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ABSTRACT
The purposes of this study were to; 1. compare the protein
composition of erythrocyte (RBC) ghosts from whole blood
(fresh and frozen) and frozen ghosts extracted from Yorkshire
(Y) and Pietrain (P) swine and 2. determine the amount of
calpain-mediated degradation of beta-spectrin from Yorkshire
and Pietrain ghosts.

In addition protein composition of

purified myofibrils from Yorkshire, Heterozygote (H) and
Pietrain skeletal muscle was compared.

Longissimus Dorsi (LD)

muscle and whole venous blood was obtained from Yorkshire
(N=10), Pietrain (N=10), and Heterozygote (N=8) fasted swine
(50-70 kg) housed at the University of Guelph (Guelph,
Ontario) experimental farm.

RBCs were hemolysed in a

hypotonic buffer (imidazole, EDTA, PMSF) and ghosts were
obtained by ultracentrifugation and stored at -70°C.
Myofibrils were prepared by differential centrifugation and
stored at -70°C.

The exogenous low calcium requiring isoform

of calpain (uCANP) was prepared from rabbit skeletal muscle by
anion exchange chromatography and purified on a phenylsepharose column.

RBC protein yields were 1.4 7 + 0.3 5

(standard deviation) and 1.59 + 0.24 mg/g for frozen Yorkshire
and Pietrain ghost samples (p>0.05).

The protein composition

(% of total protein) of frozen Yorkshire alpha-spectrin (6.62
+ 0.58%), anion channel (25.31 + 6.06%) and actin (25.44 +
0.00) and frozen Pietrain alpha- spectrin (19.81 + 2.4%),
anion channel (10.59 + 1.58%), and actin (32.79 + 2.63%) were
ii

different from fresh Yorkshire ghosts (alpha-spectrin = 25.88
+ 1.82%, anion channel = 23.27 + 1.32%, actin = 3.71 + 0.43%)
(p<0.05).

The proportion of beta-spectrin in fresh ghosts

(16.23 + 1.84 %) was not different from that of frozen ghosts
from Yorkshire (13.21 + 1.64%) and Pietrain (18.90 +
2.53%)(p>0.05).

Calpain mediated degradation (1.5 U/ml) of

beta-spectrin associated with the ghosts was not different
after 60 minutes for Yorkshire and Pietrain samples (p>0.05);
however, the percentage of beta-spectrin degraded between 10
and 60 minutes was greater for Pietrain (p<0.05).

The RBC

yield, composition and/or amount of degradation were not
different in the presence of halothane (7 mM) (p>0.05).
Myofibril protein yields of Yorkshire, Heterozygote, and
Pietrain samples were not significantly different (p>0.05).
With respect to myofibril protein composition a 35.9 kDa
protein was less in the Pietrain and Heterozygote as compared
to the Yorkshire (p<0.05).

In contrast, there was more of a

34.8 kDa protein in the Pietrain and Heterozygote breeds as
compared to the Yorkshire breed (p< 0.05).

The RBC results

showed that the total protein composition for Yorkshire and
Pietrain were qualitatively and quantitatively different when
comparing ghosts from fresh and frozen samples.

Because the

proportion of beta-spectrin was the most stable in these
samples and was susceptible to calpain degradation, its use in
a diagnostic assay is suggested.

The myofibril protein

composition differences may be relevant as a diagnostic tool.
iii

TABLE OF CONTENTS

Abstract

11

Table of Contents

IV

List of Figures
List of Tables

VI

Acknowledgement

vii

CHAPTER ONE

Introduction
Hypothesis
Limitations

CHAPTER TWO

Procedure

CHAPTER THREE

Results

CHAPTER FOUR

Discussion
Conclusions

33
49
57

CHAPTER FIVE

Appendix A

58

8
17
18
19

Literature Review
Animal Models
Triggers
Etiology
Clinical Symptoms
Other Tissues
Diagnosis
Treatment
Myofibrils
Blood
Calpain

58
58
58
59
62
64
66
69
74
82
98

Appendix B
References

107

Appendix C
Statistical Tables

121

Appendix D
Chemical Reagents

125

iv

LIST OF FIGURES
Figure One

Fresh Blood Yorkshire Ghost Preparation

35

Figure Two

Laser Densitometry Scans of Y and P Ghosts

36

Figure Three

RBC Ghost Yields

38

Figure Four

Percent Degradation of Beta-Spectrin

42

Figure Five

Total Myofibrillar Yield of Y,H,and P

44

Figure Six

Linear Gradient Gel of Purified Myofibrils

46

Figure Seven

Laser Densitometry Scans of Fibril Peptides 47

v

LIST OF TABLES

Table 1. Percent of Ghost Proteins in Total Ghost Fraction

37

Table 2. Peptide Products of Yorkshire and Pietrain Ghosts

40

Table A. Total Myofibril Protein Yield Descriptive Stats

121

Table B. ANOVA of Total Myofibrillar Protein Yields

121

Table C. Yorkshire Myofibril Scans - Descriptive Stats

122

Table D. Heterozygote Myofibril Scans - Descriptive Stats

122

Table E. Pietrain Myofibril Scans - Descriptive Stats

123

Table F. ANOVA of Myofibril Densitometry Scans

124

Table G. RBC Ghost Yields (+ Halothane)-Descriptive Stats

124

Table H. ANOVA of RBC Ghost Yields (+ Halothane)

124

Table I. Yorkshire Degradation - Descriptive Stats

124

Table J. ANOVA of Yorkshire B-Spectrin Degradation

124

Table K. Pietrain Degradation - Descriptive Stats

125

Table L. ANOVA of Pietrain B-Spectrin Degradation

125

Table M. Determination of Low Molecular Weight Peptides

125

vi

ACKNOWLEDGEMENTS
I would like to acknowledge The Heart and Stroke Foundation of
B.C. and Yukon for their financial support throughout the
duration of my studies. In addition I would like to thank Dr.
Peter O'Brien and his staff for their technical assistance.
Dr. Jim Love, Dr. Gord Matheson, and Dr. Don McKenzie, I thank
you for your encouragement and inspiration. Finally, I thank
Dr. Angelo Belcastro for his guidance and academic support.

vii

CHAPTER ONE
INTRODUCTION
Malignant hyperthermia is a hereditary myopathy that occurs in
susceptible individuals who are exposed to depolarizing muscle
relaxants

and/or

volatile

general

(12,13,16,25,45,51,57,64-66,74,81).

anaesthetic
This

agents

condition

is

recognized as a major cause of anaesthetic related mortality
among physically compromised patients and has been observed in
humans as well as in various animals such as dogs, cats, deer,
birds, and swine (12,13,16,17,45,51,52,57,62,65,66).
In

1960,

Denborough

hyperthermia
investigation

as

a

of

following compound

a

first

recognized

hereditary
21

year

disease
old

man

human

after
who

malignant

initiating

required

an

surgery

fractures of the tibia and fibula

(17) .

After halothane anaesthesia, the patient progressively developed
a decrease in systolic blood pressure, tachycardia, and pale,
sweaty, cyanosed skin (17) .

Fortunately the patient survived

the unfavorable episode of malignant hyperthermia, unlike ten of
his close relatives who , after experiencing similar symptoms,
died during or shortly after general anaesthesia with diethyl
ether (17).
Subsequently, Britt, Kalow, and Gordon in Toronto described a
similar problem of several family members dying from general
anaesthesia (12) . Following these major observations, malignant
hyperthermia

soon became

the

subject

of many

studies worldwide in the field of anaesthesiology.
1

comprehensive
While human

malignant hyperthermia attracted clinical interest, a related
phenomenon in swine evolved from a report describing pork that
was unsuitable for making sausage (16,39) .
In 1953, Ludvigsen observed muscle degeneration in pigs and
discovered its genetic relationship (16,39) .

Similarly, swine

breeders complained of pale, soft, exudative

(PSE) pork that

developed in certain breeds following slaughter-related stress
(16,39) . Consequently, susceptible swine that were subjected to
stresses such as weaning, shipping, fighting, and increases in
ambient

temperature

exhibited

an

acute

increase

in

basal

metabolism, muscle rigidity, acidosis, deterioration in muscle
and

death

(16,39) .

experimental

In

1966

Hall

and

coworkers,

surgery on young boars, discovered

reaction to suxamethonium chloride and halothane

during

an unusual
(41) .

The

syndrome reported was identical to human malignant hyperthermia
with

the

increased

characteristic
temperature,

symptoms
and

of

cyanosis,

"board-like"

acidosis,

rigidity

(41) .

Additionally, Hall described that the three boars who developed
malignant hyperthermia, and subsequently died, were littermates,
suggesting a familial reaction (41) .

2

CLINICAL SYMPTOMS
Once initiated by a trigger, usually one of the first clinical
signs of an MH episode is tachycardia or rapid ventricular
arrhythmia (12,16,39).

Tachycardia is a result of an MH induced

rigor of the heart muscle and has been reported in nearly all
cases

with

or without

(12,16,39).

Other

rigidity

signs

of

include

the

jaw

or

extremities

hyperkalaemia

(12,16,39).

Another early manifestation of the myopathy is an instability in
systolic blood pressure

(12,39).

reflecting

in aerobic

an

increase

The first chemical changes
and

anaerobic

metabolism

during MH includes acidosis, marked by a decrease in blood pH to
less than 7.00, and a rapid increase in blood pC0 2 to greater
than 100 mm Hg (12,39,62) . The metabolic acidosis is primarily
due to lactate production

in muscle

(12,39,62).

Commonly,

increases of 15-20 fold occur, reaching lactate concentrations
of 3 0 umol (39). This hypermetabolism of lactate is detectable
before tissue hypoxia, indicating increased energy demands via
a

decrease

in ATP, which

Respiratory
episode

acidosis

and

the

and

body

alters NAD+/NADH balance
cyanosis

attempts

also
to

occur

relatively

during

eliminate

production via hyperventilation (12,16,39).

an MH

excess

C0 2

Fever, occurring

late in an MH episode, is indicative

serious state of MH (12,16,39,62).

(39,62).

of a very

In general, the mortality

rate is directly related to the increase in temperature, and
inhalation agents result in higher maximum temperatures than
muscle relaxants

(39) .

Body temperatures generally increase
3

from approximately 1°C every five minutes to 1°C every 15 minutes
with

maximum

Virtually
experience

temperatures

all

pigs

muscle

and

reported

75% of

rigidity

as

high

as

humans

with

developing

(12,16,39,62).

4 5°C

(12) .
MH

Ventricular

fibrillation of the heart is the final clinical sign of an MH
episode (12,16,39).

ETIOLOGY
Episodes of malignant hyperthermia in animals are known to occur
if induced by environmental stresses (i.e. exercise, heat, and
apprehension), potent volatile anaesthetics
and

depolarizing

(39,41,52,57).

muscle

relaxants

(i.e. halothane) ,
(i.e.suxamethonium)

In humans, however, the hyperthermic episode has

only been documented following the use of specific anaesthetic
agents (12,16,39).

In addition to known agents, psychotropic

drugs (antidepressants), cocaine, and amphetamines have resulted
in MH and death in susceptible humans (62).
The

triggering

action

of

halothane

occurs

beyond

the

neuromuscular junction and produces contractures via mechanisms
apparently
(39,62).

involving
In

depolarization

surface

susceptible
of

5-10

mV

membrane
muscle,

and

is

calcium

halothane

returned

equilibria
produces

to normal

a

with

dantrolene (39). Thus depolarization is suggested as a mode of
activation of MH

(39).

Additionally, susceptible swine have

been shown to have a lower mechanical threshold in muscle than
normals suggesting that a slight depolarization is sufficient to
4

initiate contractile activity (39).
The observations that; a) the strength of a skeletal muscle
contraction

is

a

function

of

free

cytoplasmic

calcium

concentrations and b) MH susceptible muscle exhibits higher
contractile activity to specific chemical agents (64), lead to
the hypothesis that MH was a result of a sudden increase in
intracellular

myoplasmic

(12,13,28,39,57,62,64-66).

calcium

concentration

Lopez and Jones, using hyperthermia

susceptible pigs, confirmed this hypothesis by determining that
( [Ca++] ) are higher in MH

resting free calcium concentrations

susceptible pigs (65,66) and susceptible humans (62,65) without
a

change

in

resting

membrane

potential

(65,66).

The

physiological significance of this observation is substantiated
by experiments employing Ca++ agonists (i.e. caffeine, lidocaine
and

cardiac

glycosides)

and

antagonists

(i.e.

dantrolene,

procaine and verapamil) which show an increase or decrease,
respectively,

in

the

prognosis

for

MH

(1,12).

From

a

theoretical perspective the rise of intracellular Ca++ could
explain
specific
metabolic

the

three

muscle

main

clinical

myopathies

acidosis

and

and

increased

features
MH

(i.e.

body

associated
muscle

with

rigidity,

temperature)

and

if

persistent could result in cell necrosis (13).

Most recent work regarding the abnormal Ca++ homeostasis in MH
susceptible

muscles

focuses on the main

calcium

organelle, the sarcoplasmic reticulum (SR) .
5

regulating

The defect in MH

appears to be hypersensitive gating of the SR calcium-release
channel ryanodine receptor

(RR) in which channel opening is

facilitated and closing is inhibited thus resulting in a "leaky"
membrane (29,31,71).
of

clinical

Mickelson has shown that the major effect

concentrations

of halothane

on skeletal

muscle

appears to be a stimulation of SR calcium release and suggests
that the halothane-sensitivity gene product is involved in this
aspect of SR function (78) . Additionally, Mickelson and others
have demonstrated a significant difference between MH and normal
SR calcium release at rest even in the absence of halothane
(13,71,78).
ryanodine

Molecular genetic
receptor

protein

studies have

in

MH

shown that the

susceptible

individuals

exhibits an altered Ca++ dependence of [3H] ryanodine binding and
a higher affinity for [3H]-ryanodine than does the RR of normal
individuals (78). The human ryanodine receptor (ryrl) gene has
previously been localized to the cen-ql3.1 region of chromosome
19 and linked to mutations causing MH in humans (71,75) .

