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. . ABSTRACT
The levels of cathebsin B and D have been studied in \
-various tigsues‘of normal and dystrophid‘mice of st;gin.
129 ReJ and the results have revealed differences in the
level of brotease activity among the various tissues.
Extracts from muscle, lung and-heart in dystrophic mice
"show an elevation in cithepsin B gnd D activity compared‘to
control or normal tissues while extracts from liver and
kidhey from dystrophic mice do not show any differences.

Autoactivation experiments carried out with extracts from

muséle and heart suggest an imbalance in enzyme to inhibitor

. ¢

ratio in dystrophic tissue. The response of the %uscle_

tissue extracts to exogenous dinhibitors like leupeptin and

Artemia pfoteasc inhibitor iﬁdicates that differences exist
between-thé cathepsin B enzymes in nermal and dystrophic
mouse muscle. A stuﬁy of cathepsin B and D activity

in a differentiating myoblast cell line (L69/1) has also shown
that protease activit} in muscle cellé increases markedly
during differént%ation. In fibroblast cclls (EwTK)‘cathép§in
B and D activity were found to be 5-fold and 2-fold iower,
respecéivel",than in myoblasts at . the post—fﬂsion stage. .
HOQQVer,catheDsin B activitv in fibroblasts can be increased
2-fold by autoactivation ﬁnlike cathepsin B'En myoblast cell
line wgich is resistant to autoactivation. Autoactivation

experiments indicate the presence of considerable cathepsin

B and/or’ D inhibitor activity in myoblast but less in ’ ¢

-

’ r



fibroblast. This was further confirmed by mixina experi-

ments with homogenates from a cell-cell hvbrid formed hetween
- ) .

the rat mxéglast (AG2) and mouse IL-cell fibroblas*® ¢TMTK}.
}@e Rat x Mouse hybrid (RM-5) g%d not express cafhepsin n
and ‘D activitv compared to:thq paréntal cells. Autogctivation
of the humogenates from primarz_ cell cult&res of‘dystrophiéf
‘mice (strain 129 Red) shdws an increase in the specific |
activity of cathepsin B coméareé tJ the coﬁﬁrol samplios
maintdined at OQC"wgile cells” cultured~from normal mouse
muscle do not show an increase in specific activity upon
incuBatiOn at pH 4.5 and 30° C. These studias suagest the
presence of a C{Fhepsin B an@/nr n fequlator in,normalacalls
a;d tissues which may be either, lacking or prnsént in limited

A ]
quantities in dvstrophic animals. The censequenrcas of an -

.

an imbalance in the enzyme to inhibhitor ratio in the onset

of muscular dystrophy 1s discussed. »

.
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I. INTRODUCTION

The-initial studies of proteinaseé of mammalian
cells ahd tissﬁes can be traced back to their origin in
the_éerman laboratories of physiological chemistry in
about 1890.. It was around this time that the proteolytic
enzymes were first recognized for their'invéivement in
biological control mechanisms. Kunitz reported that the
trypsin catalysed activation of.chymotrypsinogen occured
without detectable proteolytic degradation (Kunitz,1935).
The significance of this discovery was greatly extended
by the work of Lofand who subsequently discovered that
the catalytic effect of thrombin in blood clotting was due
to limited proteolysis of the substrate fibrinogen
(Lorand,1951). It has since become clear that specific
limited proteoclysis 1is a general mechanism in many
physiblogical pfocessess. Limited proteolysis is a process
in which a small and/or selected number of peptide
bonds are cleaved. Processeé which involve limited proteolysis
are defence mechanisms such as blood clotting, complemené
fixation and repair of tinsué injuxw. hormone production
(convereion of »ro-ineulin to insulin), self assemblv
of viruses, dicestion, fertilization, develoopment
and metamorphosis, In addition to the above processes

Beveral new ideas have emerged which implicate proteases



in the control of cell behaviour during malignant
transformation. Limited protgolysié probably also
occurs.as an earlv step in intracellular protein-turnover
{Goldbera et al., 1978).

Evidenbe that protein catabolism is important
in pﬁysiologv comes from the realizatign that fhe
amount of amino acids produced each day by -breakdown
of tissue proteins in the human body is well in excess
of that obtained by digestion in the alimentary tract
in the same period. Clearly the degradation of
intracellular and extracellular proteins is controlled
précisely in the healthy state. In fact, one remarkable
property of these dvnamic systems is the exgquisite
regulation of proteases. after their synthgsis: Eluci-
" dation of the nature of this regulation is a tantalizing
challenge for the future.

