributions of the differences in the measured

percentage of each GPI-1 isozyme band between adjacent cross—sections
‘0of single muscle fibres from chimaeras. Septidn thickness 30 um,

Q. -

The differences between chimaera samples are not greater than the diff-

‘erences between adjacent cross-sections of single muscle fibres from

heterozygous control mice (Figure 6).. -
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Figure 15

' Frequency distributions of the differences in the measured

percentage of "each GPI-1 isozyme banﬁ between adjacent cross-sections
of single muscle fibres from chimaeras, Secajo; thickness 40 Um.

) The differe;ces between ad;!;ent sections from chimaeras are not greater
than the differences be;ween adjacent cross-sections of single muscle

fibres from heterozygouﬁvcontrol mice (Figgre 7),
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Figure 16 P)
GPI-1 phenotypes in 4 cross-sections of a single mosaic mmscle

fibre. Section tﬁickness 30 pm. L

a) Section 1, 50.1% GPI-1A: 40.07 GPI-1AB: 9.9% GPI-13.
b) Section 3, 44.0%7 GPI-1A: 42.0% GPI-1AB: 14.0% GPI-1B.
€) Section 4, 46.57 GPI-1A: 42.0% GPI-1AB: 11,57 GPI-IB.

d) Section 5, 40.6% GPI-1A: 45.87 GPI-1AB: 13.67 GPT-1B.

’




e

82

-~ N,

a

Lo

e

2y

o — . ————




A

83 -

Figure 17
Frequency distributions, of the differznces in the f&I—l isozyme
distributions between nonadjacent cross- sections of single muscle

fibres from mouse chimaeras. 'As the shapes of the distributiomns are
sipilar.for all 3 GPI-1 igizymes, ehe results for the 3 bands'are plotted
together. Section thickness ( in um) and the distance between sectiops
(in! um) respectively, are as follows: a) 20 20; b) 20,40; c¢) 20,60;

d) 20,80; e) 20,100; £) 20,120; g) 20,140; h) 20,160; 1) 20,400; j) 20;
986; k) 30,30; 1) 30,60; m) 30,90; n) 40,40; o) 40,80. .
For each group of chimaera samples, the differences between

sectione of mosaic myofibres ‘are not'greater than the differences
between adjacent sections of siugle muscle fibres from control muscles
In addition, the differences between sections of mosaic pwpfibées

separated by longer distances are not greater tham the differeuces W

between sections separated by short lengths. ' -
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GPI-1 from neig‘hbﬁxring cells. Howe%r_,-'this possibility appears unlikely

“as it /would Trequire that each.dissected section of a mosaic muscle fibre

was,/contaminated with foreign GPI—l.'isozymes ':Ln proportions which varied

fr: spch\iway \that the\total isozyme distribution renalned constant. It
is concluded“ therefore,“ that the total (endogenous plus contaminaticn)
GPI-l_isozyme istribution was the same in various #ections of a single
mosaic zuscleffibre as a consequence of the homogeneo’l}s distribution of
isoczymes, bo within the safnpled fibre and within each of the nelghbouring,
conta; ::g fibres. ) -

[ This conclusion is supported by the results of the second type of '
e)lperimeéxt in which single muscle fibres wvere olkained by the collagenase
method s ‘ ’

Segments isolated with collagenase

Segments of :Lndivi:dual nuscle fibres 0.5 to 2.5 mm in length were

“ar,

isolated by the collagenase digestion of whole muscles. This technique had
the advantage of providing siugle cells free from contaminatibn by other
muscle ce}ls. It 'v.eas also a convenient and relieble_method for sampling
individual muscle fibres over lengths greater than ‘1 mm; the sge\g\ments were

cut into 2 or 3 pleces and the GPI-—i isozjrme eomposi;ions of the pieces were

- compared. ’ J

The Yjfferences in the proportions of the three GPI-1 1sozymes
between adjagent 0.5 to 1.0 mm long segments from muscle fibres from 4 adult
chim¥eras are shown in"Figure 18. There were no ‘significant differet[ljss
betwaeu‘, adjacent segments (P > 0.95). -

%The results of these analyses of GPI-1 enzyme profiles along the

lengths of whole muscles and single muscle fibres from mouse chimaeras ‘\\
o
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Figure 18 .
1 ‘ -
Frequency distribution of the differences in the measured
percentage of each”GPI=1 iéozyme band between adjacent 0.5 to 1.0

mn long segments of muscle fibres from adult chimaeras. The differ-

ences between these chimaera samples are not;greater than the differ-
. [4

ences between adjacent cross-sections -of single muscle fibres from

control mice {control™seqtion thickness 40 ym.Y.

.

“\
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indicate thgé the isozymes were homogeneously distrib%ﬁed along the length

of muscle cells from adult chimaeras. -

,3ﬁ The Analysis of GPI-1 Isozymes in Sipgle Muscle Fig;gg from Tmmature

Mouse.Chimaeras

]
The turnover rates for both RNA and many proteins are more rapid in
‘ myofibr of young animals, and the cytoplasm of immature muécle-cells

"1s densely packed with ribosomes (see Introduction). In view of these .
. - ' -
and other differences‘between the myocfibires of maturaz and immature animals,
P | ' ’ '
it was of ‘interest to investigate the possibility that the isozymes of GPI-1

'

© are not'homogeneously distributed within mosaic miyofibres from young mouse
chimaerag. Ther;fore, some préliminary experiments w;re done to determine
the GPI—% isoxyme profiles in adjacent segments of single muscle fibres
from embyyonic,qewbprn, and young chimaeras,
The collagenase method was used to obgaiﬁ ségments of singie muscle
fibres from immature.mice as‘thé amount of- GPI-1 in cryostat cross-sections™
“ef single young muézia‘cells was t;; low to be detectéd'on starch_gels.
Thé‘GPI-l'ispzyme d%gpributionf in ;ﬁjacent segments ?f indiyidual myoéiﬁrés:
from newborn, cne week old, and two week old chimaeras are given‘in,Table 1.

.

When the differences between adjacent ‘segments at the 3 ages were g odbéd
and compared to the differences between control sections,i?he diffe'ené;s
between adjacent segments from-chimaeras were not significant (P > 0.95).

. a : '
(Single muscle cells from embryonic day 17 chimaeras were obtained but did

A
1]

not contald detectable amounts of GPI-1).
These results indicate that the GPI-1 isozyde dist;ibutéon is homo-
geneous in mosaic muscle fibres of newborn mice. Thus, the widespread

distribution of the gene products of .different myonuclei occurs in,

immature myofibres as well as in the fibres of adult mice.

I3



TABLE 1. DISTRIBUTION CF GPI-1‘ISOZYMES IN ADJACENT SEGMENTS OF SINGLE

MUSCLE FIBRES FROM YOUNG CHIMAERAS.

-

& L)

’ o L - a

. Z GPI-1 ’

SOURCE . ’ FIBRE NO  SEGMENT NO. A AB -B
phiﬁaera 214, newborn 1 1 12.4 37.1 50.5
: LI 5.0 38.1 56.9
3 7.1 -41.0 51.9
2 o1 0.8  21.6 77.6
b 2, 1.4  22.8 73.8

5 ‘ 3 < 1 | 1.0 13.6 85,
» , -2 CTHIA* 145 85.5
Chimaera 204, 1 wk old oy 1 72,1 . 23.3 4.6
Vo . 2 68.4  29.0 2.6
Chimaera 205, 1 wk old’ 1~ 1 29.3  43.7 27.0.
. ' 2 35.8, 38.8 25.4
Chimaera 206, 2 wk old - 1. L 25.6 - 49.9 24,5
C : 2 31.7  43.7 24.6
. T2 : 1"\ 54.9  38.6 6.5
. ' 2 5.2 40.0 8.8
3 0 1 44,1 41.3 | 14.6
- 2 45.7  41.2 13.1

*n.d: none_ detectable

4

-
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Aggregation of Monomers of GPI-1 in Mosaic Muscle Fibres

. In order to gain some iInsight into how the diffe?ent ypes of
GPT-1 dimegs bec;ﬁe homogeneously distributed within mosaic myofibres;
the question was whether the isozype distributions within each-siﬁgle
muscle fibre reflected random or nonrandom aggregation. If the ﬁogﬁmers
of GPI-1 had remained localize& in territories around the nuclei that
directed thg}r synthesis until after dimer assgmbly, then it was expected
that the isozyme distributions would not have réflected random aggre-—
gation; rather, there would havé Eean relatively little GPI-1AB in
samples, indicating that there had been Qery little interaction between
different;monomQ{\types. .However,_if the monomers of GPI—l had been
homogeueously distributed “prior to the assembly of dimers, then the’ ra:io
of the 3 types of dimers would have reflected random aggrega&icn.

The first step iﬁ .this analysis was, fog'each sample, to c?lculéte,
on the basis of "the measured isozyme distribution,- the percentage of total

GPI-1 activity that,yould have been present in the heteropdlymer band

- (’ VO4f all mnnqmers in the sample had aggregated at random (see Materials
——
\

A

#

.

and Methods). The next step was to caleculate, both.for chiqaera and

-

heterozygote control samples, the difference between the proportion of

-

tﬁtai GPI-1 activity that was actualiy measured iﬂ the héteropolymer band
and the proportion of ﬁeteropdlymer.predicted on the basis of random
aggrégation. "It is kqown tHa;'monome; aggregation is random in the
° heterozygote pontgol samples. Therefore, the (measured min:: predicted)
values ,{m-p) ,for control and chimaerly samples wérg compéred in order to
.determine whethér‘fhe amount® of GPI that was present in chimaera samples
. | . wés significantly différent from the amount that ;ould have resulted from

random moncmexdfaggregation.
‘.

- Y
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1. Monomer Aggregation in ﬁﬁult Chimeeras Single Cells

~

The (m-p) values for 7 groups of single muscle fibre samples from

-

adult chimaeras are shown in Figure 19. The samples consisted of 20, 30 and
B g
40 ym thick cross—sections of single cells and 0.5 to 1.0 tm long segments

of individual fibres. The (m~p) values were not different between chimaeras

and heterozygote control samples for any of the groups of mosaic myofibre

samples (P > 0.95). * : Pv
These results support the hypothesis that the GPI-1 dimers present

N .

in cross-sections and segments of single mosaic muscle fibres are assembled

by random aggregation in a homogeneous monomer pool.

Whole muscle sections .

To test whether it was possible to detect differences between the

measured and predicted relative amounts of GPI 1AB in samples in which it

was expected that aT3. monomers had not aggregated\ingfudom, the (m-p)

-

- values were calculated fo whole muscle cross—-secti from mouse chimaeras.