The

porcine MH

(hal) locus and ryrl have been localized to pig

chromosome

6pll-q21

in a

region

that

is

related

to

human

chromosome 19ql3.1, suggesting linkage between porcine MH and
ryrl

(71,75).

Recent studies by Fuji, Levitt, and coworkers

reject this suggestion by providing evidence that in pigs, a
single amino acid mutation in the gene coding for the calcium
release channel is responsible for MH susceptibility in several
pig breeds, including Pietrain and Yorkshires

(29,63) .

These

studies have detected a single nucleotide base arginine -cystine

6

(Arg615-Cys615 ) replacement in
MHS pigs (29,63).

the ryanodine receptor cDNA of

However, in susceptible human subjects, as

shown by Levitt and supported by Harbitz and others, the amino
acid mutation is rare (42,63).

These previous studies lend

support to the mounting evidence that more than one locus is
involved in the human malignant hyperthermia syndrome and that
the

diagnosis

of

MH

in

the

human

generalized to the porcine population.

population

may

not

be

Therefore the need for

a more discriminating diagnostic tool is apparent.

DIAGNOSIS
Presently, diagnosis of susceptibility to MH is made on the
basis of increased sensitivity of biopsied muscle samples to
caffeine and halothane.

Virtually all pigs and 75% of humans

with developing MH experience muscle rigidity
Gronert

describes

this

rigidity

as

a

(12,16,39,62).

contracture;

a

nonpropogated, prolonged, and irreversible activity, rather than
a contraction; contractile activity associated with a brief
propagated and reversible wave of depolarization

(39) .

Most

people with MH, and their families, appear to be normal and live
active lives and can only be detected with specific tests (39).

The caffeine contracture test (CCT) was first described by Kalow
and coworkers, in 1970, who showed that susceptible human muscle
fiber bundles, in vitro, had lower contracture thresholds than
controls when exposed to caffeine (1). Similarly, it has been
7

demonstrated that MH skeletal muscle, in contrast to controls,
produced contractures when exposed to halothane in vitro (1).
In

1987, members

of

each North American

Diagnostic

Center

assembled to define a standard caffeine-halothane contracture
test (CHCT) to be used by all members (1). Two diagnostic tests
were defined to detect susceptibility (1) . A positive halothane
contracture test (HCT) is defined as a contracture within the
range of

0.1-0.7 g after exposure

to 3% halothane

that is

bubbled through a tissue bath for ten minutes (1).
The

caffeine

contracture

test

is

incremental

in

that

the

caffeine concentration is increased incrementally from 0.5 to 32
Mm every four minutes until a contracture develops (1). One of
three

criteria

constitutes

a positive

caffeine

test: 1. a

contracture (CSC) at less that 4 Mm caffeine, 2. a contracture
at greater than or equal to 0.2 g of tension at 2 Mm caffeine
(1), or 3. a change in tension at 2 mM caffeine that is equal to
or greater than 7% of the peak tension generated at 32 mM of
caffeine (1). The third criterium accounts for the differences
in fascicle size

(1) .

A CSC is the caffeine

concentration

required to produce a cumulative contracture of lg (1). The 3%
halothane

test

and

the

caffeine

contracture

test

are

now

mandatory diagnostic tests to screen for patients susceptible to
MH according to North American standards (1).

Unfortunately,

the main drawback of the CHCT is the inability to validate its
results by in vivo anaesthetic challenges (1).

Additionally,

the invasiveness of this test via muscle biopsies decreases its

8

appeal.

The most recent gathering

(June '91) of the North

American Malignant Hyperthermia Group

(NAMHG) concluded that

many problems still exist with the current biopsy tests and that
individuals with related disorders, such as Duchenne's muscular
dystrophy, may have an increased sensitivity in their response
to caffeine and/or halothane (1).
Historically, increases in serum creatine kinase
were

used

as

a

basic

screening

procedure

(CK) levels

for

hyperthermia susceptible individuals (24,39,62).

malignant

However, this

method is shown to be only 70% reliable and correlates poorly
with in vitro contracture studies (28,39,62).
Other laboratory methods that have been used for the diagnosis
of MH include the sarcoplasmic reticulum calcium uptake and
release

test,

nuclear

magnetic

resonance

spectroscopy

skeletal muscle protein testing (16,24,62).
followed

by

Walsh

electrophoresis

in

studies

1986
to

and

identify

abnormality predisposing to MH

Marjanen in 1984

others

used

any

skeletal

(74,122).

and

detailed
muscle

All concluded that

there is no consistent qualitative difference in the protein
pattern between normal and susceptible individuals

(74,122).

Additionally Walsh demonstrated via densitometric scanning that
no

apparent

individuals

quantitative
existed

differences

(122).

In

between normal
general,

and MH

traditional

electrophoretic analysis has not revealed any data regarding
quantitative

analysis of proteins.

More recently, however,

Boles, and colleagues compared the effect of porcine stress
9

syndrome on the solubility and degradation of sarcoplasmic and
cytoskeletal proteins

(11) .

They concluded that postmortem

sarcoplasmic and cytoskeletal protein solubility was lower in
samples from stress positive
carriers
they

(SP) swine as compared to stress

(SC) and stress negative

found

that

titin,

(SN) pigs.

a high molecular

Additionally,

weight

structural

protein was degraded at a slower rate in SP pigs as compared to
SN animals (11).

In summary, these tests suffer from the same

problem (s) as with the caffeine and halothane test in that
biopsy samples are required together with expensive equipment
and interpretation

(16,24,75).

In an attempt to avoid these

diagnostic problems, while potentially providing a high degree
of reliability in an MH diagnostic tool, many investigators have
shifted their focus to other tissues that exhibit a similar
defect in handling abnormal Ca++ concentrations, namely blood
cells.
By measuring the fluorescence of the Ca++ ion indicator quin 2,
which was loaded into lymphocytes, Klip and colleagues found
that lymphocytes from MH susceptible humans and pigs showed
significant increases in [Ca++] following halothane exposure when
compared to controls

(55) .

Miller and colleagues evaluated

platelets for differences in calcium uptake in the presence or
absence

of

caffeine

(2-16

mM), halothane

caffeine and halothane together

(80) .

A

(0.05-0.5%),
small

or

significant

difference occurred between normal and MH susceptible pigs with
16 mM caffeine and 0.5% halothane however uptake by platelets
10

from one pedigree of MH susceptible pigs was stimulated bycaffeine

in

electron

paramagnetic

membranes

a

of

concentration-dependent

MHS

manner

resonance, Ohnishi

individuals

have

(80) .

reported

greater

Using

that

fluidity,

RBC
when

compared to controls (85). Thatte and Addis reported a defect
of the RBC Mg++-ATPase of MHS pigs, using temperature dependence
studies

(116) .

Lastly, it has been reported that the Ca++

kinetics (Vmax and pCa50) of the RBC Ca++-ATPase are defective in
MHS pigs (117).

ERYTHROCYTE CALCIUM METABOLISM
The main

Ca++-regulating mechanism

ATPase,

shares

similar

in the erythrocyte, Ca++-

morphological

and

functional

characteristics with the SR Ca++ release channel (116,117,123).
Both structures are membrane bound and function
calcium homeostasis

(116,117,123).

to maintain

The erythrocyte Ca++-pump,

similar to the SR calcium release channel, demonstrates altered
kinetic parameters

in MH susceptible

individuals

(116,117).

These kinetic differences in Vmax provide evidence for a similar
membrane

defect

resulting

susceptible porcine RBCs.

in

a

"leaky"

membrane

in

MH

This structural abnormality found in

RBC membranes suggests that the SR ryanodine receptor and RBCs
may be affected by the same gene (52) . Under normal conditions,
the SR Ca++ release channel and the rbc Ca++-ATPase pump function
to maintain relatively low Ca++ concentrations within the cytosol
(126,123) .

However due to a high degree of structural and
11

potentially

genetic

similarities

between

the

two

membrane

systems, MH susceptible individuals demonstrate significantly
increased levels of intracellular

[Ca++] within each membrane

system (126,123) .

ERYTHROCYTE CALPAIN
The red blood cell contains several protein enzymes within the
cytosol as well as within the lipid membrane

(10,51,) .

The

calcium-activated neutral protease calpain is present, but only
as calpain I, the micromolar Ca++ requiring isoform (u-calpain)
(10,45,46,126).

Sufficient evidence exists that shows calpain

is associated with biological membranes in a calcium dependent
manner at calcium concentrations too low to cause autolysis
(52,57,96).

Several potential functions of calpain occur in the

erythrocyte.

These

include:

1.

stabilization

of

the

cytoskeleton; 2. regulation of pyruvate kinase in the cytosol;
3. activation of Ca++-ATPase by partial lysis; 4. modification
of

calmodulin

binding

proteins;

5.

degradation

of

beta-

haemoglobin in RBCs (112,51,101,123).

CALPAIN SUBSTRATES
Boivin and coworkers

showed that

incubation of whole ghost

membrane proteins with u-calpain resulted in partial proteolysis
of certain membrane proteins

(10) .

The cytoskeletal anchor,

ankyrin (215 Kda), was shown to be most sensitive to calpain
degradation, and electrophoretic analysis revealed that band 3,
12

was also degraded

(10) .

Spectrin

(240/220 kDa), which is

relatively resistant to calpain degradation, also

exhibited

proteolysis with the beta form being more sensitive to calpain
than

the

alpha

form

(10) .

Additionally,

act in

and

glyceraldehyde-3-phosphate-dehydrogenase were not sensitive to
proteolysis in whole ghost preparations (10) . The first report
of complete proteolytic activation of the RBC plasma membrane
bound Ca++-ATPase by endogenous calpain in mammalian systems in
vivo

was

reported

stimulated
plasma

by Wang

calcium

membrane

et al.

(123) .

This

calmodulin

translocating ATPase extrudes across the
and

contributes

to

maintaining

a

low

intracellular calcium concentration that is crucial for normal
functioning

of

the

erythrocyte

(46,80,81) .

It

has

been

suggested that calpain could conceivably activate the Ca++-ATPase
only when the RBC experiences a prolonged and/or uncontrolled
increase in the intracellular calcium ion concentration with
certain pathological states and/or some physiological conditions
(81) . If this were the case calpain mediated activation of Ca++ATPase could be seen as the last defence mechanism to decrease
elevated intracellular [Ca++] which could be potentially lethal
to the cell (81).

SUBSTRATE SELECTIVITY
The site of calpain hydrolysis doesn't appear to be specific to
certain peptide sequences or amino acid residues (76,102,115) .
The enzyme has been reported, by Suzuki, to split peptides
13

between,
Preferred

rather

than

calpain

within

binding

domains

sites

of

consist

substrates
of

some

membrane

phospholipids and substrate proteins on RBC membranes
Specifically,

u-calpain

prefers

cytoskeletal

(115) .

proteins

(51) .
over

soluble proteins and when associated with biological membranes,
the major binding sites for calpain are cytoskeletal or lining
proteins (114,115).
One suggested site of substrate cleavage by calpain is the
calmodulin binding

region

(76) .

Calpain

is thought

to be

directed to its site of cleavage by the recognition of the
calmodulin

binding

region

of

the

membrane

or

membrane

cytoskeletal proteins and the calmodulin-like domain of the
enzyme (76).
Another likely site of calpain cleavage for most calmodulin
binding proteins is via the recognition of specific substrate
amino acid sequences called PEST regions, named for the high
content of proline, glutamine, serine, and threonine (PEST)(76).
These PEST regions are common to a number of degraded proteins
and perhaps function as Ca++ sequestering sites thus enabling the
proteins to become substrates of calpain at physiological Ca++
concentrations

(76).

The calmodulin-PEST method of substrate

identification doesn't seem to exist for erythrocyte proteins
since ankyrin doesn't bind calmodulin and spectrin alpha and
beta

chains

(10,114,115).
Gene

may

be

lysed

in

the

absence

of

calmodulin

Similarly, computer analysis utilizing the PC-

software package along the entire amino acid sequence of
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spectrin revealed primarily poor PEST sequences with scores
substantially lower than 5.0. The presence of specific epitopes
intercalated in molecules containing multiple functional domains
is another suggested site for calpain cleavage (76).

Melloni

suggests that these epitopes are hidden or masked with calpain
inactivity, and upon activation undergo a conformational change
that

unmasks

them

and

renders

them

susceptible

to

calpain

cleavage (76).
Biological

disulphides,

such

as

cystine

and

glutathione

disulphide have been shown, by Sacchetta and others, to reduce
the Ca++ requirement for human erythrocyte calpain activation to
physiological attainable levels (100).
A few reports have provided information regarding the presence
of calpain activators that have been found in bovine brain,
neutrophils, skeletal muscle, and recently platelets (97,105).
These activators range from 15 to 40 Kda, are heat stable, and
with the exception of the bovine brain activator all have been
shown to increase the proteolytic activity of calpain without
altering the Ca++ sensitivity (97,105).

The specificity of calpain is not as straightforward as that of
trypsin or chymotrypsin, enzymes that consistently cleave at
specific substrate sites (9) .

Other site specific structures

are perhaps yet to be identified.
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These studies clearly demonstrate that blood cells, particularly
RBCs,

can

provide

susceptibility.
methods

is the

a

useful

means

of

diagnosing

MH

However, the problem that arises with these
expense

and

techniques

incorporated

circumvent

this problem,

impracticality

into

each

study.

a

simple,

of
As

inexpensive

Ca++
a

analysis
means

test

to

of

MH

susceptibility was proposed.

The theoretical basis for this

methodology

the

is

related

to

significant

increase

in

intracellular [Ca++] reported for MH tissues and the activation
of a specific Ca++ requiring protease, specifically calpain.
Since this procedure was invasive and required purification of
muscle myofibrillar proteins, the first

objective

for

this

research proposal was to use proteins prepared from red blood
cells

and

follow

degradation.

their

time-course

for

calpain-mediated

The basis for using RBC is detailed below, however

the major advantage of RBC as opposed to muscle biopsy samples
is obvious, provided that:

1) Ca++ metabolism is altered;

RBCs contain calpain; and

3) RBCs contain proteins that are

2)

substrates for calpain.
The rationale for investigating protein degradative processes
comes from morphological observations of muscle following a
severe episode of malignant hyperthermia.