The term "protease” includes both exopeptidases
and endopeptidases. Endopeptidases cleave bondsbdistant
from the ends of polypeptide chains, whereas exopeptidases
cleave bonds only near the ends. The chemical composition
of the essential catalytic groups of the enzymes was
used by Hartley to identify 4 classes of proteases
nameiy, the serine, thiol, carboxyl and metalloproteinases
(Hartley, 1960).

Proteases have been implicated in a number of diseases



)
in maﬁ, among the best known of these are the hereditary
muscular dystroohies. In such States there could be an
activation of enzymes which are normally latent or an
activation of pre-existing enzyme by removal of a specific
inhibitor/regulator which controls the activity of the
enzymé under normal condition in situ. Increases in
proteolytic activity mav also occur in response to food ~.
deprivation whiqh results in the decrease in the weight
of muscles (Millward, 1970).

| Wasting of muscles is a well known phenomenon
;hich accompanies cancer at various sites in humans.
However, the cause(s) 6f th;s loss in muscle mass
is not c¢lear. Protein turnover studies by Goodlad
aﬁd Clark (1973) have providéd evidence to show that the
overall loss of proﬁgins from muscles of rats with Walker
256 carcinomas is due to an accelerated catabolism of
progging with a concommitent decline in the synthetic
rate. In other studies Holmes et al.(1974) have
measured the activity of several peétide hydrolases in
muscles bearirig transplantable tumors. 1In the extensor
digitorum longus muscle which showed wasting, the acid
and alkaline prbteinases showed elevétéd specific activities
while that of cathepsin B decreased. In no case was
there an increase in the total aétivity of any of the

enzymes in the muscle.



~

There are other diseases such as pulmonary
emphysema _(Eriksson, 1978), glomerular nebhrites
(Davies et al., 1978), arthritis (Barrett, 1978),'and
myeliﬁ degeneration (Cammer et al., 1978) in which
cellular proteinases are responsible for tissue damage.
It could be that normal tissues are given considerable
protection agéihst inappropriate proteolysis by a
variety of é;ddgenousupfoteih;se inhibitors.

In search ‘or‘clues to the nature of hereditary
muscular'dvstronhy, considérahle work hag been done in
recent vears on the metabolism of muscle proteins.
Despite these efforts the mechanism by which protein,
degradation is regulated in skeletal muscles is poorly
understood. Howevgr, there has been an increased
appreciation of the regulatory role of proteases.
Although manvy proteases exist in muscle it-is nct known
which “of these enzyme(s) actuallv degrade native
protein in the pathological state. Both lyéosomal
and non-lysosomal proteases can hydrolyze muscle protein
in cell-free preparations but the relative importance of
lysosomal to non-lvsosomal proteases in the dystrophic

process . remains unclear. One of the widely studigﬁ

non-lysosomal proteasre~ is the calcium activated neutral

protease (CANP) found originally in pig skeletal muscle

bv Dayton et al.(1975), Kar and Pearson (1976),

da



Mokri and Engel (1975), Neerunjun and Dubowitz (1979),
Bush et al.(1972) and Ishiura et Q.(£978,I979,1980,
1981). among these researchers Mokri and Engel (1975)
have observed lesions in plasma membrane of human tissues
affected with dystrophv. However, it should be noted that
the level of CANP in muscle is'very low and thé concentration
of calcium required for maximal activation is 1lmM which
ié in excess of the physiological concentration of
calcium in normal muscle. Thus for this eﬂZyme to be
activated iﬁ vivo local célcium concenﬁrétions must increase,
at least temporarily, to a level sufficient to activate
_ the CANP. It is quite possible that the lesions in the .
plasma membrane allo~ the calcium rich extracellular fluid ,
into the fibre interior and therebv increase the concentration
of intracellular calcium. Therefore failure to fegulate
the intracellular level of calcium could be a cause *or
the patholoqicai state.

Another Aon-lysosomal protease studied extensively
is a serine protease found in muscle. Sanada et al.(1978)
have observed elevation of serine protease activity in
mice with hereditary muséular dystrophy. On SDS-PAGE gels
the muscle proteins frov the dysgrophic mice show tﬁe same

-

pattern as those from the normal mice after incubation with



the above menti?ned gserine protegse.' Similar obgervations
have been made by Katanuma et gi., (1978) in human hereditary -
myscular dystrophy.