Since each section contained segments of hundreds of musecle cells as well
as many moncnucleated non-muscle cells, and-since every cell had been

an individual sompartment with respect to the assemblf of GPI*l.dimers,
it was very unlikely that the measured pro;ortion of GPI-1AB woulq\be

equil to the amount predicted on the basis of random agpregation ot\all

the monomers present in the sample. The (m~p) values fo samples

whole muscle cross-sections from chimaeras are pr§§$nted in Figure 20.

When this particular group of experimea&al (m-p) values was compared to .
the control values, the relative amounts of GPI-1AB measured in the whole

muscle sections were significantly less than the amounts predicted (P < 0.01).

.

Therefore, the conclusion is that monomer aggregation was nonrandom in the

’

whole muscle sectilons, -
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Figure 19 v
Experimental (n-p) values. The (m-p) values for single muscle -
“fibre samplegaﬁrog adult chxmaeras are summarized in frequency histograks. ,K\\

The sources of the samples aré as follaws: a) chimaera 115 &, age 11 mo)
20 Um thlck sections; b) chimaera 142 (f age 4 mo), 20 um thick sectigus;
c) chimaera 145 Gf age I yr), ‘20 um thick sections d) chlmaera 149 qﬁ
age 10 wk), 20 Um thick sections; e) various chimaeras, 30 pm thick sections;
f) various. chlmaeras 40 um thick sections, g) various chimaeras,
collagenase—iSolated esegzuenl:s 0.5 to 1. O mm in length.

‘In’ all- these groups of samples, the most frequently occurring
(m—p) values are close to ze>o, as in the control samples (see Figure 8),
If ¥here had been preferential aggregation of like mone?ers in the mosaic
muscle cells, the distributions of (m—p) values would be shifted to the -

l

- lefr (seeg for example, Figure 20).
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Frequency distribution of the (m-p) values in whole muscle

sémples. The distribution is shifted to the left when compared to
the distribution of control (m-p5 values (Figqre 8); in cross-sections
of wﬁole mosaic muscles, the (-p) values wre large negative numbers,

indicating that there has been some preferential aggregation of 1like

monomers in these samples,
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Fibre types o ' \\‘
There are many differences in morphoiogical and biechemicai charac-

A%
teristics between muscle fibres with different histochemical staining

properties. For example, proteins turn over more rapidly in muscles,
‘ _ - —
R (\\ ‘which contain a majority_of fibres ghat stain intensely for enzymes of

axidative\metabolism (e.g., Goldberg, 1967). Uﬁidative’fibres are also

richer in large mitochondria and have wider Z lines than glycolytic fibres
(e.®., Gauthier and Dunn, 1973). In view of the many Siffereggég’between

histochemical fibre types, it was of interest to examine the {m-p) values

£

aE for the relative amount of GPI-lAB in mosaic muscle fibres of different

e

histochemical types; it was possible that significant differences between
measured and predicted values would be revealed within one or another

'group of experimental samples when all the fibres within each group were of

.

the same type. :
\f/\ﬁ

The (m-p) values for the percentage of GPI-1AB in mosaic nuscle
fibres of high, intermediate and low succinic dehydrogenase (SDH) activities

are presented in Figure 21. Fibres which-stain darkly for SDH activity

~

are small diameter, slow twitch oxidative fibres while those which stain
lightly are 1arge diameter, fast twitceh, glycolytic fibres. The. different X

fibre types were not significagtly dirferent £rom one another nor from

the control group with respect to the (c~p) values for the preoportion

of GPI-1AB; in all mosaic muscle fibres monomer aggregatign had been randor.

2. Monomer Aggregation in Immgature Chimaeras;rr . '

Tﬁe differences between measured and predicted relative amounts
- - N .
of GPI-1AB in collagenase isplated segments of sirigle muscle fibres from
newborn, one week old, and two week old chimaeras are presented in Figure

22. When these data were coqpared'te‘the control (m-p) values, the results
-

-



Figure 21

Frequegcy distr}butions of (c-p) values in cross-sections of
single mosaie muscle fibres of high ga), intermediatg {b), and low‘(c)
succinic dehydrogenése"activity. In all these histochemical fibre types

. . .
the most frequently occurring (m~p) values are close to zero, as in

control samples. . @

a2
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Figure 22

b ' : . .
Frequency distributions of (m-p) values in segments of single
\

mosaic myofibres from young chimaeras. The ages were as follows:

" a) newborn; b) 1 wk old; ¢) 2 wle old.

In these samples from Young chimaeras the most frequently

occurring {m-p) values are close to zero, as in control samples.

Al
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indicdte that-monomer aggregation had been random in the myofibres of these
young chimaerast In addition: it has been shown that GPI-1AB ig present
in the muscles of chimaeras at embryonic day 16 (D.P. Cross, unpublished
results). These findings indicate that interaction occurs between the
gene products of different myonuclei very early in myogenesis, and that

a homogeneous pool containing GPI-1 monomers encoded by many myonuclei

1s already established in myofibres at the time of birth. o

In summarf;\\ﬁe Tesults presented in this section indicate that,
in skeletal muscle fibres of the mouse, the dimers of GPI-1 are assembled
by randem aggregation of the monomers encoded by multiple myonuclei. This

fipding,together with the results which show that the GPI-1 isozymé profile

is uniform along the length of each mosaic muscle fibre could indicate

. that the distribution of GPI-1 monomers encoded by differept myonuclei

1s homogenecus throughout each wycfibre prior to dimer formation.
Alternatively, it ig possible that all monomers . are synthesized, fandomly
mixed; and éggregate within a single site, for exgmple, in the regilon of
the motor endplate (Gauthier & Dunn, 1973), and that these events are -

followed by homogeneous distributionfof assembled dimers throughout the

cell. Whether a single site or multip sites of diper agsembly exist(s),

the results obtained in these experiments provide direct evidence that
each region of cytoplasm in a muscle fibre has access to the gene products
of miltiple myonucledi.

QUALITATIVE ANALYSIS OF MOD-2 ISOZYMES

The third major aim of this study was to determine whether heterg-

polymers of a nuclear-coded oligomeric prétein, mitochondrial malic enzyme

(MOD-2), are present in the witochondria oﬂ\sosaic muscle fibres from

Mod-22 /Mod-22 < Mod—Zb/}bd—Zb mouse chimaeras. The fihding of '90op-2 heteropoly—
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mers in mitochondria éf mosaic mycfibres would indicate that monomers of MOD-2
widely distributed in muscle cells both before their incorporation into

mitochondriz and ﬁefo?e their assembly into oligomers. a '
Electrophoretic and St;ining Svstem for 0D-2 ,;

&,
B Yy

1. Resolution of Isczvymes: _ ) '
The separation and resolution of MOD-2 isozymes obtained in the

starch gél electrophoretic system are shown in Figure 23. Single fast
. . .

MOD-2A, Figure 23c) and single slow (MOD-2B, Figure 23a) bands were

obtained from SM/J (Mod~2a/Mod—2a) and C57BL/6J (ModLZb/Mod—Zb) tissues,
) od e /nhe—e s ITPETe

respectively.
1

The pattern of MOD-2 isozyme activity in skeletal muscles of SM/J
x C57BL/6J Fymice is shown in Figure 23d. It is thought that egual
numbers of A and B MOD-Z mongmers are produced and aggregate into tetra-

mers at random in Mod—2a/Mod—2E heterozygous cells. Accordingly, the

5 tetramer types should distribute in the ratio of 1AAAA: 4AAAB: 6GAABB:

. 4ABBB: 1BBBB, with the 3 heteropolymers having intermediate electrophoretic

mobilities (Shows et al., 1970). Although the observed pattern of activity

appears to be consistent with the theoretical distriﬁution, the 5 isoz&me
bangs were not clearly resolved on the starch ge%e. However, the resolution
obtained in the electrophoretic system did a}low the distinction between
samples which contained only fast and slow bands of MOD-2 (Figure 23b) and
samples which contained MOD-2 heteropoiymers (Figure 23d). Therefore, it

was possible to use the system to determine whether or not MOD-2 heteropolymers

were present in samples from mouse chimazeras.

2. Conditjons of Hetercpolymer Forﬁation

-

Samples prepared from a mixture of skeletal musigg sections from

mice of Mod-2%/Mod-2? and Hod—Zb/Mod—Zb genotypes yielded only the fast and

slow homopolymer bands of MOD-2 (Figuré 23b, 23f). Similarly, only tha
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Figure 23 ' . R

- MOD-2 phenqtypes in whole cell.extract§ from mouse skeletal and
cardigc muscles. Starch gel'eléctrophoresis in Tris-citrate, pH 8.6.
Under these conditions MOD-2 migrates toward the anode. ‘Cytoplasmic
malic enzy%E,(}DD—l) also migrates anod%}ly but with lower eléctrophor—
etic mobilit} in this system. Addiﬁional bands seen near the origin

-« T
aHEWIabeled U in these electrophoretograms, are active in the absence

. of L-malate and were shown not te be isocitrate dehydrogenase either.

Sources of the samples are as follows.
a) C57BL/6J b), £) 50:50 mix SM/3: CSJBL/BJ, c) SM/J; d) CS7BL/6J

X SM/J Fl e) chimaera 115, fardiac muscle.

\‘\*/
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2 homopolymer bands were present in extracts fron the mononucleated cells
of the cardiac muscle of an SM/J +* C57BL/6J mouse chimaera (Figure 23e),
Thus, }0D-2 heteropolymers were not generated during extraction and

electrophoresis of the enzyme, <§F

MOD-2 Phenotype of Muscles from Mouse Chimaeras

In order to investigate whether individual mitochondria have access

.to MOD-2Z monomers encoded by one or by multiple myonuclei, the }MOD-2 pheno— _.__/
> ¢ ) . /

. . "\
types were determined for muscles from Mod-2?/Mod~22 ++ Hod—Zb/Mod—2b v

mouse chi;aeras. Examples of electrophoretograms of MOD-2 activity in

extracts from gkeletal fwscles of four chimaeras and nonmosaic control

mice appear in Figurés 24 and 25.
L}

1. Whole Cell Extracts

There was clear evidence of MOD-2 heteropolymers in the whole cell

)

extracts of most of the mosaic muscles. Heteropolymers were recovered both
from thg relatively mitochondria-rich scleus muscles (Figure 25n) and from
the predominantly glycolytic gastrocnemius muscle fifres (Figure 250) of
chimaeras. These results show that there are opportunities for MOD-2

monomers encoded by different myonuclel to interact in the multinucleated

skeletal muscle fibres.