The streaming and/or

disruption of sarcomere Z-lines, internal nuclei and degenerated
fibers

which

abnormalities
states.

accompany
reported

MH

are

characteristic

for pathological

and

of

the

nonpathological

The pathogenesis of these abnormalities is unclear,
16

however a role for calpain was been hypothesized due to the
elevated levels of intracellular Ca++.

Verification of the role

of calpain was tested by observing the susceptibility of muscle
from Pietrain, Yorkshire, and Heterozygote pigs to protease
treatment. This procedure required the exposure of myofibrillar
proteins to calcium-activated neutral protease, calpain, for 060

minutes,

followed

by

a

quantitative

evaluation

of

the

proteins degraded and/or peptide fragments formed.

HYPOTHESIS
It was hypothesized that the greater RBC calcium concentration
for MH subjects promoted an increased intracellular RBC calpainmediated protein degradation.

This hypothesis was tested by

using porcine malignant hyperthermia as a model. The objectives
of the study were to a) establish conditions that optimized the
rapid,

'in vitro'

protein

degradation

of

RBC

proteins

in

Yorkshire and Pietrain pigs and b) determine the amount of 'in
vitro' calpain-mediated degradation of RBC proteins in Yorkshire
and Pietrain pigs.
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LIMITATIONS
1. This study was limited to the use of a) fresh and frozen
whole

blood

obtained

from

the

Animal

Care

Centre

at

the

University of British Columbia, b) frozen Yorkshire and Pietrain
RBC ghosts prepared at the University of Guelph department of
Pathology, and c) frozen Yorkshire, Heterozygote, and Pietrain
Longissimus Dorsi muscle samples obtained from the University of
Guelph department of Pathology.

2. Halothane challenges were conducted in

18

vitro

only.

PROCEDURE
Ten Pietrain (experimental), ten Yorkshire (control), and eight
Heterozygote swine within the weight range of 50-70 kg were
generously

donated

Experimental

as gifts

from

The

University

Farm where they are maintained

malignant hyperthermia.

of

Guelph

for studies on

All pigs were randomly selected to

obtain sample tissue and venous blood.
After pigs were fasted overnight, 1.04 + 0.05 g of Longissimus
Dorsi (LD) muscle was biopsied under sodium thiamylal (18 mg/kg)
anaesthesia with an initial atropine (0.02 mg/kg) accompaniment.
The pigs were simultaneously ventilated with a nitrous oxide:
oxygen mixture (1:1).

Following excision, tissue samples were

separated into 1 millilitre
prior

to

air

(ml) aliquots and frozen at -80°C

transportation

to

UBC's

Laboratory

of

Cell

Physiology and Exercise, Department of Human Kinetics.
While under anaesthesia, 7.88 + 1.20
cranial

vena

cava

was

collected

ml of blood from the
from

each

pig

into

ethylenediaminetetraacetic acid (EDTA) vacutainer tubes. After
collection, blood was refrigerated at 4°C until required for
ghost isolation.

ERYTHROCYTE GHOST ISOLATION
Blood for the preparation of fresh ghosts was obtained from the
Animal Care Center at UBC.
Cell

Physiology

Ghosts were isolated at UBC's Lab of

and Exercise, Department

of Human

according to an adapted method by Thatte et al (14) :
19

Kinetics
Ten ml

blood was extracted from the cranial vena cava of fasted pigs
and placed into 1.4 ml of an acid citrate dextrose anticoagulant
(ACD) containing 86 mM sodium citrate, 141 mM dextrose, 15.6 mM
citric acid and 16.6 mM sodium phosphate buffer
Blood

was

centrifuged

temperature

in

a

at

Hermle

4000

rpm

centrifuge

for

(pH 5.6) .

6 minutes

(Model

at

room

Z3 6 0K).

The

supernatant was gently aspirated and the resultant pellet was
washed with a 0.16 molar solution of sodium chloride
(pH adjusted

to

7.4).

The centrifugation/wash

(NaCl)

process was

repeated three times and the packed RBCs were hemolyzed on ice
in 14 volumes of hemolysis buffer: 20 mM imidazole (pH adjusted
to 7.4), ImM phenylmethylsulfonyl fluoride (PMSF) and ImM EDTA.
Hemolyzed

RBCs

were

recentrifuged

in

a

Beckman

L7-65

ultracentrifuge at a speed of 23000 rpm for 30 minutes at 4°C.
After removing the supernatant and resuspending the pellet in
hemolysis buffer, the RBCs were ultracentrifuged and washed 6
times until the final pellet was white and free of haemoglobin.
The final pellet was resuspended in 5 ml of hemolysis buffer and
prepared for quantification.

The membranes isolated at the

University of Guelph, Department of Pathology were prepared as
follows:

Anticoagulated blood was centrifuged at 400xg for 5

minutes at room temperature on an IEC HN SII centrifuge.
supernatant

and buffy

coat

(leukocytes and platelets)

The
were

aspirated and discarded and chilled packed RBCs were washed
three times in 0.16 M NaCl (pH adjusted to 7.4).
were

transferred

to

larger

centrifuge

20

tubes

Packed RBCs
and

rapidly

hemolysed on ice in 14 volumes of a hypotonic solution of 2 0 mM
imidazole

(pH adjusted to 7.4) containing EDTA

(ImM).

Lysed

cells were then ultracentrifuged and washed at 20000*g for 15
minutes at 4°C in a Beckman TL 100.

Washing was repeated until

a white (ghost) pellet was obtained.

The resultant ghost was

resuspended in 5 ml of 0.16M NaCl buffer and frozen at -80°C
until transportation to UBC's Laboratory of Cell Physiology and
Exercise, Department of Human Kinetics.

ERYTHROCYTE HALOTHANE CHALLENGE
Pietrain

and Yorkshire blood was

subjected

to an in vitro

halothane challenge according to a method adapted by Ohnishi and
Ohnishi

(11) .

Seven, one ml stock solutions

(100 times the

desired concentration) of halothane were prepared in dimethyl
sulfoxide

(DMSO) with

final

concentrations

equal

200mM, 300mM, 400mM, 500mM, 600mM, and 700 Mm.
was used as the OmM concentration.

to

lOOmM,

One ml of DMSO

To the final RBC suspension,

10 ul of the stock halothane/DMSO solution was added and mixed
gently

for 3 minutes.

Following

the challenge, RBC ghost

concentration was determined by the Lowry method and calpain
digestions were performed
determinations.

Each

following
assay

electrophoresis.
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was

[Ca++] and calpain curve
followed

by

SDS-PAGE

MYOFIBRILLAR PREPARATION
LD tissue

(0.45 + 0.01 grams) was used for the isolation of

myofibrils.

The following procedure was performed at 4°C:

The tissue was homogenized in twenty volumes of buffer I: 3 9mM
sodium borate, 25 mM potassium chloride, 25 mM EDTA and 1 mM
PMSF (pH adjusted to 7.1). The homogenate was then centrifuged
at 2900 rpm in a Hermle centrifuge (Model Z360K, rotor 22072V)
for fifteen minutes and the pellet was resuspended and then
recentrifuged in buffer I. The resultant pellet was then washed
twice in buffer II: 39 mM sodium borate, 50 mM tris-hydroxide
(tris-OH), and ImM PMSF at a pH of 7.1.

Following a Triton X-

100 wash to remove membranous components the myofibrillar pellet
was resuspended in suspension buffer containing 150 mM potassium
chloride and 50 mM tris-OH (pH 7.1). Unused sample was stored
at -70°C in a low salt buffer (LSB): 100 mM KCl, 2 mM magnesium
chloride, 2 mM EGTA, and 10 mM tris-maleate containing 20%
glycerol (pH 7.1). All assays were completed within two weeks
of isolation.

In pilot studies, storage of samples for up to 2

months at -70°C had no effect on the results.

LOWRY PROTEIN ASSAY
This standard colorimetric assay was used to determine RBC,
myofibril and calpain concentrations.

Six protein standards

ranging from 0 to 5 mg/ml (final concentration) were prepared by
combining bovine serum albumin (BSA) (5 mg/ml) and appropriate
suspension buffer. All standards and samples (0.1 ml) were then
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diluted with 0.2 ml of 0.3 M potassium hydroxide (KOH), mixed,
and incubated

for ten minutes at room temperature.

During

incubation, a fresh solution of copper alkaline was prepared by
combining 48 ml of 0.1 M sodium hydroxide

(NaOH) / 2 % sodium

carbonate (pH 12.5), 1 ml of 0.5% copper sulphate, and 1 ml of
1% sodium potassium tartrate.

In duplicate, 2.5 ml of copper-

alkaline solution was mixed with 0.1 ml of all standards and
samples and incubated at room temperature for 10 minutes.

To

each tube, 0.25 ml of diluted Folin-Ciocalteu Reagent was added
while vortexing.

Following 3 0 minutes of room

temperature

incubation, protein absorbances were measured at 750 nm on a
Shimadzu UV-VIS spectrophotometer (UV-160).

CALPAIN PURIFICATION
Micromolar and millimolar CANP was isolated from rabbit skeletal
muscle as follows:
After grinding the frozen muscle tissue, it was homogenized in
low salt buffer (LSB) with 2 mM EDTA, 2 mM ethyleneglycol-bis (Baminoethyl ether) N,N,N'-tetraacetic acid

(EGTA), 50 mM N-2-

hydroxyethyl piperazine-N'-2-ethanesulfonic acid (HEPES), and 1
mM dithiothreitol (DTT) (pH 7.4).

The resultant homogenate was

centrifuged at 11,500 rpm for 10 minutes and the supernatant was
filtered through a 4-ply cheese cloth.
subsequently

added

to

the

solution was 25% saturated.

filtered

Ammonium sulphate was
supernatant

until

the

Following salt saturation the

solution was adjusted to pH 7.4 with tris-OH.
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The salt solution

was then continuously stirred at 4°C for 3 0 minutes and the
precipitated material was pelleted at 13500 rpm for 30 minutes
in a Beckman JA-14 rotor.

The decanted supernatant was then

made to 65% ammonium sulphate by further addition of solid salt.
The saturated solution was again adjusted to pH 7.4, stirred at
4°C and sedimented as described above.

Pelleted material

suspended in 0.5 volumes of low salt buffer

(LSB)

was

(based on

original tissue weight) and the suspension was dialysed across
Spectraphor membrane tubing at 2 hour intervals for 8 hours
(4°C) .

DEAE-Sepharose CL-4B Anion Exchange Column
The dialysed protein suspension was diluted with an equivolume
solution of LSB and loaded onto an equilibrated (75 ml/min) 2.6
cm X 3 5 cm DEAE anion exchange column and repeatedly washed with
LSB.

The protein was then eluted in 10 ml fractions with 400 ml

of 0-400 mM potassium chloride (KCL) in LSB. At this point CANP
fractions was assayed for defined activity (described below) and
ion

strength

was

simultaneously

measured

with

an

ion

conductivity meter.
Phenyl-Sepharose CL-4B Column
Pooled uCANP and mCANP fractions was added to an equilibrated
1.6 cm X 25 cm phenyl sepharose column and eluted with 5 column
volumes of LSB-200 at

75 ml/min in 4 ml fractions.

w-Hexylamine-Agarose Bi-functional Affinity Column
Pooled calpain fractions were then loaded onto a hexylamine
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affinity column and eluted with 100 ml linear gradient of LSB
and high salt buffer (HSB).
Ultrogel AcA 34 Gel Filtration Column
Pooled CANP fractions from the previous column was concentrated
to 3 ml at 4°C with an Amicon N2 pressure cell across YM-10
membranes.

Concentrated

equilibrated

1.6

cm X 80 cm ultrogel

eluted

LSB

at

with

fractions was

6 ml/hr

in

3 ml

then applied

to

an

filtration column and
fractions.

Calpain

(purified) was finally concentrated to 100 ug/ml in LSB with an
Amicon pressure cell (previously described).
Additional uCANP was provided by Sigma chemical company.

PROTEIN DETERMINATION
Calpain concentrations were determined according to the Lowry
method (25).

CASEINOLYSIS
Proteolytic activity of calpain was determined in triplicate by
the proteolysis of casein, a standard calpain substrate.

The

reaction occurred at 37°C in the presence of 2 mg/ml casein, 2.5
rtiM Ca++, 50 mM tris-hydroxide

(pH 7.4), and 5 mM DTT.

The

reaction was terminated after 60 minutes by the addition of an
equivolume solution of chilled 5% tricarboxylic acid (TCA).

The

reaction medium was precipitated on ice for 5 minutes, and
subsequently centrifuged at 10000 rpm
minutes.

(Hermle Z360K) for 10

Calpain activity was detected at a wavelength of 280
25

nm on a Shimadzu UV-VIS spectrophotometer (UV-160) . One unit of
calpain activity corresponds to a one unit increase of casein
substrate.

CALCIUM DETERMINATION
Optimal [Ca++] required for all calpain activation was determined
by varying the calcium concentration from
incubation medium containing:

0 to 10 mM in a 50 ul

50 ug protein, 20 mM tris-base

(pH 7.4), 10 mM DTT and 1.5 units/ml of calpain I.

The reaction

was initiated at 37°C with the addition of calpain I and was
terminated by adding 40 ug/ml leupeptin after 60 minutes of
incubation. The reaction tubes were immediately placed on ice,
centrifuged at 14 000 rpm for 12 minutes, and the supernatant was
discarded.

The protein was washed twice in tris buffer (pH 7.4)

and the resultant pellet was prepared for electrophoresis by the
addition of 50 ul of digestion buffer:
50% SDS (10%), 25% glycerol

25% tris-OH (pH 6.8),

(99.5%), 1% bromphenol blue, 1 mM

DTT and incubation at 50°C for 20 minutes.
Following electrophoresis, visualization of stained myofibrillar
and ghost target proteins revealed that 2 mM of Ca++ was the
optimum concentration required for an intermediate amount of
protein degradation (results not shown).