The lysosomal proteases implicated in the onset and
progression of d}strophy are cathepsins A,B,C and D.
Increased level of these enzyﬁes have . been observed by many
" investigators. Kar and Pearson (197?) have showh increased
cathepsin B and B activity in human skeletal muscles in
dystrophy.'Similar obsérvations of elevated cathepsin B and D
activity have been made by échwartz and Bird (1977),

Libby and Goldberg (1978) in rat skeletal muscles , Tappel
et al. (1962) in mice and chicken, TIodice et al.(1972) in
chicken and Stracher et al.(1978) and ﬁcgow§n et j..ﬁ&Q?G)
in chicken muscle cells in culture.

Although these enzymes 'are‘ reported to increase in
activity in dystrophic ahimals as compared to the normal,
it is ﬁot known whether the changes occured in ‘enzyme
synthesis or in modifying factors such as inhibitors. Protease
inhibitors iﬁ cells and tissues are probably"édncerned
with the control oi{grotease activity within the same cell
or proteases produced by other types of cells ¢gn the same
tissue. Clues to their function can be gained by

selectively measuring the activity of proteases and their

-



inhibitors in various normal and pathological statés.‘.When
proteinase—inhibité: interactions occur in vivo, the
inhibitor could have a régulatory effect, increasing or
decreasing the concentration of free prétease. It is
likely that endogenous inhibitors have a protective role
such that where there is a large excess of inhibitqr over
enzyme the protease activity is'effectiveiy quenched by
the inhibitor. However, it is important to know the
localization of the protease and.its iehibitor. If a
protease leaks out of lysosomes, the cytosolic inhibitor
will protect jother cytoplasmic proteins from destruction.
This may ocgur normally at a slow rate and at a faster

pace under certain pathological conditions. Schwartz

and Bird (1977) have demonstrated the presence of an
inhibito; of cathepsin B in rat skeletal muscles and
Lénney et al. (19793}, have shown the presence of
inhibitors in rat and human tissues . The role of these
inhibitors in regulating the enzyme activity haé been
implicated from the use of exogenous inhibitoRax;ike
pepstatin and leupeptin. Libby and Goldberg (1978)

ahave carried out such studies on rat skeletal muscles.
Others such as Iodice (1976) and McGowan et al.,

(1976) have conducted studies with skeletal muscles

and dultured chick muscle cells. Hashida et.al.

*{1980) have studied the activity of another cathepsin



B inhibitor, E-64, extracted from Aspergillus japonicus

and Sugita et al.(1980) have tested the therapeutic
effect of E-64 on CANP from dystrophic chickens. The
Iesults of these inhibitor studies suggest that protease
inhibitors play a central role in the.control of protein
metabolism which Qhen éltgred 1e$ds to the onset of
various pathologiéal conditiona.

There is little reason to believe that the animal
myopathies are identical with the human forms of dystrophy
but it seems possible that our compréhension of human
disorders wili be advanced by acquiring an understaﬁding
of the derangements of animal myopathies. Many structural
physiological, and biochemical changes have been reported
for muscle from dystrdphic mice (Coleman and
Ashworth, 1959; Srivastava, 1967, 1968); chicken (Julian
and Asmundson, 1963; Weinstock “and Iodice, 1969).

The first information on the mode of inheritance of
dystrophy came from an analysis of pedigree records of mice
atIJackson laboratories in Maine. The incidence of
dystrophy varied in diffierent subcolonies of the 129/Re inbred
strain, but no'more than 25% of the animals in a single
litter were affected (Michelson ég al. 1955). Proof. for
a unit recessive inheritence was derived from transplan-
tation of ovaries from dystrophic females to ovarectomized

histocompatible (129/Re x DBA/2J) Fl normal females



(5tevens et al. 1962). Matings between these recipient

Fl hybrids and normal 129/Re produced all normal offspring;
in Fl generation , 20-25% dyétrophic in F2 genération-
and 44-50% dystrophic in a backcross of Fl carrier males to
females bearing implanted dystréphic ovaries. Since the
dystrophic mice never breed , the colony was maintained

by repeated ovarian transplantation in each generation.
Tests of expression of the dystrophic genotype (dy/dy)

on a variety of different gehetic baékgrounds includiné
several heterogeneous hybrid populations and linkage
crosses, showed that the proportion of dystrophics in

each background was close to 25% and the clinical signs
were identical to 129/Re dystrophy except fof increaged
longevity (Loosii et al. 1961). By repeated cross-
intercross matings to the inﬁred strain C57BL/6J, the
dystrophy gene has been transferred to a genetically
homogeneous background (Loosli et al., 1961). The best
animals appear in (129Re dy/+ x CS57BL/6J/+) Fl hybrids.
Tﬂese animals are essentially identical to their normal