-

. : e

In mouse kidney cells there is no MOD-2 activity in the cytoplasm;

2. Mitochondrial Extracts

all the functional MoD-2 tetrgmeré are }ocafea_in mitochondria (Bernszine,
1979). However, it is not yet known‘whether‘there is MOD-2 actiwvity in the
c%toplasn of muscle cells. . '

' To investigate the possibility that MOD-2 heteropolymers were present
in the cytoplasnm of‘mosaic muscle cells but were not\present in mitochondria,

mitochondria were isolated from mosaic muscles and. mitpchondrial extracts

were analyzed for MOD-2 isozymes. ‘Although much of the MOD-2 activity was

-
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~Figure 24 i . —~
/’?) . MOD-~2 ‘phenotypes in whole cell extracts from skeletal muscles
! / . .
‘of, various mice. Sources of the samples are as follows:
,’ Na),j),o) »w) 50:50 mix SM/J:C57BL/6J; b),d) chimaera 105 (¢, age 2 mo),

semitendinosus muscle; c),h},1),m),s),x),b") 5M/J X C57BL/6J Fl; e) ,’t),r

W,2),e')  CSTBL/6I; TNG) 75:25 mix SM/3:C57BL/6J; g) chimaera 115 (o,
age 11 mo), right gastroc’nemius muscle i),p),q),c') SM/J; k) chimaera
-115', left gastrocnémius; n} chimaera 115, left triceps; r) chimaera 139
(3, age 6 wk) ,- right anterior tibialis muscle; v) chimaera 140 (7, age

1 yr), left gastrocnemius; a') chimaera 142 (i, age 4 mo), left gastroc-

-nemius; d'),fi) chimaera 149 (_?‘, age 4. mo), right gastrocnemius. ‘

»
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Figure 25 - i ¢

P ’
' MOD-2 phenotypes in whole cell (a,c,d,e,f,g,h,1i,k,1,m,n,0) afd

.mitochondrial (b,j,p) extracts of mouse skeletal muscles. Sources of

the samples are as follows: a) d),e) approxinmately 50:50 mixture of
SM/J and C57BL/6J B),£),h) c“imaera 105, rlght biceps femoris muscle;
c),g) SM/J X C57BL/6J Fl 1) sM/3; D,p) chimaera 149, left gastrocnemlus;
k) C57BL/63; 1),0) chimaera 149, right gastroénemius; m) chimaéra 115,
left soleus; n) chimaera 149,-}igh; soleus.
The staining intensity of mitochondrial éamples is reduced,
and MOD-2 activity is not visible in most photographs of the géls. Bow— . p
ever, there were definitely heteropolymers in the mitochondrial extracts ‘
from chimaera 1499 ‘The MOD—Z isozyme distributlons in both the mitochon-

drial and whole cell extracts from the right biceps femoris muscle of

chimaera 105 were skewed and composed mainly of the fast band(s).

'

H
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lost in the isolation Procedure, heteropolymers of MOD-2 were indeed
present in the extracts (Figure 253,p, and results not shown). Further—

more, when both mitochondrial and whole-cell extracts were prepared from

‘a single skeletal muscle of a chinaera, each extract contained a similar

—

pattern_of D~-2 activity (Figure 25b,f). Therefore, it is likely that

the distribuMons of MOD-2 isozymwes in the whole- cell extracts of mosaic
%

muscles were identical ‘to the MOD-2 distributions in mitochondria

« Taken together, these results indicate that MOD-2 monomers encoded

by different nyonuclei can be incorporated into a single mitochondrion

. of a muscle fibre. Thus M0P-2 monomers mudet be widel?%tributed in a

muscle cell both before their incorporation inte oligomers and before

their uptake into mitochondria.

COMPARISON OF GPI-1 AND MDﬁ—Z PEENQTYPES IN MUSCLES FROM MOUSE CHIMAERAS
' A\
.The comparison of GPI-I and MOD-2 isozyqe distributions In muscles

from SM/J (Gpi-1°/Gp1-1%, Mod-2%/Modi2®)+ C57BL/6J (Gpi-1P /Gpi-1P,

Mod-2 /Mbd-2 ) mouse chimaeras can provide some insight into the question

’

of the funcefonal equivalence of myonuclei In general the distributions

of mitochondrial MOD-2 isozymes paralleled those of the cytosolic GPI-1
isozymes (Table 2). In samples which contained a heterozygote-like
distribution of GPI-1l isozymes, the MOD-2 isozyme distribution was also

similar to the heterozygote pattern (Figure 26k). In muscles where the

' ‘ A
C57BL/6J GPI-1 monomers, the MOD~2 distribntions were also skewed

. (Figure 24r). Thus, it appeared that the nuclei that were active in

directing the synthesis of GPI-1 were also resnonsible for MOD-2
synthesis.
These results provide indirect evidence for the functional equivalence

of the myonuclel within skeletal muscle), -

| vy
GPI-1 patterns were skewed, indicating a preponderance of SM/J or .- v
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-

- The purpose of this stufly was't:ﬂjzfermine whether the mammali?n

~skeletal muscle fibre 1s a functional ssytytium in which the myonuclei

2=
contribute to a common pool of gene products, or if the myofibre 1s sub-.

disided into territories each under the control of the loc yonucleus,

g

. The most direct approach thétﬂwaQAtaken to the question was {the inves-

tigation of the distribation of éenetically determined elec ophoretic
variants of the cytosclic enzyme glucosephcsphate ié;merase, GPI-1, along
the length of muscle fibres that contained two genetically distinet types
of myonuclei: myohuclei of one type encodé; monomers of the slow elec;ro-_
phoretic variant (GPI-14), and myonuclei of the other type enégsga\monomers
of the fast variant (GPI-1B). As genetically different myonuclel were
diétribﬁted along the‘length of each mosaic myofibre, the type of GPI-1

present in different regions along the fibre‘leﬁﬁfﬁ\would have varied if

each ‘myonucleus controls a territory with respect to the maintenance of

GPI-1. However, the profile of GPI-1 isozymes would have been uniform

+ .

along the fibre length if the products of different myonuclei are diéfributed
throughout the fibre. )

The results obtained in this study indicate that the isozymes of GPI-1
were uniformly distributed along thé length of ﬁosaic muscle fibres and,.
therefore, each myonucleus does not contribute GPI-1 to only a limited
part of a myofibre.

To examine further the functional organization Iin skeletal myofibres,

it was investigated whether the precursors of oligomeric enzymes remain

. localized around the nuclei that directed their synthesis prior to the

assembly_oﬁfEbeplete protein moléqulesl gt 1f oligomer formation occurs
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az\Sites that ‘have aceess to enzyme monomérs encoded by different
. lyoﬁuclei. Two approaches were taken to this question:

1) The fact that functional GPI-1 is a dimer provided the
opportunity to determi_F‘whether, within segments of mosaic mycfibres,
the R;opértions of the different types of GPI-1 reflected randoos
or nonrandom aggregation of all the GPI-1 ménomers present in the-sample,
If the menomers o} their precursors are homogeneously distributed
prior tg dimer formation, the isozyme profiles in mosaic cells would .
have reflected the random and equiprobable interaction of the different 1?‘
monomer types during aggregation. However, if A monomers had been prevalent
at some sites of dimer assembly and B moncmers had been prevalent at
oﬁhers, the isozyme distributions would have reflecteﬁ nonrandom aggre—
gation.

The results presented here support the hypothesis that GPI-1
monomers encoded by multiple myonuclei are uniformly distributed at all
sites of diﬁer assembly; the observed distributions of GPI-1 isozyme
activities reflécted the random aggregation of different monomer types.

2} It was also investigated whether the.precursors of an oligo-

. meric.protein that is localized in a specific intracellular compartment
are widel§ distributed before 6ligomer formation. The specific question
was whether heteropdlymers of the ﬁuclear—coded mitochondrial matrix
Protein malic enzyme (MOD—2)~;ere present in the mitochondria of myo~
fibres in which each nucleus encoded only one type of MOD-2 monomer and

“different nuclei encoded different monomer types (that is, in mosaic
myofibres from Mod-22/Mod-22 Hod—zb/bbd—zb mouse chimaeras). Although
the mechanism of_incorpgration of nuclear-coded m;tochondrial proteins is

poerly understood, it was expected that heteropolymers of MOD-2 would
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"have been present in the mitochondria of mosaic myofibres only‘if MONOREers
are widely distributed before Egég_oligomer formation and localization of
moncmers/oligomers in mitochondria. If heteropolymers had not been present
in the mitochondria of mosaic muscle cells, then one possibility would be
that each myonucleus is linked directly and exclusively to the mitochendria
in its vicinity with respect to the maintenance of MOD-2; by this scheme,
only a single type of MOD-2 monomer would be available to individual mite—
chondria.

The present results show that heteropolymers of MOD-2 were présent
in the mitoghondria of mosaic myofibres. Therefore, monomers af MDﬁ-Z must
be widely, dispersed both before they are incorporated into mitochondria and
before they are assembled into oligomers. |

Taken together, the results obtained in this study-consfitute
direct evidence that tﬁe gene products of each nucleus are uniformly
distributed in adult skeletak»muscle FElls iﬂ_zizg. Therefore, it appears
that the mamgaliaq myofibre is a functional syncytium; multiple ﬁyonuclei_
maintain the cell by way of a common pool of gene products.

VALIDITY OF INTERPRETATION OF RESULTS

1) It could be argued that, betwee; Sifferent reglons of a muscle fibre,
there were small real differences in GPI-1 isozymes which were below the
limits of detéctability in the guantitative anal}sis system used. Small
differences between seétions could arise, for example, if the products of
each nucleus were quite widelyrdispersed but were not uniformly distributed
over the whole fibre length. However, because the ispzyme distributions
in sections separated by large distances (of the ofder of 1 mm) did not

differ f%om one another more than the distributions in adjacent sectiohs,‘

it does seem unlikely that there were concentration gradients of the products

of each myonucleus along the length of myofibres. ¥For example, in many

BN
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of the mosaic muscle fibres from chimaera Yo. 145, the proportion of

nuclear types was 49 Gpi~la/GQi—la:l Gpi—lb/Gpi—lb. If gene products

were not completely distributed, one would expect that the proportion

of b type monomers would consistently decrease or increase as séctions

were taken farther away from or closer to the relatively rare regions
containing Ggi—lb nuclei. No such trends were observed.

2) Theoretically, a uniform distribution of isoziymes could arise without

the gere products of each myonucleus being distriguted throughogt the

entire length of a mosaic cell. If the 2 types of nuclei were arranged

in repeating identical sequences along the length of/i‘ﬁasaic fibre, then

a homogeneous gene product distribution could result if the products of each
nucleus were distributed by diffusion over therlengt; of at least 2 sequences

(see Figure 26). The results indicate that such sequences must contain at

least 50 nuclei, as the ratio of Gpi-12 : EEi—lb nuclei was 49:1 in sore

mosalc fibres. All regions of cytoplasm in these cells could have equal

access to the p;oducts of both types of nuclei if the myonuclei were arranged
in repeating sequences of 49 GEi—la nuclei, 1 Ggi-—lb nucleﬁs and 1f the gene .
products were distgxP;ted cver the length of two such sequences, about 1000 pm.