CALPAIN DETERMINATION
Optimal calpain activity required for gradual loss of target
proteins was determined by varying the units of calpain activity
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from 0 to 1.5 units per ml of solution in the presence of 50 ug
of protein, 2 mM CaCl2 (pH 7.0), 20 mM tris-OH (pH 7.4), and 10
mM DTT.

The reaction was initiated by adding calcium and

terminated with

40 ug/ul leupeptin (lOmM) after 60 minutes of

incubation at 37°C.

The reaction tubes were immediately placed

on ice for 10 minutes.

Subsequent centrifugation, wash, and

incubation steps are exactly as described above for the calcium
determination procedure.
Following visualization of stained target proteins, optimal
calpain activity was chosen at 1.5 unit/ml.

SODIUM DODECYL SULPHATE POLYACRYLAMIDE GEL ELECTROPHORESIS
Myofibrillar and RBC proteins were fractionated and visually
compared by slab gel electrophoresis using the denaturing system
described by Laemmli (20).

Electrophoretic separation of the

myofibril solution occurred on a 5-15% gradient resolving gel at
9 mA for approximately 2 0 hours while RBC proteins were resolved
on a 10% gel.
Blue

for

solutions.

1.5

Gels were then stained in Coomassie Brilliant
hours

and

then

destained

in graded

methanol

The destained gel was dried in 70% methanol and

mounted between cellophane.

MOLECULAR WEIGHT DETERMINATION (Log-Log Plots)
Following gel mounting molecular weights of protein bands were
determined by plotting a standard curve:
log(X) = log (distance protein has moved) vs.log(Y) =log (mol
27

weight)
After a standard curve was generated, molecular weights of
unknown protein bands were determined by measuring the distance
(X) the

unknown

peptide

had

migrated

from

the

origin

and

inputting that value into the curvfit

option from the Apple II

computer graphpac

The curvfit

software program.

option then

identified the molecular weights of unknown peptide bands (data
not shown).

QUANTITATIVE ANALYSIS
An LKB 2202 ULTRASCAN Laser densitometer and a LKB Integrator
(Model 2221) were used to quantify protein bands.

Relative

proportions of myofibrillar protein were expressed using actin
as a standard.

PROTEOLYTIC DIGESTION
A time course using twelve time intervals was conducted to
determine the amount of specific RBC target proteins for calpain
were degraded.

The incubation medium contained protein, tris-

maleate, DTT, and predetermined [Ca++] and calpain.

Calpain was

added to start the reaction, and following incubation at 37°C
leupeptin was added.
The proteins were subsequently prepared for electrophoresis.
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PROCEDURE

OUTLINE

[Muscle Biopsy/Blood Extraction]
I

I
I
[Myofibril Isolation/Ghost Isolation]
I

I
I

[Protein Determination]

-

[SDS-PAGE] -

[Densitometry]

I
I

[Calcium Curve]

[SDS-PAGE] -

[Densitometry]
I

I
I
I

[Calpain Curve]

[SDS-PAGE] -

[Densitometry]

I

I
I

[Calpain Time Course] -

[SDS-PAGE] -
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[Densitometry]

RESEARCH DESIGN AND METHODOLOGY

ONE WAY ANALYSIS OF VARIANCE

GROUP

YIELD

Yorkshire (Y)

Y(yield)

Pietrain (P)

P(yield)

Heterozygote (H)

H(yield)

Myofibrillar protein concentrations were measured following
isolation.

TWO WAY ANALYSIS OF VARIANCE

PRE

POST

E (pre)

E (post)

YORKSHIRE C (pre)

C (post)

PIETRAIN

RBC ghost concentrations and protein band
quantities were measured prior to and following a halothane
challenge in each group (Yorkshire versus Pietrain).
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FACTORIAL DESIGN
2*2*11 F a c t o r i a l

Experiment

PRE
YORKSHIRE

T± T2 T3

PIETRAIN

RBC g h o s t

bands

r

T 1X

T± T 2 T 3

were

POST
T1 T 2 T 3

TX1

quantified

T± T 2 T 3

for

each group

T X1

TX1

following

c a l p a i n t i m e c o u r s e from t i m e = 0 (Tx) t o t i m e = 6 0 min (TX1)
and a f t e r

a halothane

challenge.
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a

before

STATISTICAL ANALYSIS
Statistical analysis was carried out using analysis of variance
to determine differences in protein concentrations, protein band
content, and time course data.

Differences were considered

significant at an alpha level of p <, 0.05.
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RESULTS
1.Erythrocyte Ghost Composition
Porcine ghosts were grouped and analyzed according to their:
1.source;

and 2.method

of preparation.

The resultant

four

groups consisted of ghosts prepared from: 1. fresh pig blood
(UBC) ; 2. frozen (overnight) pig blood (UBC); 3. refrigerated
(4°C) control pig blood

(Guelph); and 4. refrigerated MH pig

blood (Guelph).
Figure one illustrates the result of a same day preparation
(fresh blood) of haemoglobin free ghosts. Lanes 1-5 indicate 50
ug

of

bromphenol-blue

dyed

membranes,

with

high

molecular weight markers identified in lane S.

and

low

No endogenous

degradation of membrane protein seems apparent.

2.Quantitative Analysis
Figure

two

membranes

compares

laser

densitometry

(Y) versus Pietrain membranes

scans
(P) .

of

Yorkshire

Membranes were

obtained from whole porcine blood that was stored at 4°C for
several

days.

The numbered peaks

indicate

the

four major

protein bands of interest: A. actin (43 kDa); 1. anion channel
(95 kDa); 2. beta-spectrin
kDa) .

(220 kDa); 3. alpha-spectrin

(240

The asterisks indicate significant differences in peak

area between the two breeds

(p< 0.05), and the arrows denote

other protein components.
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Table one

illustrates

the percentage

of

indicated

proteins

present in the total ghost fraction. ANOVA and post-hoc Scheffe
results

indicate

significantly

less

alpha-spectrin

in

the

Yorkshire specimen (6.62 + .57) as compared with the Pietrain
specimen

(19.81

+

2.44).

Similarly,

beta-spectrin

is

significantly greater in the Pietrain specimen as compared to
the Yorkshire sample (18.90 + 2.53 vs. 13.21 + 1.64).

However,

the anion channel and the actin peak appear to be less in the
Pietrain as compared to the Yorkshire sample.

This appears to

be a result of degradation products of higher molecular weight
proteins enhancing the peak areas of the anion channel and
actin.

Halothane Challenge
Figure three indicates that prior to halothane treatment, mean
Pietrain membrane yields were 1.58 + 0.24 mg/ml versus 1.56 +
0.19 mg/ml following anaesthetic exposure.
yielded 1.47 +
no

effect

Yorkshire ghosts

0.3 5 mg/ml vs. 1.37+0.37 mg/ml.

on membrane yields which were

different.
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not

Halothane had
significantly

MrxK^S J L JSL isL 4 - JjL
200-

*

TI6-

66-**$

mm
VMS&fM

Figure 1. Same day preparation (fresh blood) of haemoglobin
free Yorkshire ghosts.

Lanes 1-5 indicate 50 ug of

bromphenol-blue dyed membranes, bound by high and low
molecular weight markers (S). Alpha and beta-spectrin (SI,
S2) anion channel (B3), and actin (A) are identified.
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JO

to

Figure 2. Laser densitometry scans of Yorkshire (Y) and
Pietrain (P) ghosts prepared from frozen porcine blood.

The

numbered peaks (1,2,3) identify the anion channel, betaspectrin, and alpha-spectin respectively.

Significant

differences in peak area between the breeds are indicated by
the asterisks, and arrows identify other protein products.
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Table 1. Percentage of alpha-spectrin, beta-spectrin, anion
(Ach) channel, and actin in the total ghost fraction of fresh
whole blood, frozen whole blood, and frozen ghosts from
Yorkshire and Pietrain samples.

Asterisks indicate

significant differences in constituents between preparations.

FRESH

FROZEN

FGhYork.

FGhPiet.

A-Spect

25.88+1.82

21.48+.27

6.62+.58*

19.81+2.4

B-Spect

16.23+1.84

13.74+.89

13.21+1.64*

18.9+2.53

AnionCh

23.27+1.32

24.70+1.48

25.31+6.06*

10.59+1.58

3.71+.43

5.11+.51

25.44*

32.79+2.63

Actin

*p<0.05 for Yorkshire (FGhYork.) vs. Pietrain (FGhPiet.)
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Figure 3. Erythrocyte membrane protein yields prior to (open)
and following (shaded) halothane exposure in Yorkshire (Y) and
Pietrain (P) samples. Yields were expressed in mg/ml.
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4.Endogenous Proteolysis of Cytoskeletal Proteins
Prior to proteolytic calpain digestion of cytoskeletal proteins,
endogenous proteolytic peptides were apparent and molecular
weights were determined following electrophoresis and log-log
plots.

Proteolytic peptides were grouped and analyzed according

to their origin and their molecular weights:
group contained

10

The Yorkshire

(Y1-Y10) subgroups of peptides and were

labelled in order of decreasing molecular weight.

In contrast,

the Pietrain group contained 4 separate subgroups of peptides
(P1-P4) in order of decreasing molecular weight.
summarizes

the

peptide

products

of

Yorkshire

Table two

and

Pietrain

proteins.
Yorkshire 1 consisted of the heaviest peptides with a mean
molecular weight of 212.86 + 3.70 kilodaltons.
weighed 166.73 + 3 . 9 8 kDa.
3.4 kDa.

Yorkshire 2

The mean weight of Y3 was 147.64 +

Yorkshire 4 peptides weighed 13 5.94 + 0.51 kDa and the

Y5 group weighed

123.24 + 1.83

kDa.

Yorkshire

6 residues

weighed 94.64 + 2.82 kDa while Y7 migrated to 84.09 + 0.25 kDa.
Yorkshire 8 was the final high molecular weight peptide at 79.37
+ 0 . 1 7 kDa and the two low molecular weight peptide groups were
Y9 and Y10 at 49.94 + 0.54 kDa and 46.56 + 0.98 kDa.
The four Pietrain subgroups consisted of high molecular weight
proteins between 168.84 + 4 . 2 2 kDa (PI) and 122.41 + 5 . 9 4 kDa
(P4).

Pietrain 2 weighed 149.36 + 3.06 kDa while P3 peptides

migrated to 137.72 + 1 . 8 9 kDa.
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Table 2. Peptide products of Yorkshire and Pietrain ghosts.
Each peptide subgroup is listed in descending molecular weight
order.

YORKSHIRE

PIETRAIN

Group

Mol Weight

Yl

212.86 ± 3 . 7 0

Y2

166.73

+3.98

Group

PI

Mol Weight

168.84 +

4.22

Y3

147.64 + 3.4

P2

149.36 + 3.06

Y4

135.94 + 0.51

P3

137.72 + 1.89

Y5

123 .24 + 1.83

P4

122.41

Y6

94.64 + 2.82

Y7

84.09 + 0.25

Y8

79.37 + 0.17

Y9

49.94 + 0.54

Y10

46.56 + 0.98

+5.94

5.Exogenous Calpain Time Course
Figure four compares degradation rates of the beta subunit of
spectrin following increasing incubation times in the presence
of calpain I.

Greater degradation of Pietrain beta-spectrin

occurred from 10-20 minutes of incubation as compared to the
Yorkshire group (p< 0.05) . Similarly, more protein was
degraded from 20-60 minutes of incubation in the Pietrain
group as compared to the Yorkshire (p<0.05).
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Figure 4. Percent degradation of beta-spectrin following 10,
20, and 60 minutes of digestion with u-calpain in Yorkshire
(Y) and Pietrain (P) ghosts.
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MUSCLE DATA
1.Muscle Weight, Myofibrillar Yield
Aliquots of wet muscle ranged from 0.44 + 0.04 grams (g) for 3 0
Heterozygote samples, 0.45 + 0.10 g for 22 Pietrain samples, and
0.46 + 0.04 g for the 21 Yorkshire samples.
Wet muscle weight was kept below 0.5 g in order to expedite the
preparation of purified myofibril fractions by restricting the
buffer volume to less than 10 ml for each centrifuge tube.
ANOVA results indicated no significant differences in myofibril
yield between the three breeds (p >, 0.05) .
Purified myofibril values (mg/ml) were 3.62+0.61, 3.88+0.69,
and

3.43

+ 0.74

for Heterozygote,

samples respectively.
(P)

sample

recovered

Pietrain,

and

Yorkshire

Figure five illustrates that the Pietrain
65%

of

its

myofibrils

theoretical myofibril recovery of 120 mg/g.

based

on

a

The Heterozygote

sample yielded 60% or 72.43 + 12.09 mg/g and similarly, the
Yorkshire recovered approximately 57% of myofibrils at 68.66 +
14.83 mg/g.
Analysis of variance revealed that there is no

significant

difference in total yield between the three breeds (p > 0.05).
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Figure

5.

Total

1

1

1

myofibrillar

1

1

1

yield

J_ . i

of

Yorkshire

(Y),

Heterozygote (H) , and Pietrain (P) purified myofibrils expressed
relative to muscle mass (mg/g wet weight).
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2.Myofibril Composition
Figure six illustrates the results of same day preparation of
purified myofibrils. Lanes 1 to 6 indicate 50 ug of bromphenolblue dyed membranes, bound by high molecular weight markers in
lane 7.

No differences in protein composition is apparent

between the three breeds in the region ranging from 2 00 kDa
(myosin) to 43 kDa

(actin) .

However in the lower molecular

weight region between 43 kDa (actin) and 31 kDa, differences in
protein

composition

is

apparent.

Molecular

weights

were

confirmed by performing log-log plots (previously described) as:
A. Actin (43 kDa); 4. Band 4 (35.8+0.6 kDa); 3. Band 3 (34.9
+ 0 . 5 kDa); 2. Band 2 ( 3 3 . 8 + 0 . 6 kDa); 1. Band 1

(32.2+0.6

kDa) .
Figure seven indicates laser densitometry scans of Yorkshire
(Y), Heterozygote (H), and Pietrain (P) lower molecular weight
peptides.
actin.