. litter mates except for the genes at the dy-locus (Russell
et al. 1962) . Further, Wolfe and Southard (1962)
succeeded in producinq'ali dystrophic litters by artificial
insemination of dystrophic young adult female with sperm
collected from dystrophic males, In this casellZG B6 Fl- A

dy/dy females (129 Re/+ x C57B2/6/dy + are subjected

to primihg doses of pregnant mare serum and human chorio-



gonadotropic ﬁormone, then after 10h they received dystrophic
sperm by intrauterine injection.

Numerous biochemical studies have been d&ne in
this and other strains of mice. . The dystrophic
mouse, although small compared to most other models for
muscular dystrophy, possesses sufficient similar character-
istics ofrhuyan disease and hence allows significant
amounts of information to be . gained.

Because of its character%stic morphologicél, bio=-
chemical and functional feaﬁures, whole skeletal muscle and
muscle cells in culture present ideal experimental systems
for studies of cellulaf and molecular differentiation.
However, little information about the genetic control
of myogenesis has been obtained despite voiuminous
investigations of normal muscle in vitro and in vivo.

In the investigation described in this thesis,. the
activities of acid proteases (m;inly cathepsins
- B and D) and prdtease inhibitors leupeptin
and acid protease inhibitor from the brine shrimp,

Artemia sp., have been studied using protein preparations

from skeletal muscle, liver, lung, kidney and heart

of normal and dystrophic mice (strain 129 Red). Also,

the protease activity in extracts of established cell cultures
of muscle such as L6 and AG2 and mouse L -cell fibroblasts,
LMTK and (primary) cell cultures of normal and dystrophic

mouse muscle were investiaated.



Myobiast and fibroblast are the two major cell types
of adult muscle which take their origin from the primitive
mesoderm. These cell types contribute to the protein
hydrolase activities in muscle homogenate in addition
to those from the minor cell tvpes like macrophages and
mast cells. Macrophages have been shown to be rich in
hydrolases kSchwabe,‘lQGS). Since the total activities
of many protein hydrolases found in muscle
extracts tends to be rather low, the contribution from

the various cell types could be relatively 'largé.
Moreover, in diseased muscle the proportion of some of
these other cell t—-pes is often much higher than normal.
Bois (1964) has shown that in diseased muscle from

mouse and humans, there is a proliferation of connective
ftissue. This may be true of normal muscle also. Sweeney
and’ Brown (1972) have observed intrastructural changes
in the connective tissue and capillary beds which preceed
changes in muscle and nerve in cgrdiac muscular dvstrophy.
The same authorn_héve also obsérved markéd changes in the
fibroblasts of selenium deficient ducklings (Sweenev and
Brown, 1981)}. 1In view of the changes seen in fibroblasts
of the ducklings it is reasonable.to assume that the

lesion may start with the inability of fibroblasts to

&
synthesize proper collagen. Since the fibroblasts have
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been impliéated in dvstrophy, i;_would be interesting to
studv the protease activity 9f fibroblagts in addition to
myoblgsts in 2rder to estimate the contributions of each
to the proteasé activity in whole mugcle. v

Also the study of protease activity of myoblasts
at various stages of differentiation would help to
elucidate the onset of enhanced protease activity in
muscle during normal myogeneéis.

Further study of ‘the effe?t of inhibitors like
leupeptin on protease activity may shed some light on the
role of endogenous inhibitors in the regulation of protease
acéivities in normal and dystrophic tissues. The project
is also aimed at determining whether o; not the acid protease
inhibitor from embryos of the brine shrimp, Artemia sp.,
is an effective inhibitor of muscle cathepsin B and/or D
and of potential importance as a protease regulator in

mammalian system.
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II. Materials and Methods.