Although thé organization of myoblast clones during myogenesis in \\

~
‘ \
vivo has not been invegtigated, it appears unlikely that myonuclel frono N

the two Eypes of myoblasts come to‘be arranged in fepeating identical
sequences in the myofibres of mouse chimaeras. For exémple, the probability

of randomly selecting the pattern 49 Gpi—la, 1 Gpi—lb; 49 Gpi—la,

1 GEi—lb, myoblasts from a population which conrtains myoblasts in the

ratio of 49 Gpi-1% : 1 gp1-1° is 2 ( )49 _) ( )49 (50
#
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Figure 26

Dlagram 111ustrat1ng how uniform dlSLrlbutlonS of the gene
Products of 2 types of myonucled could arise over the entire length of
2 myofibre when the products of each myonucleus are n;t distributed
throughout the fibre length. It has been assurmed that the 2 types of
myonuclei are arranged in repeating identical sequences (shown here
as 1 A myonuc1Eus followed by 2 B myonuclei) ., If the products of each
myonucleus are distributed along %inear concentration gradients (shown
by the curves labeled Bl’Al’BZ’BB’ etc.) that extend over the length qf
2 nuclear sequences, theﬁ the overall concentrat;on of each type of
gene product (indicated by theidotted horizontal Iines) will be homo-

P

geéneous over the entire fibre length.
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or approximately .000L. - ¢ o -

3) The possibility exists that the regulation of gene'eipressién is
different in multinucleateé ééi;s which contain genetic;lly different
nucleil from that in nonmosaic cells; such 2 phenomenon could produéz‘-
differeﬂceq in functional organizatipn.getween mosaic and nonmosaig muscle_>
fibres. However, there is no evidence for.morphological, bifchemical or
physiological abnormalities in mosaic myofibres in chimaeras produced from
normal micec(Mintz,~i974; Petérson, 1974). Iqﬁaddiéiél, all mafmalian
females a(e genetic mosaics as a result of the random inactivarion £

one or the other X-chromosome early in development (Lyon, 1972). Thére

are no apparent differences'Letween the nyofibres of males, which contain
genetically identical nuclei, and the fibres of fema}es, wilch are expectedsp
te contain two genetically different types of égclei. Therefore, it seems
likely that the uuclear—cytoplasmid}(elationshia<fhat is descriEed for
mosalc myoﬁibres by the results of tﬁis study exist also in nermal

(i.e.) nonmosaic, myofibres.

4) There is no direct evidence that all muscle proteins are maintained

by way of a common pool of the gene products of multiple myonuclei.

.However, the present findings for GPI-1, a cytosolic enzyme,and MOD-2,

a protein of the mitochondrial matrix, together with previous reports
that heteropolymers of other cytoplasmic enzymes (MOD—l:'bﬁntz and ¢
Baker,—lgef; Peterson, 1974; Id-1: Baker and Mintz, 1969)J.are present in

muscles from apprepriate mouse\Fhimaeras, indicate that the widesggead

- ‘\ ‘
. distribution of the precursors wvtoplasmic and organelle-bound proteins

may be a common occurrence.
The maintenance of the proteins of the plasma membrane in muscle
fibres in vivo has not been studied, but there is evidence from studies

of cultured chick myotubes {(Fambrough and Devreotes, 1978), that acetyl-
1 )

{ A

~ X
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choline receptors {AChR) reach the sarcolemma by way of a direct intra-’
cellular membrane pathway from the perinuclear region to the cell surface.

However, it is not known whether the synthesis of AChRs at each perinucléar

r :

location is directel excﬁusively by mRNA transcribed in the local nucleus
or by mRNA from remote ngplei. Furthermore, even if gene products are

.
\U

transported directTy from each myonucleus 'to the adjacent plasma membrane -#
in mature myofibres{i&tgizg, it is possible that the newly‘insertéd protein£\“
do not remainllocaii;ed in the adjacent memb;aﬁs. It is known that IH
menmbrane proteiﬁs, inclﬁding AChR ,are aéle to diffuse laterally in -éhe

‘fluid matrix of the plasﬁa membrane (Singer énd Nicoison,_l972; Edidin

and Fambrough, 1973; Anderson and Cohen, 1937). ~

~

MECHANISM OF GENE PRODUCT "DISTRIBUTION ’

hY

Except in some pathdlogical conditioms, both nuclei and mitochon- ;
dria are uniformly distributed along the skeletal mu;g e fibre length,
and are thought not to change their relative positio( within. a mature
cell. Therefore, the results obtained 12 this study‘indicate that nuclear
‘gene products.are able to move about inside the skeletal myofibres of the :
~mouse. It is mot clear how the widespread distribution pf the pr&ducts
l( of each nucleus is achieved in myofibres. |
In a simple model of diffusion in which a single myonucleus is
considered to act és an instantanéous source of a d@ffu?iné[product,
the spfeading of the substancé along the fibre length éan be described
ty Crank's (1956) equation for diffusion in one dimension along a cylinder

,of infinite length: N Z

—

2/
c = ___31__;_ o T4pe -
2(wDt)

1

where C is the concentration of the diffusing substance at a distance x

\J/’// from the source, M is the amount of the substance deposited at time
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t=0 at the source x=0, and D is the diffusion coefficient for the
substance. According to this model, a diffusing substance such as-aequorin
(molecular weight 30,000 daltons, D in muscle c:f.f'}(l(.')“8 cmzsec_l) willl be

present at x=lmm (i.e. 1 mm on either side of the source) in a concentration

" that is 1/100 of the concentration at x=0, approximztely 3 hours after

the subst;;;L beginé to diffuse from the source and it will tj?e almost 6
days for the concentration at x=lmm to reach a value that is 9/10 of that
at the source (see Table 3)". Examples of other proteins of MW approximately

30,000 d: ns include thrombin, B-lactoglobulin, and monomers ofitropb—

myosin B. ﬂThe of the murine GPI-1 monomer is reported to be 60,000
(Oster—Granite and Gearhart, 19#8)‘to 62,000 (Charles aﬁd Lee, 1980) and-_
murine MOD-2 monomers we gh approximately 62,000 daltons (Bermstine, 1979),.
In fact, many proteins and RNA species are larger molecules and, therefare\
might be expected to diffuse more slowly than a 30,000 dalton MW substance.
H wé%er, as the mathematical relationmship between diffusion coefficient

an molécﬁlar welght has been defined only for sméll, roughly spherical .
molecules (Martin et al.,1969), it‘is not possible to predict exactly how
much more slowly the large molecules will spread. The‘diffusion times may
not be much longer as molecular-radius may not increase in direct pro#;
ortion to MW for large globﬁlar proteins.

The simple model of diffusibn fgpm an Instantaneous source is guite
clearly not able to accurately describe the diffusion behaviour of a
population of macromoleéules constantly influenced b& synthesis and degrad-
ation. However, it does permit the estimation of the minimum times that
aré required to achieve the widespread distribution of gene products by

diffusion. "

On the basis of the calculations .described above, it appears possible
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\ i . :
that nuclear products that turn over with half-liyes of 10-20 days

become approximateiy uniformly distributed for seweral millimeters along
the length of a myofibre by simple diffusion. Many sarcoplasmic and
myo-fibrillar proteins have half-lives in this range {see Introduction)
However, some muscle protelns turn over more rapidly. n and Pette

(1974) have reported half-lives on the order of one day for several gly-

colytic enzymes in rabbit muscle. Therefore, the concentration of the products

of individual myonuclel caonot approach uniformity over appreeiable fibre

lenéths byrsiqple‘diffusion.if the products turn over at such high rates. T
One possibility 4is that the gene product toat is actually distributed has e
half—iife that ie longer than that of the final product and, therefore,

simple diffusion is an adequate mechanism for distribution. For example, N
relatively stable mRNAs and/or protein precursors may exist. Adother

possibility is that transport processes other than diffusion (for example,

the dechanical mixing of the soluble contents during myofibre contraction)
carry out the rapid intracellular distribution of gene products: At present
there is no direct evidence for or against either possibility.

Two observations indicate that the widespread distribution of gene
products in myofibreé does nof depend on prooerties'oeculiar to adult,
innervated cells:1l) In a preliminary study, I found thdt'GPi—l hetero- .
polymers persfﬁfga in fibres denervated for 21 days. Denervation of/;;;cle
leads to marked atrephy(e.g., Tow;r‘1§39). Duriﬁé denervation atrophy, -
myofibres lose their well organized ultrastrdetdral appearanee (e;g. Hudg-—
son and Mastaglia, 1974) and it ig;tnowd thdt thie rates, andlperhaps‘the
sites,‘orwbroté!n synthesis and.seéradation are changed (boldberg, 1969;

.

Gauthier and Schaeffer, ig?&;Milluard, 1976). 1In spite of the alterations -

' - ‘
in cell structure(and function, the products of multiple myonuclei can .
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interaét in-denervhAted muscle fibres.

VAN
N

ymers of GPI—l1we{igiound'ih muscle from embryonic

chimaeras at y 16 in utefo {Cross, unpublished results). Myoblasts

which are m nonucleated and therefore contain no ﬂeteropolymers are
incorporated into myotubes oxgr days 13& to 15 in utero in the mouse
<- (Pai, 1965). Therefore,# the finding of relatively large hetero-
pelymer bands in musc;;; at embryonic day 16 indicates that there.is
eiten;ijgfaud rapid interaction between the gene products of multipl
nuclei in young‘;;ofibres. ?he ultrastructure aﬁd functional organ.-
L . zation of these young nyofibres differ in many respects from mature
-*—éyeﬁ}breé {sée Introduction}. Howevér! the 'adult' organizat;on with
. respect d; the biosynthesis of at least ome gene produét (GPI-1) appears
to be_gstablished very soon after.myoblastlfusion.
In view of Fhe observatfions on denervated and young mybfibres,
. ‘ it appearg unlikely that a highly specialized transport mechaﬁism‘is
require for‘the'distributioﬁ of the products of individual myonuclei
s throughogt a muscle fibré.

NATURE OF GENE PRODUCTS DISTRIBUTED

- The results obtained 11‘1‘- this study clea‘rly indicate that individual

.
“

~ myq@&clei do not contribute gene products diréctly-and exclusgively to

the nearest sites of enzyme assembly and localization. - Rather, muscle’

-

proteins canlbe assembled from gene products encoded by multiple, genetic-—.
]

ally different myonuclel Theoretiéally, there ara three general

: ) L
(,
[//,/”/ possibilities regarding the level of protein biosynthesis at which the
\.,,
widespread distribution of gene products occurs.
: 2
Messenger RNA -
. .. b

aIf mRRAs becope widely dispersed from the myonuclei in which they
*were transcribed, then homologous mRNAs encoded in different nuclel may-

be transjated at common ‘sites and homologous protein monomers encoded
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by different nucléi may interact in the formation of a final oligomeric
product. .