Peak areas are expressed as a percentage relative to

The numbered peaks indicate the bands of interest and

the asterisks indicate significant differences

in peak area

between two breeds.
3.Quantitative Analysis
ANOVA and post-hoc Scheffe results indicated significantly less
band

1

in

(p<0.05).

the

Heterozygote

as

compared

to

the

Yorkshire

Similarly, the Pietrain breed yielded significantly

less band 1 than the Yorkshire (p<0.05) . In contrast, band 2 is
significantly greater in the Heterozygote breed as compared to
the Yorkshire.
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MnK)3

416
97

-31

Figure

6.

5-15%

electrophoresis
Heterozygote

of

linear
purified

gradient

myofibrils

(H) , and Yorkshire

loaded with 50 ug per well.

SDS-polyacrylamide
from

Pietrain

(Y) myofibrils.

gel
(P),

Lanes were

Molecular weight standards (S) ,

actin (A) , and low molecular weight peptides (4 = 35.8 kDa, 3=34.9
kDa, 2=33.8 kDa, 1=32.2 kDa) were identified.
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Figure

7.

Laser

Heterozygote
peptides.
actin.

densitometry

(H) , and

Pietrain

scans
(P)

of

lower

Yorkshire
molecular

(Y),
weight

Peak areas are expressed as a percentage relative to

The numbered peaks 4,3,2,1 indicate the 3 5.8 kDa, 34.9

kDa, 33.8 kDa, and 32.2 kDa bands of interest and the symbols
indicate significant differences in peak area between the two
breeds.
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2.Halothane Challenge
Isolated myofibril suspensions were subjected to graded
halothane/dimethyl sulfoxide exposure for subsequent analysis
of calpain's effect on halothane exposed myofibril
suspensions.
ANOVA comparisons of pre and post halothane total yields
showed no significant differences between the seven different
halothane concentrations.
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DISCUSSION
The purposes of this study were to; 1. compare the protein
composition of RBC ghosts from whole blood (fresh and frozen)
and frozen ghosts extracted from Yorkshire and Pietrain swine
and 2. determine the amount of calpain-mediated degradation of
beta-spectrin from Yorkshire and Pietrain ghosts.

In addition

protein composition of purified myofibrils from Yorkshire,
Heterozygote, and Pietrain skeletal muscle was compared.
The results showed that RBC protein yields were greater for
Pietrain samples compared to Yorkshire samples. SDS-PAGE showed
that the percentage of total RBC cytoskeletal protein composed
of alpha-spectrin, anion channel, and actin were different for
frozen ghosts

(Yorkshire

prepared ghosts.

and

Pietrain)

compared

to

freshly

In contrast, the proportion of beta-spectrin

(% total protein) was the least affected protein across all
preparations
Since

the

(ie. fresh vs. frozen; Yorshire vs. Pietrain).
proportion

proportional

change

of

beta-spectrin

between

the

showed

different

the

least

methods

of

preparation, this protein was analyzed for subsequent calpainmediated degradation experiments.

The amount of beta-spectrin

present in RBC ghosts for Yorkshire and Pietrain samples was
similar following 60 minutes of calpain mediated degradation;
however the amount of degradation was greater between 10-20 and
20-60

minutes

samples.

for

Pietrain

samples

but

not

for

Yorkshire

It is concluded from these results that analysis of

the protein composition of RBC ghosts and selective degradation

49

of beta-spectrin may be useful as a diagnostic tool in the
assessment of Pietrain.
The differences in endogenous proteolysis between Yorkshire and
Pietrain ghost samples lends further support to the findings
that blood

cells, particularly

erythrocyte,

can provide

an

inexpensive and useful means of diagnosing MH susceptibility.
The secondary purpose of this study was to compare myofibril
protein compostion from Yorkshire, Pietrain, and Heterozygote
swine.

Electrophoretic

analysis revealed

that

myofibrillar

protein composition of the low molecular weight proteins (range
= 30-40 kDa) was different among the three breeds.
laser densitometry

scans of

Subsequent

these particular peptides

with

masses of 35.8 + 0.6, 34.9 + 0.5, 33.8 + 0.6, and 32.2 + 0.6 kDa
indicated

significant

differences

in myofibril

constituents

between the three breeds.

RBC
The cytoskeletal framework of the RBC consists of an intricate
array of spectrin, actin, protein 4.1, and protein 4.9
These

abundant

components

of

the

cytoskeleton

(1,11).

function

in

concert to control the shape of the RBC and provide the RBC with
specific

characteristics

such as high deformability and low

viscosity enabling it to fulfill its role in oxygen and carbon
dioxide transportation in the circulation
quantitative

or qualitative

disturbance

(1,14,70,77).
in the

Any

cytoskeletal

network ultimately results in RBC functional abnormalities. The
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obligate role of spectrin in the maintenance of the normal
structure

and

properties

of

the

RBC

is

well

documented

(73,85,99) . Yoshida and coworkers have described the deficiency
of spectrin resulting in the impairment of RBC deformability and
stability in such conditions as spherocytosis and elliptocytosis
(130).

Similarly, Speicher and colleagues have described that

quantitative

decreases

and/or

mutations

in

spectrin,

whose

primary role is to maintain the biconcave shape and structural
integrity of the RBC, are apparent
anaemias

(13 0).

Sufficient

in hereditary

hemolytic

evidence exists to support the

findings that decreases in RBC cytoskeletal proteins leads to
altered

RBC

function.

The

mechanisms

underlying

these

alterations is unknown but may be related to some endogenous
protein degradation.

Since we know from the findings of Boivin

and others (10) that certain ghost proteins such as alpha and
beta spectrin, ankyrin, and the anion channel, are susceptible
to enzymatic proteolysis, this adds support to the contention
that

in

vitro

composition.

degradation

contributed

to

the

altered

RBC

Furthermore the presence of smaller peptides from

the RBC ghosts prepared in this study supports this speculation.
These

results

are

consistent

with

findings

that

even

when

contaminating cells are removed scrupulously during the RBC
isolation endogenous proteases may be active at the hemolysis
stage and later stages of preparation.

Similar results and

comparable degradation products were observed and reported by
Boivin and others (10) who analyzed peptide products of crude
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and purified alpha and beta spectrin, protein 4.1, and ankyrin
from control human volunteers.
group

Our results for the Yorkshire

(in the absence of exogenous calpain) revealed several

high molecular weight proteins between 100 and 200 kilodaltons
consistent with Boivin's findings following incubation with high
concentrations of calpain.

Additionally, proteins with masses

of 79.37 + 0.17 kDa comparable to Boivin's 74 kilodalton protein
were also present.

The Yorkshire group also demonstrated a low

molecular weight subgroup of proteins weighing 46.56 + 0.98 kDa.
The precise source of the peptides found in this study are
unclear, however it appears that the 49, and 79 kDa peptide
comes from alpha-spectrin
(10) .

(consistent with Boivin's findings)

The low molecular weight 46 kDa peptide, however, was

found by Boivin to be due only to the proteolysis of the alpha
subunit

(10).

A Yorkshire peptide group of 147.64 + 3.4 kDa

which is comparable to the 150 kDa major peptide group seen in
Boivin's control group comes from beta-spectrin.

Other major

Yorkshire peptide fractions that migrated to 94.64 + 2.82 and
84.09 + 0.25 kDa appear to come from ankyrin (10) . In contrast,
the Pietrain group only demonstrated proteolytic fragments in
the

upper 100-200 kDa range, but did not exhibit intermediate

or low molecular weight fragments.

This susceptible group,

similar to the Yorkshire group, exhibited several major peptides
at 149.36 + 3.06 kDa which appear to be derived from ankyrin
degradation.

Neither

the Yorkshire

or

the

Pietrain

group

revealed a major 3 0 kDa peptide or several minor peptides in the
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50-72 kDa range as reported by other investigators (10) . Boivin
determined that these lower molecular weight peptides resulted
from protein 4.1 degradation (10).

Therefore it appears that

beta-spectrin is not as affected as other proteins because its
quantitative presence in the frozen preparation does not differ
significantly from that of the fresh sample (table 1 ) .
Present results suggest that Pietrain ghost proteins are more
resistant to self-proteolysis than Yorkshire ghost proteins.
This conclusion is supported by densitometry scans (figure 2)
illustrating a greater amount of other membrane proteins in the
Yorkshire group (Y) and not the Pietrain group (P) when compared
to fresh RBC preparations.
Factors contributing to the apparently enhanced resistance to
endogenous proteolysis in the Pietrain group are unclear and
current evidence regarding the role of biological disulphides in
calpain proteolysis does not appear to be applicable.
Fuji

and

Levitt

detected

an

Argsl5-Cys615

mutation

Since
in

the

ryanodine receptor cDNA of MHS pigs, there is the potential that
this disulphide substitution occurs in the erythrocyte due to
the similarities in membrane abnormalities between the Pietrain
RBC and the Pietrain sarcoplasmic reticulum (29,63).

Increased

susceptibility to degradation as demonstrated by the Pietrain
RBCs in this study, supports this theory.

If the Pietrain RBC

is inherently altered, there exists the possibility that the
resultant

environment

(disulphide)

is conducive

to enhanced

proteolytic susceptibility by exposing functional domains within
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the RBC as suggested by Melloni
conceal

or

mask

these

(76) .

epitopes

The Yorkshire RBC may

during

calpain

activation,

whereas the amino acid structure of Pietrain RBCs may undergo a
conformational change upon calpain activation, rendering them
more susceptible to calpain proteolysis. Another mechansim that
may contribute to the observed differences between Pietrain and
Yorkshire RBCs is the calpastatin system.

This highly specific

calpain inhibitor, present in the 70 kDa form in erythrocytes,
seems to play a dual role in the regulation of calpain activity
by directly inhibiting the degradative enzyme, and affecting
calpain's translocation to and from the membrane (9,10).

This

requires further investigation.

The observation

that

the

Pietrain

and Yorkshire

group

had

differences in the amount of degradation in the presence of
exogenous calpain and Ca++ leads to further discussion. However,
the

evidence

that

the

Pietrain

group

had

slightly

greater

initial and intermediate stages of degradation suggests that the
degradative pathway that MH susceptible RBC proteins follow
differs from that of the Yorkshire group.
of

spectrin degraded

in the initial

and

Although the amount
final

stages were

comparable between the two breeds, perhaps the mechanisms of
calpain binding, and ensuing proteolysis and activation were
different.

The process of calpain regulation and activity in

vivo is still poorly understood, however calcium's presence is
indicated

(5,76).

With

the
54

knowledge

that

microcalpain

possesses

four properties

with

respect

to Ca++

dependency,

perhaps the increased fluidity as reported by Ohnishi and others
of the MH membrane increases its rate of calpain binding to
proteolytic sites on the membrane consequently enhancing it's
degradative

effect

on

spectrin

(85) .

These

results

are

consistent with previous reports by Sakai who demonstrated that
calpain I is cross linked with spectrin and other membrane
lining proteins in the presence of high intracellular Ca++ levels
(101) .
Measuring in vivo levels with Ca++ sensitive
prior

to

and

following

halothane

microelectrodes

exposure

followed

by

myofibrillar and RBC ghost extraction and calpain digestion may
expose

the

differences

in

degradation

rates

between

MH

susceptible and normal individuals.
Future research would involve the use of susceptible donors in
an

attempt

current

to

further

incidence

anaesthesiological

reduce

and ultimately

of MH mortality

in

the

eradicate

the

agricultural

and

fields.

Halothane Challenge
The erythrocyte halothane challenges performed in this study
revealed that anaesthetic incubation did not significantly alter
ghost yield in the Yorkshire and Pietrain breeds.

Similar

halothane challenges conducted by Ohnishi, Thatte and others did
not report ghost yields following treatment, but concluded that
MH membranes are significantly more fluid, more permeable, and
more fragile than control membranes (85,117).
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These results of

this study suggest that halothane exposure doesn't alter the
total yield

of erythrocyte

components, but

it

structurally

alters the ghost constituents which may ultimately affect the
functional roles of the RBC, such as membrane deformability, and
molecular transport.
MYOFIBRILS
The comparison of purified myofibrillar yield between the three
breeds did not reveal any significant differences in protein
concentration.
the

three

In contrast, the myofibril composition between

breeds

was

different

molecular weight region
protein

composition

for proteins

in

the

lower

(ie. below 43 kDa) with no apparent

differences

above

this

region.

These

results for the higher molecular weight proteins agree with
those

of

Marjanen

electrophoretic

and Walsh

analysis

(74,122) who

that

no

demonstrated

consistent

via

qualitative

differences in protein pattern between normal and experimental
breeds

existed.

The results of the lower molecular weight

proteins between Actin (43 kDa) and the 31 kDa protein do not
confirm the results of Marjanen and Walsh
evident

(74,122) .

It is

from SDS-PAGE analysis that mass of these proteins

within the myofibril complex are different for the three breeds.
These

differences

may

be

due

to

purity

of

the

myofibril

fractions prepared in this study as opposed to the partially
purified fractions analyzed in the aforementioned studies.

It

is well documented that the degree of purity of the myofibril
preparations will affect the banding patterns for myofibril
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complexes with SDS-PAGE analysis (120,125).
Whether

these

different myofibril

proteins

observed

in the

Yorkshire, Heterozygous, and Pietrain breeds represent different
proteins or isoforms of the same protein is unknown.

Further

investigation regarding the nature of these protein differences
is required for future research.