-~

A. Biochemicals.

Bovine serum albumin was purchased from Worthington
Biochemicals (Montreal, Quebéc). Benzoyl arginine 2-naphthyl-
amide and Fast garnet GBC salt were purchased from Sigma
Chemicals Co. (St. Louis, Mo.). Gentamycin was purchased
from GIBCO , (Ontario, Canada). Horse sefum and Fetal calf
sefum were purchased from Flow Laboratories (Ontario, Canada).
Leupeptin was a gift from Dr.H.vTrol}, Ng; York Medical
céntre (New'York). All other chemicals were of reagent arade.

The Artemia’ protease inhibiﬁoqﬁwas obtained from
dormant encysted embryos (cysts) of the brine shrimp,
Artemia sp. using a method developed in our laboratory
(Warner, unéublished). »

e

B. Established cell lines:

A clone of Yaffg's {(1968) L6 rat skeletal myoblast
line, designated L69/1 and its genetic variant AG2
{(pufresne, 1976) were ﬁsed. Mduae L-éella (LMTK)} generally
regarded as fibroblaﬁts_ (i.e.produce collagen) were obtained
from Ontario Cancer Imnstitute (Toronto, Canada). A clone of
rat myobiast and Mouse L-cell fibroblast hybrids designated
as RM~5 was developed by br. M.  Dufresne (1976}.

The_estabiished cell lines were routinely grown in

25 cm” Falcon culture flasks in 5 ml of regular MEM

13
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~
(Modified Eagle's Minimal alpha medium), supplemented
with 10% horse serum (HS) and 50 pg/ml gentamycin. The ﬁy
ells were incubated at 37° C in an atmosphére of 10% Co,

and 90% air. All cell transfers were roytinely made using

9.05% trvngin to detach the cells from the plates.

C. Primary ‘cell strains:

The normal and dystrophic primary cell strains were
prepared from the cells obtained at 35 days from normal
mice and their dystron%ﬂd’\ki;zer mates (strain 129 Red)
purchased from Jackson Labor; ries (Bar Harbour, Maine).
The cells were grown in ﬁEM medium supplemented with %etal
calf serum (FCS) and 50 ug/ml  gentamycin.

D. Tissues (muscle, liver, heart, lung and kidney).

For the enzyme assays the tissues from normal and
dvstrophic.mice (strain 129 ReJ) which were perfused by a
procedure routine£§ used in the lab by cardiac puncture with
mammalian Ringgr solution containing 0.lmM EDTA were obtained

-

from animals maintained up to 60 days of age.

E. Methods .

=

1. Tissue sample preparations for protease assays.

Extracts from various tissuas were prepared

by homogenizing the tissues in a glass homogenizer

" with 5 .volumes of a solution containing 2% butanol, 0.15 M
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KCl1 and 0.1 M EDTA. Tween 80 was added to the homogenate

at 0.1% of the volume and the solution was kept in an ice
bath for 30 min. After 30 min, the samples were centri-
fuged at 27,000‘x g for 15 min in a Sorvall RC2-B centrifuge.
The 27,000 x g supernatant was passed through miracloth and
dialysed overnight agéinst the homogehizing golution. The
preparations were divided into aliquots of less than 1 ml
and storeq'at -70° ¢. Since extracts from liver tissue were
very labile to freezing and thawing, they were prepared

fresh prior to each assay.

2. Development of primary cell strains from the skeletal

muscles of normal and dystrophic mice.

Normal and dystrophic mice of age 35 days were
sacrificed by cervical dislocation and immediately opened
ageptically. The hind leg -muscles were then taken in sterile
ph&sphate buffered saline (PBS). A preliminary coarse mince
of the tissue was done to wash out the red blood cells from
the tisgsue and’the buffer aspirated out. The moistened
pieces of tissue were finely_minced and the tissue suspended
in 10 ml of 0.05%htrypsin to dissociate the muscle cells.
The solution was incubated at 37°C for 10-15 min with inter-
mittent agitation. The samples were sucked up and down in a
in a sterile syringe to maximize the dissociation of

-

tissues into cells. The suspension at this point contained
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tissues. However,at this stage of stuéy it is difficult to
ascertain whether there is an imbalance in enzyme to inhibitbr
ratio or differences in the properties of the proteases from
normal and dystrophic muscle which cause the disease.
However, these results emphasize the potential importance
of proteare activity and regulation in muscle dysfunction.

+

¢
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