If, as suggested by Shore and Tata (1977), particular proteins
are synthesized close to the site of their action, then the present
results can be explained only if mRNAs become homogeneously dispersed
throughout the cytoplasm o{_muscle cells before they bind to specific

translatioh siteﬁf For example,'if monomers of nuclear-coded mitochondrial

proteins are syﬁéhesized on rihosomes associlated wisk the mitochondrial

outer membrane and discharged directly inte mitochbnd:}a (i:e. vectorial
translation; e.g. Kellems, Allison and Butow, 1974), then the prasent

ccess to mRNAs from

at single mitochgﬁdria have
multiple myogpclei;
The half-lives of some mRﬂA species, notabi& the message-for the
myosin heavy chain, increase éuring myogenesis in vitro (Yaffe & Feldman,
1964; Buckipgham EELQ;" 1977; Strohman SE_ELL, 1977) but very little
is known about the tufnover of specific mRNAs in mature muscle—ig_xgxg.,‘
The half-1life for ribosomal RNA in rabbit muscle ﬁgs estimated at 11.5
days (Erdos and Bessada, 1966) and totajiRNA in rat muscle has z half-
life of 17 &ays {Gerber, Gerber and Af:man, 1960). In mature skeletal.
muscle, total RNA synthesis is low (Yaffe & Fuchs, 1933), RNA polymerase
.activity is low (Marchok, 1972; van der Westhuyzen, 1979), and thete
appears to be little ribonuclease (Roth and Milstein, 1552). Therefore,
it is possible that st mRNA specizg/;re long-lived in muscle. According
to t‘ diffusion kinetics described above, tbere'may be enough time for
th; mRNAg transcribed in different myonuclei to become homogeneously

distributed by diffusion. *

» . .
At present, there 1s no direEE\ex}dence for or against the hypothes&s\_

L4
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that the mRNAs are the products of the Gpi-l1 and Mod-2 genes that are

widely distributed in musclé cells. The speci%ic mRNAs hae not yet
been identified and the Intracellular sites of.monomer and oligomer
synthesils remain unknown for both proteins.
Monomers )

Translatiouﬁsroducts synthesized on membrane-free ribosomes
(Nihei, 1971), or possibly released into the eytoplasm.éfter synthesis

on membrane-bound ribosomessmay become part of a large intracellular pool

of protein precursors so that monomers encoded by many different nuclei

_become Rvailable at sites of oligomer assembly and at sites where proteins

are incorporated into specific Intracellular loJ;;;ons. There is evidence
that the precursors of monomers, or the monomers themselves, of some Q\
NS

oligomeric proteins.are free in the cytoplasm of cells (e.g. B-glucuronidase,

¢

cytochrome oxidase; see Wickner, 1979, for references). In additionm,
Webster, Patel, Freeman and Papahadjopoulos (1979} have presented indirecEJ,/’;:;
evidence that mogdmers of malate dehydrogenase are taken up Into mito-
chondtia from the cytopla;g. These cbservations indicate that the process
of monomer synthesis and cligomer formation do not necessarily occur in
temporal and spatial proximi;y within cells.
 Two lines of evidence indicate that GPI-1 monomers: do mot exist

freely in the cytoplasm of muscle cells:

1) When Qpi-la'/Gpi-la and Gpi—lb/Gpi—lb muScles_Efe homogenized

together and the homogenates are concentrated, rio GPI-1AB dimers are

generated (thesé results). There is evidence that monomer: dimer ratios
‘ .

" of some cytoplasmic proteins are concentration dependent, with dimer

formation favoured at higher concentrations (Bleile, Schulz, Harrison

and‘Gregory, 1977). Therefore, if free monomers of GPI-1 are present in

_muscle cella,.AB dimers would likely be formed when mixed musc}e samples

4

¥
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are concentrated. ‘\S\_//

2) Free monomers obtained by the in vitro dissociation of purified
GPI-1 dimers re-aggregate spontaﬁeously under most conditions (Carter and
Yoshida, 1969). Therefore, it'iq_unlikely that the intraeellular conditions
allow free GPI-1 monomers to exist,

It also appears that there are no free monomers of MOD-2 present

in muscle; MOD-2 hetercpolymers are not present in mixed homogenates of

Mod—za/Mod—2b and }bd—Zb/Mod-Zb muscles (these results). -

Therefore, it is unlikely that the,enzyme monomers themselves are ,é%

the products of the Gpi-1 and Mod-2° genes that are wﬁdely distriﬁuted in
skeletal muscle cells. Howéver, it is possible that both genes code for
stable monomer precursors that ;re extensively dispersed before post-
translational modifications produce monomers thatvare able to assemble
.into oligomers. For MOD-2, post-translational processing may alsc enable
MOD-2 monomers to become incorporated into mitcchondria. At present, it
is not known if protein precursors of the GPI—i and MOD-2 monomers are
‘produced in any cells.
Oligomers

It is possible that oligomers are initially éssembled in territories,
each assoclated with a single myonucleus, but subsequéntly are widely
distribu;ed; the results obtained in this study could-be explained if
‘Ehe process of oligome:'formation is reversible and if monomers ére re~used
during random re-aggregation at sites that have had access to all oligomer
types. The assembly of several cligomeric proteins is-knowﬁ to be rever-
sible. ¥For example, the regulétion of both the enzyme phosphofructckinase
(bmnéour, 1972;ﬂFriedman and Beychok, 1979) and the structural protein
~ y —
tubulin (Dunne and Wood, 1975) may depend on the sensitivity of oligomeric

dissoclation and .re-association to cellular conditions, and similar con-

trolled equilibria between the assembly and dissociation of oligoﬁeric
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Proteins ma} exist in muscle cells, ,However; there is also evidence
that the assembly of some cytoplasmic oligomeric'enzymes is irreversible,
Goldstein and Gartler (1979) have presented convincing evidence that the
association of monomers to form glucose—éfphosphate dehydrogenase is
irreversible in human-mouse fibroblast heterokaryons. 1In addition,
Bleile et al., (19;7) have shown thar cytoplasmic malate dehydrogenase
does not dissociate into monomers, even under conditions of ‘extreme

dilution and low PH.

Evidence that GPI-1 monomers are not re-cycled “comes from studies

-1 /GEi 1¢ heterozygous mice (Peterson, unpublished results).

i-1¢ allele codes for‘monomers which, when assembled into CC dimers,
appear Eo be rapidiy degraded. Red blood cells of GEi—l /G Gpi- mice

are deficient in GPI-1 activity. The deficiency is thought to occur because

the GPI-1C whicMis.degraded is not replaced by prdtein synthesis (Padua

et al., 1978). Iy red bloo ells of Gpi;l /Cpi-1€ mice, one might expect

that if the processes of dimer dissocfation and-random re-aggregation of
i Y

monomers occur during the selective degradzg}on of GPI-1C dimers, evepn-

e )
tually both thg GPI-1C and GPI-1AC bands would be lost from the cells.
The C monomersg remaining in AC dimers would regenerate some CC dimers
during each cycle of dissociation and re-association. In their turn,

each group of regenerated CC dimers would be destroyed until v

C monomers remained for the assembly'ef either CC or A dimers. In face,
!

the ratio of GPI-1C : GPI-1AC : GPI-1A is 0:2:1 in red blood cells from

mature Gp_i—la/Ggi—lC mice. This is the rﬁéhlt expected if tge assembly

of GPI-1 dimers is an irreversible Process; the C monomers that were

initially incorporated into AC dimers persist in the stable GPI-1AC
3 .

isozyme band.
L
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Further evidence that GPI-1 dimers do not dissociate and re-

assemble 1s the observation that GPI-1 heteropolymers are not generated

in vitro whenfgamogenates of G'pi—la/Gpi-la and Gpi—lb/Gpi—lb muscles
are incubated.together (these results).

In view of the indications that GPI-1 dimer formation is not a
reversible process, 1t appears unlikely that GPI-1 heteropolymefs arise
in mosaic myofibres by the widespread distribution of and exchange of
monomers between previously assembled homopolymers.

It is also unlikely that oligomers of MOD-2 are assembled prior
to their widespr;ad distribution in the cytoplasm of muscle cells;
sevearal obsgrvgtions indicate{?hat MOD-2 6ligomers may not exlst at ;ll
in the cytoplasm.- For example, Bernstine (1979) reported that there is
no MOD-2 activit? in»the post-mitochondrial supernatant of mouse kidney

» .
homogenates. It is also known that the oligomers of another mitochondrial

\

enzyme, malate dehydrogenase,' are dissociated under conditions such as

“enzyme dilution and low substrate or coenzyme concentration (Bleile et al.,

1977). Thus, conditions in the cytoplasﬁ of muscle fibres may Inhibit

the agsembly of MOD-2 oligomers. The formation of oligomers may occur only

after thé’monomers OT momnomer precufsoré are incorporated ipto mitochondrie. .~
In summary, it appeafs most likely’ that the widespread distribution

of the‘ﬁpi=L/and Mod-2 gene products in skeletal muscle cells occurs at

w3

the level of the mRNAs andipt’protein precirsors of the enzyme monomers,

RELEVANCE OF PRESENT FINDINGS TO OTHER QUESTIONS

The finding that multiple nuclei cooperate in the maintenance of
cytoplasmic and mitochondrial-bound proteins in multinucleated myofibres
will be of interest to investigators of a number of problems in muscle

biology.
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Carriers of X-linked Muscle Diseases

“Although it remains to be determined wﬂether the myonucleus is the
primary site of expesssion of the abnormal gene for any of the-X—linked
human zuscle diseases, the results obtained in this study suggest that
mosaic myofibres in carriers of such myopathies could. become Intermediately
affg&ted over their entire length as a result of the homogeneous distri-
bution of the normal and abnormal gene products.

Trophic Mechanisms . )

Thé present results indicate that the neurotrophic mechanisms must
_Qe a complex organization. On the basis of the findings presented here,
1y is expected that a neurotrophic agent that enters a myofibre at the
neuronuscular junction may have access to myonucleil everywhere in the
fibre and it is alsc expected that the products of mycnuclei affec;ed“i\
by the trophic substance will be distributed throughout the myofibre.
The neural control of muscle properties that are expressed throughout
the length of a muscle fibre (for example, the maintenaﬁce of an appfopriate

resting membr;re potential) may vell be mediated by such a diffuse mechanism.