CONCLUSIONS
Analysis of the erythrocytes in this study revealed that: 1.
Pietrain

RBC

protein

yields

were

greater

as

compared

to

Yorkshire samples; 2. Yorkshire and Pietrain alpha and betaspectrin, anion channel, and actin frozen ghost yields were
different than freshly prepared samples; 3. The percentage of
beta-spectrin

was

the

least

affected

for

all

protein

preparations; 4. Yorkshire and Pietrain samples had similar
amounts of b-spectrin degraded following 60 minutes of calpain
degradation, but the amount degraded between 10-20 and 20-60
minutes was greater for Pietrain than for Yorkshire samples.
Myofibril analysis showed that: 1. the three porcine breeds
demonstrated
molecular

different protein compositions

weight

proteins

(30-40

kDa)

differences in myofibrillar constituents

and;

amongst
2.

the low

significant

(35.8 + 0.6, 34.9 +

0.5, 33.8 + 0.6, 32.2 + 0.6 kDa) were identified via laser
densitometry scans.
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APPENDIX A
LITERATURE REVIEW

Malignant hyperthermia is a hereditary myopathy that occurs in
susceptible individuals who are exposed to depolarizing muscle
relaxants

and/or

volatile

general

anaesthetic

agents

(3,4,6,8,12,14,15,16-20,22).
ANIMAL MODELS
Although malignant hyperthermia has been reported in dogs, cats,
pigs, and horses, the porcine model is that which has been
studied most extensively (6). The pharmacologic properties in
susceptible swine appear to be identical to MH in human muscle,
and the animals are readily available to provide a great means
for pathophysiological studies and for the identification of
susceptible individuals and their defects (6,20).

TRIGGERS
Episodes of malignant hyperthermia in swine are known to occur
if induced by environmental stresses such as exercise, heat, and
apprehension, and if induced by potent volatile anaesthetics or
depolarizing muscle relaxants such as suxamethonium (11,13-17) .
In humans, however, the hyperthermic
documented
(3,6,12).

episode has only been

following the use of specific anaesthetic
In addition to known agents, psychotropic

agents
drugs

(antidepressants), cocaine, and amphetamines have resulted in MH
and death in susceptible humans (14).
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The

triggering

action

of

halothane

occurs

beyond

the

neuromuscular junction and produces contractures via mechanisms
apparently

involving

(12,14) .

In

depolarization

surface

susceptible
of

5-10

mV

membrane
muscle,

and

is

calcium

halothane

returned

equilibria
produces

to normal

a

with

dantrolene (12) . Thus depolarization is suggested as a mode of
activation of MH

(12).

Additionally, susceptible swine have

been shown to have a lower mechanical threshold than normals
suggesting

that

a

slight

depolarization

is

sufficient

to

initiate contractile activity (12).

ETIOLOGY
Although the exact etiology of MH is not fully established, a
sudden

increase

concentration

has

in
been

intracellular
suggested

myoplasmic

calcium

(12,13,28,39,64-66,74,81).

This observation is originally based on the

fact that the

strength of a skeletal muscle contraction is a function of free
cytoplasmic

calcium concentrations, and that MH

susceptible

muscle exhibits higher contractile activity to specific chemical
agents than does normal muscle (81).
Lopez and Jones, using hyperthermia susceptible pigs, directly
demonstrated that the resting free calcium concentration is
higher in MH susceptible pigs than in controls (64,69) . Similar
results were found by Lopez and others in susceptible humans
(65,66).

Additionally, the increased resting calcium is not

accompanied

by

an

increase

in
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resting

membrane

potential

(66,64) .
The first direct demonstration of the role of calcium ions in
the pathogenesis of MH was conducted by Lopez and colleagues who
examined [Ca++] changes in vivo in MH susceptible swine before
and during hyperthermic episodes as well as after dantrolene
administration (66). Lopez showed that a large increase in the
resting Ca++ concentration is associated with the clinical signs
of a sustained MH episode in the absence of significant changes
in the membrane potential

(66).

Additionally, dantrolene was

shown to decrease myoplasmic intracellular calcium which was
associated with a total reversal of the malignant hyperthermia
syndrome (65).
The uncontrolled calcium levels observed with MH susceptible
individuals

could

explain

the

characteristic

symptoms

of

malignant hyperthermia such as muscle rigidity, acidosis, and
pyrexia (12,62).
Moderate

increases

in

intracellular

calcium

activates

phosphorylase mediated affects on glycogen which results in
lactate, carbon dioxide, and heat production (12,62).
Higher intracellular calcium concentrations activates myosin
ATPase which mediates the breakdown of ATP to ADP, inorganic
phosphate, free energy, and heat (12,62) .
Finally, highly elevated calcium levels combines with troponin
to form a troponin-calcium complex which in turn enables actin
to complex with myosin resulting in contraction and thus heat
(12,62) .
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Since the calcium levels remain elevated rather than being taken
back into the sarcoplasmic reticulum, like normal muscle, the
muscle contracture continues unabated

(12,62).

Some excess

calcium may be absorbed by the mitochondria, however toxic
levels

may

uncouple

phosphorylation

which

electron
would

transport

decrease

ATP

from

oxidative

production

increasing lactate, carbon dioxide and heat output

while

(12,62).

Although ATP production is maintained, early in the MH reaction,
by creatine phosphate, once creatine phosphate levels become
exhausted ATP levels decline, membrane ATPases fail, ions and
molecules begin to diffuse according to their natural gradients
(12,39,62).

Thus potassium, magnesium, and phosphate ions move

out of the cell while Ca++ moves into the myoplasm
perturbing

the

already

existing

biochemical

further

derangements

(12,39,62).

The observed increase in myoplasmic Ca++ in MH implicates the
following

calcium

regulatory mechanisms

uncontrolled Ca++ levels:

to account

for the

1. decrease reuptake of Ca++ from the

myoplasm to the sarcoplasmic reticulum (SR), 2.

increased

Ca++ entry into the myoplasm from the extracellular fluid, or 3.
increased release of calcium from Ca++ storing membranes in the
muscle cell, primarily the sarcolemma and SR (12,39,66,81).
Most research is concentrated on the sarcoplasmic reticulum, the
main Ca++ regulatory organelle in skeletal muscle, to account for
the observed elevation in myoplasmic calcium in MH
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(13,21).

Results, however, are conflicting
reported

as being

with calcium uptake by the SR

higher, normal, and

lower

than

controls

(13,62) .
The sarcoplasmic reticulum ryanodine receptor has been shown to
be abnormal in MH susceptible swine, and in humans the ryanodine
receptor gene demonstrates a high affinity for the MHS gene
(75) .
Additionally, dantrolene, the only successful treatment in the
reversal of an MH episode, decreases intracellular Ca++ release
rather than decreasing the Ca++ influx from the intracellular
space (12,39,65,66) . Moulds and Denborough support the role of
the SR by showing that muscle contracture induced by halothane
can occur in low Ca++ solutions
coworkers showed

(81) .

Similarly, Gallant and

that verapamil, a calcium blocker, didn't

modify MH episodes triggered by halothane and/or succinylcholine
(31) .
CLINICAL SYMPTOMS
Once initiated by an appropriate trigger, an MH episode cascades
and escalates into a vicious circle of events.
Usually one of the first clinical signs of an MH episode is
tachycardia

or

rapid

ventricular

arrythmia

(12,16,39).

Tachycardia is a result of an MH induced rigor of the heart
muscle and has been reported in nearly all cases with or without
rigidity of the jaw or extremities
exhibited

include

hyperkalaemia

fibrillation (12,16,39).
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(13,16,39).
and

terminal

Other signs
ventricular

Another early manifestation of the myopathy is an instability in
systolic blood pressure (12,39).
The first chemical change reflecting an increase in aerobic and
anaerobic metabolism during MH includes acidosis, marked by a
decrease in blood pH to less than 7.00, and a rapid increase in
blood pC0 2 to greater than 100 mm Hg (12,3 9,62) . The metabolic
acidosis

is

primarily

due

to

lactate

production

which

is

detected in the venous effluent (12,39,62). Commonly, increases
of 15-20 fold occur.
Respiratory
episode

acidosis

and

the

and

body

cyanosis
attempts

also
to

occur

during

eliminate

an MH

excess

C02

production via hyperventilation (12,16,39).
Fever, occurring relatively late in an MH episode, is indicative
of a very serious state of MH (12,16,39,62).

In general, the

mortality rate is directly related to the increase in
temperature, and inhalation agents result in higher maximum
temperatures than

muscle relaxants

(3 9) .

Body temperatures

generally increase from approximately 1° C every five minutes to
1° C every 15 minutes

with maximum temperatures reported as

high as 45° C (12).
Virtually

all

pigs

and

75% of

experience muscle rigidity

humans

(12,16,38,62).

with

developing

MH

Gronert describes

this rigidity as a contracture; a nonpropagated, prolonged, and
reversible

activity, rather than a contraction;

contractile

activity associated with a brief propagated and reversible wave
of depolarization (39).
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OTHER TISSUES AND ORGANS
Most people with MH, and their families, appear to be normal and
live active lives and can only be detected with specific tests
(12) .

Others

have

obvious

skeletal

muscle

abnormalities

(39,62) .
In 70% of humans, and most swine, elevated

CPK levels are

detected when sampled in a resting, fasting state without recent
trauma (12,62) . Denborough measured the serum levels of the 21
year old man who required surgery following a fracture ten years
after

the

patient

survived

an

MH

episode

(16b).

This

investigation was prompted by the findings of abnormal increases
in serum CPK levels in symptom free relative in a family with
three deaths due to malignant hyperthermia

(16b).

Denborough

found markedly elevated CPK levels in each family member, only
two of whom demonstrated signs of a myopathy (16b).

MITOCHONDRIA
In general, mitochondrial abnormalities that have been noted are
nonspecific (39) . Ultrastructural examinations from susceptible
humans

have

revealed

"abnormal" mitochondria

and

decreased

functioning of the organelle (39).

MUSCLE TYPES
Fast and slow muscle types are apparently equally affected in
porcine MH

(39) .

However, some have revealed that porcine

longissimus dorsi, lumbar segments and forelimb extensors show
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greater abnormalities

than thoracic and intercostal

muscles

(39) .

SYMPATHETIC NERVOUS SYSTEM
There

are

nervous

several

system

(39,62).

reasons

(SNS)

is

to

suspect

involved

that

the

in porcine

sympathetic

and

human

MH

It has been repeatedly shown that MH may develop in

stress susceptible pigs (12,16,38,62,86).

Campbell, D'Allaire,

and Ording have similarly demonstrated that heat and exercise,
associated with physiologic changes in muscle, result in MH
episodes in susceptible pig muscles (62).

Clinically,

signs of sympathetic

catecholamines)

are

stimulation

observed

(and

(12,39,62).

increased

Circulating

epinephrine and norephinephrine are markedly increased in humans
and

pigs

imbalances

following

changes

(12,39,62).

sympathetic

in

Lucke

(alpha-adrenergic)

metabolism

and

and

colleagues

agonists

acid-base

showed

triggered

MH,

that
and

catecholamine depletion, in some animals, abolished halothane
sensitivity (62).

Gronert suggested that the initiation of the stress response in
intact

swine

is

related

to

somatic

motor

and

sympathetic

stimulation of abnormal skeletal muscle and not a disorder of
the somatic or sympathetic nervous system (39,62) .
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DIAGNOSIS
Increases in serum creatine phosphokinase

(CPK) levels were

originally used as a basic screening procedure for malignant
hyperthermia susceptible individuals (24,39,62).

However, this

method is shown to be only 70% reliable and correlates poorly
with in vitro contracture studies (24,39,62).

Today, the most accurate and commonly used susceptibility tests
in humans and swine are the caffeine and halothane contracture
tests (1,12,62).
The caffeine contracture test (CCT) was first described by Kalow
and coworkers, in 1970, who showed that susceptible human muscle
fiber bundles, in vitro, had lower contracture threshold than
controls

when

exposed

to

caffeine

(1) .

Similarly,

Ellis

demonstrated that MH skeletal muscle, in contrast to controls,
produced contractures when exposed to halothane in vitro (1).

In

1987, members

of

each North American

Diagnostic

Center

assembled to define a standard caffeine-halothane contracture
test to be used by all members (1). Two diagnostic tests were
defined to detect susceptible individuals: 1. a halothane test,
and 2. a caffeine test.

Each test required at least three fresh

muscle strips, and a positive result in one strip indicated
susceptibility (1) . A positive halothane contracture test (HCT)
is defined as a contracture of greater than 0.2-0.7 g after
exposure to 3% halothane that is bubbled through a tissue bath
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for ten minutes (1).

The

caffeine

contracture

test

is

incremental

in

that

the

caffeine concentration is increased incrementally from 0.5 to
32mM every four minutes until a contracture develops (1) .

One

of three criteria may constitute a positive caffeine test: 1. a
contracture at greater than or equal to 0.2 g of tension at 2 mM
caffeine, 2. a caffeine specific contracture (CSC) of less than
4mM caffeine, or 3 . a change in tension at 2 mM caffeine that is
equal to or greater than 7% of the peak tension generated at 32
mM of caffeine

(1) .

The third criterium

accounts

for the

differences in fascicle size (1).
A

CSC

is the caffeine

concentration

required

to produce a

cumulative contracture of 1 g (1) .

The 3% halothane test and the caffeine contracture test are now
mandatory diagnostic tests to screen for patients susceptible to
MH according to North American standards (1).

Unfortunately,

the main drawback of the CHCT is the inability to validate its
results in humans by in vivo anaesthetic challenges in humans
(1) .

Additionally, the invasiveness of this test via muscle

biopsies decreases its appeal.
still

accepted

as the

best

Fortunately, the swine model is
experimental

purposes.
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tool

for

research

Other laboratory methods that have been used for the diagnosis
of

MH

include

the

calcium

uptake

test,

nuclear

magnetic

resonance spectroscopy, erythrocyte fragility testing, skeletal
muscle protein testing, and several others (16,24,62).
One test of particular interest, involving the presence of two
abnormal

low

patients,

molecular

was

suggested

diagnosing MH (9).

weight
by

proteins

Blanck

in

in

MH

1984

as

susceptible
a means

of

In an attempt to confirm Blanck's results,

Fletcher's SDS gel electrophoresis experiments revealed that
these "novel" proteins were present in controls as well as in
susceptible patients (27) . Consequently, Blanck discovered that
the abnormal proteins, which tested positive for haemoglobin,
were a result of a different biospsy technique employed for his
experiments (9) .
Marjanen in 1984 followed by Walsh in 1986 and others used
similar

detailed

electrophoresis

studies

to

identify

any

skeletal muscle abnormality predisposing to MH (74,122).