However, the eﬁpression of some neurotrophic effects (for example, the

f' e -
induction of high d?nsi ' packing of acetylcholine receptors) is localized
( ‘ . . .
at the region of the nguromuscular junctional. Additional mechanisms

f— AS

must be involved in the specific localiz tion of such effects,

SN S )
Number of Functional Mybnuclei Ciﬂ,;f/ ! - k\//
Severafvifvestigators ave reported that there is a direct and
constant relafioﬁship between the number of myonuclei and the volume of
cytoplasm i; mature Zyofibres and have suggested that the growth potential
of a muscle is limited by the number of nuclei it contains (e.g., Burleigh,

1977; Kelly, 1978). Implicit in this suggestion is the assumption that

all the oyonuclei are functional; However, no previcus studies have

/
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addressed tée question of how many nuclel are active in directing the
synthesis‘Bf oRNA within¥a myofibre.

In the present study, it was possible to determine, for muscle
cells that .contained two genetically d¥{ferent types of wyonuclel, the
ratio of th;\two nuclear types thét was gctive within a single cell.

In mosaic myofibresFrom qPi—la[ggi—la > Gpi—lb/Gpi—lb mouse chimaeras,

both Gpi-1 alleles are expected to be equally active in directing the
synthesis of GPI-1 monomers (see Intreduction). Therefore, the obser-
vation that the ratio of A:B GPI-! monomers was 49:1 in some myofibrés
(see Results) indicates that the rétio of nucleil directing GPI-1 synthesis

b

was also 49 GEi—la[ggg—la 1 Gpi—lb/Gpi-l ; at least 50 nuclei were
, T .

functional within these single myofibres and the actual number of

. ~ »
active myonuclei could have been dny multiple of 50.
’

-’

The fact that, within a mosaic muécle, éhe distribution of MOD-2
ifozymes paralleled that of the GPI-1 isozymes (see Results, ,Table 2 )
constitutes indirect evidence that the myonuclei that are active in
directing the synthesis of GP171 are also res%cnggple for the synthesis
of MOD-2. Therefore, there was no indication t at the synthesis of different
gene products is specified by different groups of myonucledi.

fhe present résults are consistent with the hypothesis that 'the
population of z2ctive myonuclei is large and may, in fact, contain all

the nuclei within a2 nuscle fibre, v

TN )
G( -

~,
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APPENDIX IA. DISTRIBUTIONS OF GPI-1 ISOZYMES IN WHOLE MUSCLE CROSS-

SECTIONS FROM HETEROZYGOUS CONTROL MICE. -
SECTION TEICKNESS 20 um.

SECTION NUMBER AGPI-1
s A AB B
’ 3 26.7 52.7 20.6
4 26.8 , s2.1 21.1
5 25.1 52.1 22.8 4
5 26.6 . 52.0 21.4
7 26.0 54,2 19.8
8 32.1 50.6 17.3
17 25.7 49.2 25.1 _—\\\<x
18 27.9 48.5 23.6
21 26.5 52.3 21.2
22 28.8 6 20.6
23 23.8 ggfa 25.8
24 22.1 55.8 22.1
25 29.5 50.0 20.5
26 o 33.3 47.6 19.1
27 //fi\\ 35.6 47.4 17.0°
28 31.2 48.4 20.4 .
29 26.8 49.9 23.3
30 . 34.3 48,5 17.2
) R 32.4 49.7 ° 17.9,
32 31.0 50.6 487
_— 35 CE 30.3 49.4 2073
Va 36 . 29.6 ° 50.5 19.9
37 35.0 45.6 19.4
38 30.3 49.7 20.0
39 - 35.7 46.0 18.3
40 T\\/ 29.8 48.6 . 21.6 '\ .
41 32.1 49.1 18.8 °
42 . 35.5 . 46,8 17.7
43 R 30.4 46.5 23.1
44, _ : 32.7 47,2 20.1
45) 34.8 46.0 . 19.2
46 36.5 46.1 17.4 a
47 : . 30.7 ° 42,4 26.9
48 : 36.2 44 .4 . 19.4 ‘lf
49 - . 34.3 46.6 119.1
50 S ' 30.5 49.8 19.7
‘ 51 \ 30.8 51.1 18.1
52 32.6 45.9 21.5
53 35.0 45.6 19.4
56 © 3426 45.8. 18.3
55 - 0 472 19.84
133 N
N
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APPENDIX 1A (cont'd).

SECTION THICKNES§ 30 pm,

SECTION NUMBER

WO OW D W

~

L4

134
NN
32.3 48.4 19.3
29.0 47.1 23.9
.29.8 8.6 21.6
v
7 GPI-1
A AB B

38.7 46.7 14.6
33.1 49.3 17.6
36.3 4 15.6
33.7 52.9 13.4
32.5. 51.9 15.6
33.4 50.7 15.9
38.1 45.7 16.2
36.3 47.4 16.3
33.5 47.1 19.4
36.1 46.2 17.7
35.1 48.1 16.8
37.9 45.5 . 16.6
37.6 . 45.8 16.6
41.6 46.3 14.1
35.6 48.3 16.1
40.4 46.2 13.4
40.4 45.9 13.7
34.1 47.7 18.2
39.9 © 45.2 14.9
37.4 \\%46.0 16.6
41.9 45.0 12.1
39.0 46.0 15.0
34,4 48.9 16.7
36.4 49.2 . 144
35.5 46.2 - 18.3
32,7 46.3 21.0
37.7 48.9 13.4
37.0 47.8 15.2
29.9 44.8 25.3
35.4 47.1 17.5
37.7 49.6 12,7
32. 47.8 20.0
37.%?) 46.3 16.6
39.5 45.4 15.1
35.8 47.7 16.5
40,7 46.1 13.2
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APPERDIX 14 (cont'd).

43
44
45
46’
49 A
50

i

SECTION THICKNESS 40 pm.

SECTION NUMBER

WAt bW N

~a

135
3
35.6 46.6 17.8
38.2 47.8 14.0
28.5 47.1 2.4
34.3 47.3 18.4
35.2 45.2 19.6
35.9 50.7 13.4
28.9 51.2 19.9
39.9 N 47,5 12.6

7 GPI-1
A AB B

28.9 47.3 23.8
31.2 45.4 23.4
33.9 44.3 21.8
31.9 46.9 21.2
27.8 46.4 25.8
31.0 43.6 ©25.4
30.9° 43.3 25.8
31.3 45.2 23.5
35.1 45.0 19.9
3.1 44.3 21.6
30.1 41.9 28,0
33.4 43.4 - 23.2
37.1 40.3 22.6
35.4 41.3 " 23.3
37.9 40.1 22.0
38.5 1§f9.0 22.5
39.3 0.8 19.9 -
36.2 41.6 22,2
34.2 41.0 2.8
9.6 39.9 20.5
9.2 41.6 19.2
36.0 41.7 22.3
38.2 41.2 20.6
37.3 - 41.6 - 21.1
3.2/ 44.5___  21.8
34.2 41.9 “23.9
32.3 41.4 26.3
35.5 46.7 19.8
34.9 37.5 27.6
35.3 41.8 22.9
33.5 41.6 24.9

© 344 41.3 24.3
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

136

33.9
32.6
35.5
34,6
34.6
37.2
35.8
35.9
36.9
38.5
35.1
34,3
36.9
35.8
32.4
38.2

40.6
41.2
46.8
41.5
42.4
41.2
40.8
41.8
41.3
42.1
40.9
40.6
44.5
42.6
40.8
37.6

25.5
26.2
17.7
23.9

. 23.0

21.6
23.4
22.3
21.8
19.4
24,0
25.1
18.6
21.6
26.8
24,2
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N ‘t\\
. APPENDIX 1B. DISTRIBUTICN OF GPI-1 ISOZYMES IN CROS ECTIONS OF

-

SINGLE MUSCLE FIBRES FROM HETER_OZYG(JUS CONTROL MICE.

SECTION THICEXESS 20 um. ‘\ )

FIBRE NO.  SECTION NO. -+ %7 GpI-1 |
A AB . B
1 1 18.1 48.6 33.3
v o2 27.7 52.1 20.2
3 18.5 56.7 24.8 <:\
2 1 19.9 52.2 27.9 <
2 20.4 52.5 ) 27.1
3 23.5 52.3 24.2
3 1 28.2 54.6 17.2
2 29.1 51.4 19.5
4 1 24.1 48.2 . 27.7
2 27.2 49.7 23.1
5 1 20.3 47.7 32.0 \\\\\\’/’/,/
2 21.1  54.4 24.5
3 25.6 . 58 F%— 15.7 :
3 1 - 25.7 - 44,1 30.2
3 < 19.2 ™ 509 . 20.9.
7 1 26.2 52.2 21.6
2 27.1 52,1 | 20.8 )
3 21.5 56.0 22.5 °
-8 1 29.0 ' 50.2 20.8
.2 23,5 57.1° 19.46
3 24,0 53.8 . 22,2
9’ 1 31.8 50.1 i 18.1
2 21.8 54.6 23.6
3 22.0 \\_2211// 22.8
10 1 31.1 .2 21.7
. 2 -+ 21.3 57.5 21.2
e’ 19.7 58.6 21.7
11 1 29.4 49.7 20.9
2 17.1 57.9 25.0
3 16.8 56.4 26.8
12 1 32.2 45.8 22.0
2 21.9 57.9 20,2
3 L 20.0 56.4 23.6
13 1 21.7 52.5 25.8
3 4229 51.8 25.3
14 1 24 .6 50.8 Q4.6
2 (X9.5 59.3 21.2
3 120.6 50.4 29.0-
15// 1 127.6 46.9 25.5
- 3 ’ 24.4 57.8 17.8
--'\ B ‘
WA
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16

17

19.

20

21

22

23
24
25
26

27

28

29

30 -

3l
32
33

- 35

APPENDIX 1B (cont'd).

22.3
11.1
23.1
15.3

©24.0

16.7
21.1
24.1
25.9
22.2
19.8
20.3
17.4
21.5
21.9
21.8
24,6
25.1
20.4
25.7
24.2
23.7
24.7
20.5
22.4
16.0
21.2
23.9
19.9
14.7
24.8
19.3
29.9
27.1
30.0
32.0
23.8
29.2
20.4

22.6

© 26.4

26.5
25.4
23.7
26,7
26.1
22,6

138

. 20.5°

- 52.7

57.5
55.8
57.5
53.4
57.3

56.2°

54,5
51.2
55.9
50.8

33.8.

62.2
53.8
55.1
55.6

55.6
" 50.6

56.3
54.1

52.7°

54.2
53.5
50.2
54.9
53.1
53.6
53.0
53.9
57.9
51.9
50.7
53.2
53.1
54.4
3l.1
56.3

52.8 .

55.2
45,9
50.2
47.9
51.4
53.1
53.6
50.1
52.2
45.8

25.0
31.4
21.1
27.7
22.6.
26.0
22.7
21.4
22.9
21.9
29.4
25.9
20.4
24.7
23.0
22.6
19.8
24.3
25.3
20.2
23.1

22.1.

21.8

29,3 -

22.7
30.9
25.2

23.1°

26,2
27.4

23.3

30.0
16.9
19.8
15.6
16.9
19.9
18.0
2.4
33.6
27,2

W RN NN B =
HiEELRoHNWG
D~ NN~
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52.2 21.7

35 1 26.1
2 22.6 45.8 31.6
36 1 24.5 53.5 22.0
2" 19.6 50.8 29.6
37 1 19.0. 52.6 28.4
2 27.5 53.2 19.3
38 1 19.4 52,2 28.4
2 25,9 52,1 22.0
39 1 26.1 ) 52.9 21.0
2 21.9 54.4 23.7
40 1 21.9 54.6 23,
= 2 23.1 53.6 . 23.3
N
SECTION THICRNESS 3P um.
FIBRE NO. SECTION NO. GPI-1
24 A AB i
4 1 26.0 55.5 . 18.5
g 2 20.5 56.3 23.2
5 1 19.4 48,9 - 31.7
i 2 21.3 54,7 26.0
6 - 1 21.1 53.9 25.0
2 26.1 52,7 23.2
7 -1 22,5 54.0 . 23.5
. 2 21.4 54.9 - 23.7
10 1 31.0 48,3 20.7
2 24.8 52.8 22.4
(11 1 25.9 52.6 21.5
2 26.3 52,2 21.5
12 1 26.6 56.0 w174
2 19.9 59.4 20.7
13 1 26.2 48.3 * 25,5
2 26.1 52.8 s 21.1
16 1 29.6 47.7 22.7
: 2 s 23.2 55.9 20.9
17 1 21.5 53.9 4.6
2 20.3 54.7 5.0
18 1 18.4 54.0 27.6
2 20.9 56.3 22.8
19 1 23.7 53.2 23.1
2 20.8 61.2 18.0
T 23 1 17.5 57.8 24.7
- 2 19.1 57.0 23.9
24 1 ALl - 54,1 26,8
2 24.0 51.4 24.6

.0

2
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APPENDIX 1B (cont'd).

SECTION THICKNESS 40 um.

FIBRE NO. SECTION NO. Z GPI-1
. A AB B

1 1 ‘ 33.3 45.2 21.5
2 25.9 53.6 20.5
2 1 26.2 49.7 124.1
2 24,3 50.3 25.4
.3 1 28,1 49.4 22,5
2 22.0 52.3 25.7
4 1 28.4 51.2 20.4
T~ 24,2 51.7 24.1
5 1 23.6 50.0 26.4
2 24.7 49.6 25.7
6 1 25.2 51.5 23,3
2 26.9 47.5 25.6
9 1 23.5 50.4 26.1
: 2 . 21.6 52,1 26.3
10 1 23.1 " 56.4 20.5
2 25.1 49.7 25.2
11 1 25.1 50.8 2.1
2 25.2 50.2 24.6
13 1 20.7 51.2 28.1
- .2 28.5 48.8 22.7
14 ~ 1 23.2 50.7 26.1
2 20.4 53.6 26.0
15 1 20.9 50.7 28.4
2 16.5 52.3 31.2
16 1 18.3 57.9 23.8
2 19.6 55.6 2.8
19 1 26.0 51.4 22.6
2 28.2 - 52,6 19.2
20 1 19.9 62.4 17.7
2 21.8 53.6 2476
21 1 20.8 58.9 20.3
2 28.0 52.1 19.9
22 1 23,4 47.9 28.7
2 12.8 58.7 28.5
23 1 25.3 49.2 . 25,5
2 22.9 57.7 19.4

24 1 26.0 . 49.3 257
2. 29.1, 49.9 21.0

™ .
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AFPENDIX 2. 'RELATIVE PROPORTION OF GPI-1AB IN CONTROL SAMPLES

141

. FROM HETEROZYGOUS MICE

% GPI-1AB
MEASURED - PREDICTED
56.1 49.8
56.7 49.3
56.1 49,2
60.8 49.9
55.9 - 49.9
59.3 _ 49.8
54.4 i} 49.9
43.7 50.0
44.3, . 49.9
42 .4 49.8
41.8 50.0(‘7\\
60.1 49.9
45.8 49.9
48.9 50.0
45,7 5 49.8
47.6 49.5
41.9 49.8
T 40,7 49.8.
C 39,0 49.7
, 42,7 50.0
‘ - 36.8 50.0
53.2 49.9
- '56.8 49.8
55.1 .50.0 .
52.2 50.0
51.5 50.0
50.5 49.8
49.7 49.6
49.7 - 49.8
45.1 50.0
47.9 49.3
27.7 49.9
44,3 49.8

a

»

£33
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 APPENDIX 3A. DISTRIBUTIONS OF GPI~1 ISOZYMES IN CRQSS—S,CTIONS oF

WHOLE -MOSATC MUSCLES.

CHTMAERA 32, LEFT EDL, SECTION THICKNESS 20 um.

SECTION NO. , Z GPI-1
A AB B
1~5 91.6 4.3 3.1
-15 * 93.9 4.1 2.0
41-45 9.7 4.9 0.4
101-115 93.5 6.1 1.4
~_CHIMAERA 32, RIGHT ECRL, SECTION THICKNESS 10 um.
SECTION NO. . ' . % GPI-1-
: A AB B
1-10 97.6 2.0 0.4
21-30 -/ 94.2 4,2 1.6
46-50 94.5 4.6 0.9
51-55 9.8 4.5 0.7
76-80 87.2 9.8 3.0
81-85 90.0 6.9 3.1
96-100 : 93.3 6.0 0.7
106-110 90.7 8.3 1.0
126-~130 94.6 4.4 1.0
166-170 88.3 . 8.1 3.6 -
171-175 , 90,7 7.4 1.9/ .
176-180 , 89.6 7.7 2.7
181-185 90.5 7.9 1.6 —~
191-195 88.5 9.7 1.8
196~205 . 91.6 6.0 2.4

¥

CHIMAERA 38, RIGHT AT, SECTION THICKNESS 10 pm,

SECTION NO. ’ Z GPI-1
A AB B
. 125 , 39.8.  35.8 24,5
26-3¢ 37.2 39.1 23.7
81-90 38.4 38.2 23.4

196-205 33.0 40,5 26.5
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APPENDTX 34 (cont'd).
i 261-265 9.6 ,
16-325 3.2

CHIMAERA 38, LEFT VASTUS LATERALTS, SECTION THICKNESS 10 ym.

SECTION NO. % GPI-1
‘ A Vg B \‘\
1-25 N 39.8 38.2 22.0
26-30 34.3 47.6 23.1
81-90 % 37.1 36.8 26.1
141-145 2.1 36.8 21.1
196-205 37.6 37.2 ) 25.2
CHIMAERA 189, RIGHT AT, SECTION THICKNESS 30 pm.
SECTION NO. ' Z GPI-1 A
A AB B
1 20.6 36.6 42.8
2 20.9 39.0 40.1
3 28.6 36.6 34.8
4 \ 28.0 32,7 39.3
5 23.9 37.6 38,5
6 28.4 38.5 33.1
7 N 23.2 39.3 37.5
8 - 25.5 37.1 37.4
9 26,0 - '37.2 36.8
10 25.6 38.0 36.4
11 30.1 34,1 35.8
12 31.0 -35.8 33.2

EY
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APFENDIX 3B. DISTRIBUIION OF GPI-1\ISOZYMES IN SINGLE MUSCLE FIBRES
FROM MOUSE CHIMAERAS.

CROSS—-SECTIONS, 20 yum.

CHIMAERA 115,~LEFT AT -""/
FIBRE NO. SECTION NO. . % GPI-1
A AB B
1 1 11,7 39.8 . 48.5
4 9.3 41.7 49.0
2 1 33.4 48.7 17.9
3 33.9 47.5 18.6
4 39.5 43,7 © 16.8
‘ 5 3.4 47.7 17.9
-3 1 31.7 41.1 27.2
3 26.5 . 46.5 -27.0
4 31.9 454 22.7
5 1 32.0 48,7 19.3
3 31.2 47.9 20.9
4 36.7 47.2 16.1
6 1 28.2 49.3 22.5
3 36.5 49,9 13.6
) 4 29.5 49,9 20.2
7 1 11.3 49,2 39.5 -
-3 18.0 47.0 35.0
4 15.0 47.3 37.7
8 1 21.6 49,5 28.9
3 20.2 50.0 . 29.8
9 1 32.1 47.5 ©20.4 .
3 38.7 45.4 15.9
4 38.7 42.3 19.0
10 1 28.3 49,1 22.6
3 22,2 53.2 24.6
R 4 29.5 | 51.4 9.1 -
12 1 . 17.8 7 Y 498 32.6
3 17.5 " 47.0 35.5
4 11.5 45,8 42,7
CHIMAERA 142, RIGHT AT
FIBRE NO. SECTION NO. Z°GPI~1
A AB B
1 1 46.3 43.0 10.7 e
2 50,5 40,0 9.5
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APPENDIX 3B((cont'd).
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APPENDIX 3B (cont'd). \/
16 RN 94 .8 5.2 n.d.
22 98.2 1.8 n.d.
6 7 93._4 6.6 n.d.
12 94.9 5.1 n.d.
~ 16 92.9 7.1 n.d.
22 97.6 2.4 n.d.
7 7 96.6 3.4 n.d.
12 94 .6 5.4 n.d.
16 91.1 . 8.9 n.d.
8 12 93.8 ' 6.2 n.d.
22 96.1 3.9 n.d.
9 1 83.7 11.3 n.d.
7 90.1 9.9 n.d.
~16 96.2 3.8 n.d.
2. 93.8 6.2 n.d.
10 1 98.1 1.9 - n.d.
7 92.6 7.4 n.d.
‘22 94.2 N 5.8° n.d.
1 1 95.1° 7 4.9 n.d.
4 98.8 . 1.2 n.d.
7 93.2 6.8 n.d.
‘12 96.5 3.5 .d.
16 96.0 4.0 n.d.
' 22 95,7 5.3 n.d.
12 1 93.3 6.7 n.d.
' 4 95.6 4.4 n.d.
- 12 92.5 7.5 | n.d.
‘ 16 96.1° 3.9 n.d.
22 97.7 2.3 n.d.
13 4 91.9 8.1 ‘n.d.
12 94.5, 5.5 n.d.
16 94 .5 5.5 n.d.
22 94.6 5.4 n.d.
14 4 96,1 3.9 n.d.
7 92, 7.1 n.d.
. 16 X 90.8 | 9.2 n.d.
/ R
T/cnnmzm 149, RIGHT-AT
FIBRE NO.(SDH) SECTION NO.
. A ' AB B
1(low) 1 44.5 41.8 13.7
¢ 8 44,6 45,9 9.7
15 42.6 47.5 9.9
19 41.8 45.7 12.5
48 52.6 42.5 4.9
51 53.0 42.3- 4.7
B ]
g ¥ ]



N

~

APPENDIX 3B (cght'd).