All

conclude that there is no consistent qualitative difference in
the protein pattern between normal and susceptible individuals
(74,122).
scanning
normal

Additionally Walsh demonstrated via densitometric
that

and

MH

no

apparent
individuals

quantitative
existed

differences

(122).

In

between
general,

electrophoretic analysis has not revealed any data regarding
quantitative analysis of proteins.
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TREATMENT
Successful treatment of MH depends upon the susceptibility of an
individual as well as the total dose of the triggering agent
(39,62) . Prior to 1975, when MH resulted in a 60-80% mortality
rate,

treatment

was directed

toward

the

correction

of

individual physiological derangements of the myopathy

the

(132) .

For example, sodium bicarbonate was administered intravenously
to balance the carbon dioxide load, and body temperature was
decreased

by

cooling

with

cold

packs

and

ice

(12,39).

Additionally, diuretics were administered to eliminate an excess
sodium load (12,39).
Today, dantrolene sodium, also known as dantrium, danctrolene,
and 1-([5(p-nitrophenyl)-furfurylidene] amino) hydantoin sodium
hydrate, is a lipid-soluble hydantoin derivative that is used
for successful treatment of MH following positive reports in
1975

from

Harrison,

in

pigs,

and

Britt,

in

humans

(12,17,62,132) .
In 1979 the Food and Drug Association approved the used of
dantrolene for the treatment of MH and its therapeutic benefits
are

praised

synthesized

(132).

This

therapeutic

by Norwich-Eaton

drug

Pharmaceuticals

was
as

originally
a

possible

antibiotic, but toxicity studies in mice revealed that injection
of dantrolene resulted in flaccidity induced by the inhibition
of

excitation-contraction

coupling,

therefore

decreasing

myoplasmic calcium concentrations (16,132). Additionally, Ellis
and coworkers discovered that these inhibitory effects occur
69

without

affecting

properties

of

neuromuscular

skeletal

muscle

transmission
(132).

Due

or
to

electrical

dantrolene's

effects on excitation-contraction coupling, Harrison, followed
by Ohnishi and Kohl and several other, initiated in vivo and in
vitro studies of the drug's role in MH (43).
In general

it

is confirmed

that dantrolene

sodium

is very

effective in the treatment of MH in both humans and swine in
vitro and in vivo (12,62,65,132) . Its specific effects include;
control of abnormal metabolic activity, decreased acidosis,
decreased
(12,39,65).

ion

fluxes

and

associated

acid-base

imbalances

Lopez expressed dantrolene's ability to decrease

twitch tension and skeletal muscle contractures via a decrease
in

intracellular

myoplasmic

calcium

concentrations

and

consequently a total reversal of the MH syndrome (17,66).
Current

evidence

supports

the

finding

that

the

effects

of

dantrolene appear to be related to an inhibition of Ca++ release
from the sarcoplasmic reticulum since dantrolene has been shown
to decrease intracellular calcium release rather than decrease
Ca++ influxes from the intracellular space

(65,66).

support

verapamil,

stems

from

blocker, doesn't
and/or

the

observation

modify MH episodes

succinylcholine

(66) .

that

triggered by

Similarly,

Further
a

Ca++

halothane

halothane

induced

contracture can occur in low Ca++ solutions (66,81).
In addition to its benefits some minor drawbacks are recognized
with the use of dantrolene.

In order to be effective dantrolene

must be administed while muscle perfusion is still adequate
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(12,39,62) .

Since the drug has poor solubility it must be

readily available with its appropriate solvents on hand (62).
Hepatic

dysfunction

has been

noted

with

oral

ingestion

of

dantrolene (of greater than 3 weeks duration), however this can
be

avoided

by

administering

the

drug

intravenously

(62).

Lastly, muscle weakness may result from therapeutic treatment,
but this condition is only temporary (62).
To date, no standard guidelines exist as to the duration of
therapy with dantrolene. Most sources suggest a continuation of
dantrium treatment of 2-48 hours once an MH epside is under
control in order to avoid recurrence of symptoms

(12,3 9,62) .

Heffron and several others prescribe a 2.5 mg/kg intravenous
dosage every 5-10 minutes for a total of 10 mg of dantrolene
solution as well as recommend premedication with intravenous
dantrolene; 2.5 mg/kg for 30 minutes (48).
Dantrolene should only be required in the case of fulminant MH
when physiological conditions require urgent attention (12,39).
Hyperthermic

episodes caused by exposure to volatile and/or

depolarizing anaesthetic agents may be eradicated simply by
discontinuing the agent (12,39).

Ideally, early diagnosis and

effective treatment are the keys to maintaining a low mortality
rate

which

is

presently

between

10-30%

of

reported

cases

(12,39,62,132) .
Morphine,

steroids, and procaine have also been

studied as

therapeutic agents for MH, each without complete approval or
effectiveness in comparison to dantrolene (12,3 9,62).
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Morphine

treatment

caused

a

nonspecific

depression

when

given

to

susceptible humans although no effect was seen in pigs (39,62) .
Ellis proposed that steroids such as dexa methasone, would be
effective in treatment of human MH but mortality rates were
shown to have increased and his results are not confirmed by
porcine studies (62).

INCIDENCE
The occurence
between

of malignant

1/15000

(3,4,14).

This

and

hyperthermia,

1/200000

statistic

in humans, varies

anaesthetic

is difficult

administrations

to determine

since

susceptible individuals do not always experience an MH episode
upon

anaesthetic

geographically

exposure,

and

diagnostic

(12,13,39,62).

The

criteria

incidence

in

differ
stress

susceptible pigs, however, is 90% (13) . Although the condition
is not

sex-linked,

predominance

of

sex

influence

approximately

2:1

is

apparent

over

with

females

a

male

(62) .

In

particular, post-pubertal males between 16-30 years of age are
the most prevalent individuals, while those over fifty years are
at less risk

(12) .

Due to its hereditary nature, MH is more

common in smaller isolated communities (12,3 9).
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CONCLUSION
Since

the

knowledge

of

malignant

hyperthermia

has

become

increasingly prevalent from the time of its identification in
the 1920's, several investigators have uncovered and continue to
research many of the puzzles concerning the myopathy.

The

anaesthetic and stress induced triggers and dantrolene treatment
of MH

appear

halothane

to be

quite

contracture

conclusive, while

test, although

the

caffeine-

invasive, is the most

widely accepted means of diagnosing susceptible individuals. MH
susceptible

individual

consistently

reveal

a

significantly

increased intracellular Ca++ concentration when compared with
controls which suggests that Ca++ regulatory mechanisms, most
likely the SR, may be involved.

Among the factors that are less clear concerning the MH syndrome
are the role of genetic and environmental influences, and of
particular interest, the biochemical defects that account for
the abnormal increases in intracellular Ca++ that lead to MH.
Fortunately, the swine model has been invaluable in the study of
all facets of human MH, and has facilitated the substantial
reduction in a once alarming mortality rate.
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MYOFIBRILLAR ORGANIZATION
Sarcomere
The basic contractile unit of skeletal muscle is the sarcomere
(13,17,18).
microscope

Each sarcomere, as visualized
is

responsible

for

the

pattern of skeletal muscle (13,18).

with the

characteristic

light

striated

Electron microscopy and the

pioneering research of Hugh Huxley has enabled observers to
visualize the thick myosin and thin actin filaments that coexist
as parallel and interdigitating proteins to form the A band and
I band respectively (13,18).
side by

the

filament

(13,18).

One sarcomere is bound on either

Z-disk, the terminal point

of

the thin

actin

Accessory Proteins
In addition to the main components of the sarcomere, accessory
proteins, tropomyosin and troponin, are integral structures to
the contractile apparatus (13,18). These two protein structures
are closely associated with the thin filament (13,18) .
Troponin, comprises approximately 5% of myofibrillar protein
(13) .

Each molecule is made up of a thin stalk and a globular

end that contains an inhibitory (Tnl), calcium binding (TnC),
and tropomyosin binding (TnT) portion (13).
Tropomyosin is generally accepted as being located in the groove
between the two filamentous actin monomers and is exposed only
upon binding to calcium (Ca++), however recent evidence questions
the accuracy of the localization (13).
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These regulatory proteins function as natural inhibitors of the
contractile process involving actin, myosin, calcium (Ca++), and
magnesium (Mg++) ions (13,18).

Myofibril
The myofibril is the functional unit of skeletal muscle composed
of several hundreds of protein filaments in parallel bundled
into repeats along the length of the muscle fiber (13,18).
When myofibrils are bundled and surrounded by a plasma membrane
(sarcolemma), they form a multinucleate muscle fiber or muscle
cell

(13,18) .

Within the muscle fiber is its fuel source,

glycogen, as well as several mitochondria to process the fuel
(13,18).
Finally, muscle fibers bundle, not necessarily in a parallel
fashion,

to

form

endothelial sheath

the

skeletal

(13,18).

muscle

surrounded

by

an

Blood supply for the muscle is

provided by a network of capillaries (13,18).

CYTOSKELETAL ELEMENTS
Myosin

and

actin

and

their

accessory

proteins

are

well

characterized sarcomeric structures, but in addition to these
elements much experimental evidence supports the finding that
two sets of distinct cytoskeletal lattices that are continuous
and

extensible

exist

(13,19).

The

sarcomeric

apparatus

within

and

endosarcomeric
while

outside

lattice
the
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of

the

exists

exosarcomeric

sarcomere

within

the

filaments

(intermediate filaments) envelope the sarcomere and interlink
organelles (13,19).
In contrast with Huxley and Hanson's two filament model of
muscle

contraction

filaments,

the

three

with

inextensible

filament

model

and

proposes

discontinuous
that

elastic

filaments are responsible for an additional source of continuity
of the sarcomeric proteins (19) .
Huxley and Hanson showed that single myofibrils with the thick
filaments removed by high salt solutions don't fall apart but
the thin filaments are held together in fibril ghosts that are
extensible and elastic (19) . Additional evidence is provided by
the finding that isolated myofibrils stretched to the point of
no overlap

(> 3.7 um) don't separate into distinct actin and

myosin segments, but they form by gaps while still being held
together

(19) .

Numerous findings using various visualization

techniques fully support the presence of elastic

components

(19) .

Endosarcomeric Lattice: Titin and Nebulin
Titin and nebulin, with molecular weights of 1*103 kilodaltons
(kDa) and

5*102 kDa respectively,

comprise

12-15% of

total

myofibrillar protein and are also the two major components of
the endosarcomeric lattice (19) . These large polypeptides are
assumed to run parallel to and outside of the myosin and actin
filaments and function in connecting succesive Z-lines of the
sarcomere as well as providing resting tension to the sarcomere
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(13,19).
Wang and others have demonstrated that both titin and nebulin
are

readily

degraded

by

proteolytic

enzymes

(19).

In

particular, calpain has been shown to be extremely effective in
degrading these high molecular weight polypetides (19).
Recent evidence suggests that the endosarcomeric proteins may be
potential binding sites for calcium ions (19) . Yarom and Meiri
have

demonstrated

the

presence

of

calcium

precipitates

particularly located on the N line and the A-I junction of the
myofibril

(19) .

This information implies the possibility of

calcium ions, perhaps in conjunction with calpain, being able to
modify the behavior and structure of the endosarcomeric lattice
upon binding (19) .

Exosarcomeric Lattice: Desmin and Vimentin
In contrast to the endosarcomeric lattice, the exosarcomeric
lattice or intermediate filament network appears as longitudinal
and transverse elements enveloping successive sarcomeres (19).
Desmin with a molecular weight of 55 kilodaltons

(kDa) is the

main longitudinal filament of the exosarcomeric lattice that
functions in linking adjacent Z lines and M lines and therefore
potentially participating in tension transmission parallel to
the myofibrillar axis (19) .
Vimentin, weighing 58 kDa and accounting for less than 1% of
total myofibrillar protein,

functions

along with

desmin

providing transverse linkage of the Z line structures
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in

(19) .

These

filamentous structures also function in the transmission

of tension perpendicular to the myofibril axis (19) .

Z Line: Alpha-Actinin
Although alpha actinin is not a component of the endosarcomeric
or the exosarcomeric lattice, it is a main internal component of
the Z line structure (5,7,8,11,13,16).

This protein functions

to bind and cross link the ends of actin filaments and accounts
for approximately half of the myofibrillar protein of the Z disk
(5,8,11,13,16).

In contrast to the intrinsic elasticity of

titin and nebulin, alpha actinin

is high

in alpha

helical

content, thus providing rigidity to the Z disc (11,13).
Alpha-actinin was initially discovered in rabbit skeletal muscle
as

a

as

a

superprecipitation agent of synthetic actomyosin (5,11,16).

It

was

gelation

factor

subsequently

of

purified

filamentous

and

actin

determined

by

and

Ebashi

as

a

component of the Z line of striated muscle and is now found in
cardiac, smooth, nonmuscle and invertebrate cells (7) .
Alpha

actinin

features

tissue

specific

isoforms

including

skeletal muscle, smooth muscle and nonmuscle isoforms (5). The
carboxyl terminal half of the skeletal muscle isoform of alpha
actinin is specifically located at the Z disc (5).
Alpha actinin may undergo proteolysis by a variety of proteases
into a number of protease resistant fragments
others

have

shown that

(8) .

calpain quickly removes

the

Goll and
Z disc

implying that it might act to degrade alpha-actinin and/or actin
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(8).

Further evidence demonstrates

that denatured but not

undenatured alpha-actinin may be degraded by calpain (12).

MYOFIBRILLAR DEGRADATION
The complex architecture of myofibrillar proteins are constantly
turning

over

through

synthetic

and

degradative

processes.

Although the process of protein synthesis has unearthed a wealth
of knowledge regarding its pathways and sites, relatively little
is known about myofibrillar degradation.
In 1975 Etlinger demonstrated that myofibrils treated with an
ATP relaxing solution released a small fraction of myofilaments
that

appear

to

contain

newly

synthesized

Subsequently van der Westhuyzen showed

proteins.

in vitro that

these

"easily releasable myofilaments" (ERM) contained thin filament,
thick filament and regulatory proteins, but lacked Z line, M
line, and very high molecular weight cytoskeletal elements such
as

titin,

nebulin,

desmin,

and

alpha-actinin

(17).