M

2 (intj

3A (int)

3B (int)
& (low)

y

ﬁ'(loﬁ).,

6 (ﬂigh)

7 (high)

8 (low)

9 (int

8
15
29
34
41
51
8
15
19
25.
D
41
48
51
25
29
34
8
25
29
41
51
15
(19
34
s
48
51
4
]
51
19
34
&1
48

i
~J

51
15
25
34
41
51
8
15
25
29 K

~\,’j
E?M_f\“‘“\

51

\
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47.7 41.5 10.8
49.1 45.4 5.5
39.6 51.9 8.5
44 .4 45.7 9.9
50.7 42,7 . 6.6
53.2 £2.9 3.9
45,5 47.2 7.3
44,7 45,5 9.8
43.8 47.6 8.8
40.1 §3.4 16.5
52,5 41.5° 6.0
53.7 39.3 7.0
50.1 42.6 7.3
50.4 42.0 7.6
57.4 42.8 9.8
53.3 40.9 5.8
54,3 39.6 6.1
50.0 39.9 10.0 . .
57.1 30.1 12.8
51.0 40.3 ' 7.9
48.5 45.0 8.7
51.4 40.1 6.5
48.0. 42.6 9.4
44,2 40.6 . ©15.2
45.4 46.3 8.4
52.3 43.4 4.3
53.0 42.5 4.5 L‘-«’£:::}§
62,5 . 32.5 - 5.0
48.4 44,7 6.9
53.3 L 4&2.9 3.8
62.5 32.4 5.1
49.7 | 40.5 9.8
50.1 35.6 14.3
48,5 39,9 11.6
48.9 45,4 5.7
47.8 45.4 6.8
47.4 10.7
47.9 15.7
46 .6 12.1°
50.3 . '
47.5 -~
47.8
47.4
48,4
51.4
56.5 v
52.3
62.9
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APPENDIX 3B (cont'd). \
10 (low) 1 49.0 441 6.9
8 54.2 40,6 5.2 .
15 47.9 44.5 7.6
. 34 56.3 39.0 4.7
‘ , 41 51.5 44.0 4.5
11 (int) 1 " °50.5 42.9 6.6
8 ‘ 47.5 43.8 8.7
15 55,1 41.9 3.0
25 55.7 39.6 4.7
X ' 29 49.0. .~ 46.5 £.5
34 56.4 38.7 9
- Yil 55.4 39.8 8
48 53.6 43.8 - Y 2.6
51 58.1 35,7 6.2
12 (low) 25 49.4 43.3 . .3
R §2,1 61.4 = M
.. ' 48 50.4 45.6 4.0
. 51 AN 53.9 40.5 5.6
A 13 (high) 19 ’/' 56.5 38.2 5.3
. « 41 64 .4 29.1 6.5
AN 48 , 61.2 30.6 8.2
J 1. . 56.5 38.9 4.6
14 (low) 1 . 37.2 13.2 -
25 52.5 4.9
41 ©47.0 12.0
51 0 4.2
15 (low) 25 : .20 6.5 \
. 29 — . 49.2 4.1 \
% solg 7.6 e
41 — 44.0 10.8
. 48 58.5 3.1 "
—_— 51 . . 55.1 7.4
16 (high) 19 51.0 9.6 ™
- 25 46.0 6.5
\ -29 44 9 7.0
: S 34 4.8
41 10.7
- 48 v 1% "\ 10.6
51 65 7.1
17 (high) 15 52.7 8.1 )
25 48.4 " 6.3
29 46.0 5.2
e 34 . 57.8 8.9
41 50.6 ‘8.4
48 52.8 6.0 U
51 - 45.1 3.9 11.0 Na '
18 (int) 1 59.3 .36.1 4.6 :
8 48.9 A 45.6 5.
15 . 53.3 ~ 40.9 /)s‘
25 . 53.7 40.0 6.3
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APPENDIX 3B (cont'd). !
29 49.1 44.0 6.9
34 50.5 44.3 5.2
41 48.6 45.1 6.3
48 57.2 37.2 5.6
51 53.0 39.2 f/ﬁ\z.s
19 1 50.5 42,2 .3
15 46.9 45.4 7.7
25 44.1 47.2° 8.7
29 51.8 41.2 7.0
34 52.2 41.0 6.8
41 51.3 , 39.5 9.2
48 50.5 43.5 ¢ 6.0
. 51 52.9 39.5 7.6
20 (low) 1 \ 54.0 40.2 5.8
8 44,1 49.2° 6.7
15 43.8 45.3 10.9
25 47.4 46.0 " 6.6
29 55.2 42.3 2.5
34 J 56.7 39.8 3.5
48 48.7 43,5 7.8
51 39.8 - 50.9 9.3
21 (int) 1 . 55.3 .39.9 4.8
' 8 50.5 43.2 6.3
15 47.0 ‘43,9 9.1
25 47.7 5677 . 5.6
29 48.4 42,4 N « 9.2
34 46.4 - 46.6 7.
41 56.7 36.1 7.
48 58.0 34.9 7.
51 TF48.4 44,7 6.
22 8 /)Q\.i? 55. 38.1 - 6.
S 15 53,2 39.4 7.
25" 49.7 D 44,2 6.
. 29 47.6 47.2 5.
34 40.9 47.5 11,
. 41 52,1 39.6 8.
48 53.8 T 39,1 7.
51 60.9 34.7 4
23 (high) - 8 45.8 k 47.5 6.
)aqé* 50.5 . 42.2 7.
25¢ 54.5 TG0 5.
29 ,Sgt49.z , 45,3 . 5.
34 50.6 44.3 * 5.
41 57.6 37.5 4,
48 56.6 38.1 5.
51 57.1 37.7 5.
24 (low) 1) 54.0 40.5 5.
8 51.2 40.2 8
- 15 477 44.3 8.
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APPENDIX 3B {(cont'd).

25 33.0 42.8

29 ' 49.2 43.1
34 56.8 35.8
41 53.9 w2 sl
48 - .

51
25 (low) r
5
19 [
25
29
34
41
48 .
51 51.5

« ¢
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CROSS—-SECTIONS, 30 uml.- .

CHIMAER® 115, LEFT AT

FIBRE NO.. SECTION NO. Z GPI-1
S ‘
- A
1 1 12.6
% 12.3
2 1 10.7
\ 5 13.3 &
3 1 14.8
3 . 13.0°
5 14.2
1 8.5 N
: Y
1 9.9
3 14.0
4 11.5
5 13.6 o
1 10.0 o
3 11.7
4 13.4
5 13.8
1 9.8
3 11.3
g 12.2
5 9.9
9 1 24.4
4 24.3 .
5 20.3
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TN
ST
- APREE%%? 3B (cont'd).
K4
11 XL 1 46.3 41.8 119
: 3 45.3 42.7 12.0
, 4 38.8 48.2 13:0
12 1 48.6 38.7 12.7
4 45,9 39,0 15.1
13 3 42.5 42.9 14.6
& - 39.9 44.8 15.3
. 5 47.3 42.1 10.6
4 4 36.8 ©55.2 8.0
5 32.4 59.5 8.0
CHIMAERA 113, RIGHT AT
. FIBRE NO. /SECTION wO. '%_GPI-1
[v2
. 7 a AB B
2 ‘:::; 51.8 42.0 6.2
2 50.6 - 40,1 9.3
5 1 48.0 42.7 9.3
2 49.4 42.9 9.7
9 1 57.3 364 6.3
2 | 58.2 34.8 7.0
12 1 59.1 133.3 7.6
2 57.6 32.6 9.8
13- .1 58.2 3.7 7.1
: 2 59.2 34.6 6.2
CHIMAERA 142, RIGHT AT r . (’/
FIBRE NO. SECTION No. % GPI-1
A AB B-
- -
3 1 47.9 44.1 8.
2 5146 43.6  ___ 478
5 1 29.7 54.8 15.5
~2 33.6 48.3 18.1
8 1 58.7 33.9 7.4
B S 56.9 34.3 8.8
9 1 46.0 46,4 7.0
2 46.0 43.4 10.6
10 1 48.7 46.7 4.6
: 2 44.9 46.6 8.5
>
» Q- bt

9

um%ﬁ____w__
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CROSS-SHCTIONS, 40 um.

AT

L

CHIMAERA 115, RT
FIBRE NO. SECTIO\«' NO.

APPENDIX 3B (cont'd).
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, APPENDIX 3B (cont'd).

S 000 W W

HOWDWMNLWL

N . _
2 90.4 9.6
- 3 89.4 10.6
4 12 1 89.6 10.4
2 88.7 11.3
' di{»- 13 1 93.3 6.7
N OE e 2 9.4 5.5
14 1 92.8 7.1
b 2 91.9 7.2
19.. 1 92,2 6.8
2 89.0 10.6
CHIMAERA 142, RIGHT AT .
- S
,
- FIBRE NO. SECTTON NO. % CPI-1
.f\ A AB
4 1 71.4 25.1
- ' : 2 < T 70.3 25.5
4 L. 73.5, 21.6
6 76.3 19.9
6 7 1 60.7 - 29.4
- 2 63.9 28.1
v 4 58.8 33.1.
L3 A
. COLLAGENASE-ISOLATED SEGMENTS
CHIMAERA 115, RIGHT EDL
' FIBRE NO. SEGMENT NO. - % epI1
A AR
1 1 68.2 29.0
2 66.8 29.8
-2 1 76.4 23.5
2 76.8 22.8
-’//1 | )

cCown
N )

N L,
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APPENDIX 34 (cont'd).
CHIMAERA 116, RIGHT EDL
N N \
FIBRE NO. SEGMENT NO. 7% GPI-1
A AB B
1 1 94.7 5.3 n.d.
2 94.4 5.6 n.d.
CHIMAERA 117, RIGHT EbL ’ -
FIBRE NO. SEGMENT NO. % GPI-1
— A AB B
1 1 93.3 6.7 n.d.
2 95.1 4.9 n.d.
2 1 98.0 2.0 n.d.
i 2 98.1 1.9 ‘n.d.
CHIMAERA 190, LEFT AT
FIBRE NO. SEGMENT NO. - % GPI-1
A A AB B
£ ,
1 1 '54.7 35.7 9.6
2 58.7 35.4 5.9
- 3 64.3 30.3 5.4
2 1 65.3 30.4 4.3
- 2 . 63.4 33.2 3.4
3 58.6 30.6 10.8
3 1 74.7 19.8 5.5
2 6979 26.7 3.4

W . ]
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