Additionally, factors that influenced proteolytic rates of rat
EDL,

soleus,

diaphragm,

and

atria

myofibrils

influenced the size of the ERM fraction
calcium

ionophore A23187

increased

(17) .

similarly

For example,

the proteolytic

rate of

myofibrils while concomitantly increasing the size of the ERM
pool (17) . In a similar fashion, leupeptin, cyclohexamide, and
stretch inhibited proteolysis rates while decreasing the ERM
fraction (17).

These findings suggest that easily releasable

filaments are intermediates on their way to enter a degradative
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pool of myofibrillar proteins.
Similar findings are provided from in vivo studies by Dahlmann
(6) .

Evidence for the mechanism and regulation of myofilament

release and therefore myofibrillar degradation is provided by
several authors.

Van der Westhuyzen isolated myofibrils and

digested them with calpain (17). With increased digestion, the
size

of

the

Similarly,

releasable

isolated

filament

muscles

fraction

incubated

increased

with

(17).

leupeptin,

an

inhibitor of calpain ( in vitro and in vivo) , show a decrease in
the size of the ERM pool (17) similar to fasting rats incubated
with E-64, an inhibitor of calpain and lysosomal cathepsins B,H,
and L (14) .

These findings suggest that the mechanism for ERM

release involves a limited proteolytic cleavage of myofibrillar
components that maintain the positional stability of filaments.

CALCIUM AND ERM
Since abnormal increases or decreases in intracellular free
calcium concentrations can lead to cell dysfunction and/or death
(3), it is important to consider calciums role in the scheme of
calpain regulation in myofilament release.
Arakawa and others showed that calpain's activity is increased
in the skeletal muscle of fasting rats
that

increasing

(1) .

[Ca++] ,

Westhuyzen

revealed

environment

for calpain activation, leads to an increase in

easily releasable myofilaments (18).

the

Also, van der
an

ideal

Therefore a decrease in

myofilament release by inhibitors such as E-64 and leupeptin,
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may be due to a direct inhibition of calcium activated calpain.
Following prolonged exercise in rats, Belcastro has suggested
that increased intracellular

[Ca++] may activate lysosomal and

nonlysosomal proteases and degrade skeletal muscle myofilaments
(4) .
Since

abnormal

calcium

levels

are

apparent

in

malignant

hyperthermia susceptible muscle, and calpain activation requires
significant increases in [Ca++] which has been shown to increase
the amount of easily releasable myofilaments, it is likely that
substantial increases in [Ca++] in skeletal muscle of malignant
hyperthermia susceptible individuals activates calpain which
results

in

degradation

the
of

limited
specific

release

of

myofibrillar

myofilaments

via

the

structures

that

are

responsible for maintaining the integrity of the myofibrillar
complex.
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MALIGNANT HYPERTHERMIA
Blood
Abnormal

membranes

of

human

or

porcine

blood

cells

have

previously been inferred from findings showing variations in the
blood cell permeability or fragility similar to the

occurence

of abnormal membrane permeability in the sarcoplasmic reticulum
of skeletal muscle (1,3,6,9) . Ohnishi has shown, with the use
of electron paramagnetic resonance and a 12-doxylstearate spinprobe, that MHS erythrocyte membranes, similar to sarcoplasmic
reticulum membranes, reveal greater fluidity than controls (11).
Thatte and Mickelson have shown that differences in kinetic
parameters
for

a

(K^ and Vmax) of MH rbc Ca++-ATPase provide evidence

general

membrane

defect

in

MHS

porcine

rbcs

(13) .

Concurrently, Thatte and Addis reported a similar erythrocyte
membrane

defect

in

MHS

pigs

based

on

altered

temperature

dependence of Mg++-ATPase activity and spin probe motion (14).
This structural abnormality found in rbc membranes suggests that
sarcoplasmic reticulum and erythrocytes may be affected by the
same gene (14).
Endocrine
With

respect

to

endocrine

function, malignant

hyperthermia

susceptible (MHS) humans have shown a greater increase in plasma
insulin concentrations following a glucose load and diabetic MHS
patients may have diabetes that is more difficult to control
(2,5,12) .

In

active

MH

Gronert

and

Jones

have

revealed

prominent hyperglycaemia which is apparently due in part to
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catecholamine release

(5) .

Additionally, insulin levels are

reported to be low to slightly increased which may be a result
secondary to associated catecholamine increases (2). Arterial
blood shows a marked metabolic acidosis, while in fulminant MH
abnormal intravascular coagulation may occur via haemolysis,
increased release of tissue thromboplastins, or shock that is
secondary to inadequate capillary perfusion (5).
In addition to alterations in membrane proteins or membrane
permeability

in

blood

components

(RBCs,

leukocytes)

MHS

individuals exhibit skeletal muscle, mitochondria, heart, bone,
thyroid,

and

(1,3,5,6,9).
system

sarcoplasmic

reticulum

membrane

abnormalities

Thus malignant hyperthermia results in multiorgan

defects

that

are

encompassed

as

a

generalizable

alteration in membrane permeability.
The main practical problem concerning malignant hyperthermia is
the search for a valid pre-anaesthetic test that allows for the
identification

of MHS

individuals.

Abnormal

findings

in

erythrocyte membranes which are consistent with sarcoplasmic
reticulum alterations may provide pertinent information that
will enable blood to be used for a non-invasive screening test
for malignant hyperthermia
valid

diagnostic

modifications,

test

(6,13,14).

The only current and

which

is

accepted,

internationally

is

the

with

slight

caffeine-halothane

contracture test (CHCT) which is an invasive and laborious

test

that can only be conducted in 3 0 labs around the world (3,5,9) .
The use of RBCs potentially requires only a small amount of
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blood with a syringe, and avoids the use of triggering agents in
patients thought to be MH susceptibile (11). Such a test would
be more suitable for the routine evaluation of patients who
don't have a medical history of MH susceptibility.

BLOOD
Blood is composed of formed elements

(45%), and fluid

(55%) .

The formed elements consist of red blood cells, white blood
cells (leukocytes or wbcs), and platelets (thrombocytes).

The

fluid or plasma consists primarily of water (90%) with a small
percentage of proteins (albumin, globins), vitamins, salts, and
lipids (70,77,119).
The erythrocyte membrane consists of 50% protein, 40% lipid and
10% carbohydrate by weight (70,77). Hemoglobin accounts for the
majority of rbc protein (90%) protein (70,77).
The normal mature erythrocyte is a unique anucleate cell lacking
a mitochondria and other intracellular organelles (70,77).
the

time

of

maturity

in

the

bone

marrow,

the

normal

At
rbc

decreases its diameter to approximately 7 micrometres and adopts
the form of a biconcave disc (70,77).

The high surface area is

intricately constant and may be ruptured by a slight increase in
area (70,77).

These specific characteristics of the rbc promote

its high deformability and low viscosity enabling it to fulfill
its role in oxygen and carbon dioxide transportation in the
circulation

(70,77).

The average rbc lifespan is 120 days

during which time it passes through the heart 500,000 times and
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travels approximately 500 kilometers (70,77).

After this time,

the aged RBC is processed in the spleen, liver, and bone marrow
where hemoglobin is degraded into iron containing pigments that
the bone marrow recycles into new RBCs (70,77).

ERYTHROCYTE MORPHOLOGY
The erythrocyte membrane, a lipid bilayer containing integral
transmembrane proteins, is similar in composition to several
other membranous systems (1,11). The main transmembrane protein
component of red blood cells is a glycoprotein named band 3 (MW
100 kDa), which functions as a channel for the passage of anions
such as chloride (Cl") and bicarconate (1,11) . The cytoskeletal
framework of the erythrocyte membrane consists of peripheral
proteins spectrin, actin, protein 4.1, and protein 4.9, all of
which

exist

in

an

intricate

hexagonal

array

(1,11) .

The

erythrocyte cytoskeleton is rigidly anchored, via ankyrin (215
kDa) and other minor components, at certain locations to the
transmembrane proteins (1). The abundant proteinous components
of the erythrocyte cytoskeleton function in concert to control
the shape of the red cell (1,14).
Spectrin
Spectrin was first reported in 1968 in water soluble extracts
from erythrocyte membranes (10,53).
distinct polypeptide chains, alpha

It is characterized as two
(240 kDa) and beta

(220

kDa), encoded by separate genes (10,53,56,72,73,85,99,109).
Each polypeptide associates in an antiparallel
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fashion into

elongated and flexible chains high in alpha-helical
indicating a stabilizing function (85,99,108).

content

The mandatory

presence of spectrin in the maintainence of the normal structure
and properties of the RBC is well known (73,85,99) . Yoshida and
coworkers have described the deficiency of spectrin leading to
the impairment of RBC deformability and stability in conditions
such as spherocytosis and elliptocytosis

(130).

Similarly,

Speicher and colleagues have characterized spectrin's primary
responsibility
structural

in maintaining

integrity

by

the

RBC

observing

biconcave

shape

quantitative

spectrin

decreases and/or mutations in hereditary hemolytic
(13 0) .
stabilize

The
the

two primary
membrane;

functions
and

2.

of

spectrin

provide

linkage

and

anaemias

are
for

to: 1.
actin

filaments to the membrane (85,99,109).
Actin
Erythrocyte actin is exlusively of the beta or cytoplasmic type
(23,73) .

Although this protein accounts for only 4 to 5% by

weight of membrane proteins, the obligate interaction between
actin and spectrin forms the anastomosing network that provides
elasticity and flexibility to the membrane without impeding the
fluid motion of the membrane around its cell contents (23).
Band 4.1
Protein 4.1 (78 kDa) has been shown via electron microscopy and
binding assays to promote spectrin-actin binding by associating
with the spectrin tetramer (23,73) . Fowler and colleagues have
shown that the spectrin- actin-4.1 triad is Ca++ sensitive (108).
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On SDS-PAGE, protein 4.1 is visualized as a doublet (4.1a and
4.2b) with a molecular weight difference of approximately two
kilodaltons (73,109).

Band 4.9
Protein 4.9 (48 kDa) is a peripheral protein that accounts for
one percent of membrane protein whose function has not been
fully characterized (23,73).

No reports on specific binding of

band 4 . 9 to the spectrin-actin-4 .1 triad has been reported , but
Sato and Nakao have shown that in the presence of a chemical
cross

linker,

band

4.9

associates

with

the

anion

channel

(73,108) .

CALPAIN ACTIVITY
The red blood cell contains several protein enzymes within the
cytosol as well as within the lipid membrane

(1,6,14).

The

calcium-activated neutral protease calpain is the main enzyme
present, with only one form, calpain I or micromolar calpain
present

in the rbc

micromolar

(1,3,4,14).

concentrations

of

Ca++

Calpain
for

I, requiring

activation,

has

only
been

purified from the cytosol but as demonstrated by Hatanaka some
is still bound to the plasma membrane where activation can occur
via partial autolysis (3,4).

Sufficient evidence exists that

states calpain is associated with biological membranes. Several
authors claim that calpain bind to RBC membranes in a calcium
dependent

manner even at calcium concentrations
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too low to

autolyse in the absence of membranes (5,7,8). Others, including
Pontremoli

and

Coolican

have

shown

that

some

membrane

phospholipids decrease the calcium requirement for autolysis of
calpain

(2,9) .

Thus the wealth of

evidence

as previously

described suggests that calpain binding sites on biological
membranes consist of some membrane phospholipids.
Inomata

and

In contrast,

coworkers have recently demonstrated

that

some

substrate proteins on RBC membranes are favorable targets for
microcalpain binding

(6) .

These results are consistent with

several findings that calpain prefers cytoskeletal proteins over
soluble protein and in biological membranes, the major binding
sites

for calpains

are particularly

cytoskeletal

or

lining

proteins (12,13) . The physiological activity of rbc calpain is
specifically controlled by its endogenous inhibitor calpastatin
which

is as widely distributed within

the

cell as

calpain

(1,13,14) .
Boivin, Galand, and Dhermy showed that incubation of whole ghost
membrane

proteins

with

microcalpain

resulted

proteolysis of certain membrane proteins
shown to be most

(1) .

in

partial

Ankyrin, was

sensitive to calpain degradation, whereas

electrophoretic analysis revealed that band 3,4.1, 2.3, and 2.6
were also degraded (1) . Spectrin, which is relatively resistant
to calpain degradation, showed the least proteolysis with the
beta form being more sensitive to calpain than the alpha form
(1) .
Additionally, actin and glyceraldehyde-3-phosphate-dehydrogenase
88

were not sensitive to proteolysis in whole ghost preparations
(1) .
The first report of complete proteolytic activation of the rbc
plasma

membrane

Ca++-ATPase

bound

by

endogenous

calpain

in

mammalian systems in vivo was proposed by Wang, Villalobo, and
Roufogalis

(15) .

This

calmodulin

stimulated

calcium

translocating ATPase extrudes across the plasma membrane and
contributes

to

maintaining

a

low

intracellular

calcium

concentration that is crucial for normal functioning of the
erythrocyte (6,14,15).

Wang's report states that calpain could

conceivably

the

activate

Ca++-ATPase

only

experiences a prolonged and/or uncontrolled
intracellular

calcium

ion

concentration

when

the

RBC

increase in the
with

certain

pathological states and/or some physiological conditions (15).
If this were the case, calpain mediated activation of Ca++-ATPase
could

be

seen

as the

last defence

mechanism

to decrease

elevated intracellular [Ca++] which could be potentially lethal
to the cell (15).

Currently, research is underway to examine

conditions under which Ca++-ATPase activation via calpain may
occur in vivo and whether it affects the calcium translocation
function of the Ca++-ATPase.

Although most calpain substrates are calmodulin binding proteins
with common PEST regions specifically recognized by calpain,
this method of substrate identification by calpain doesn't seem
to exist for RBC proteins since ankyrin doesn't bind calmodulin
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and alpha and beta chains of spectrin may be lysed in the
absence of calmodulin (1,12,13).
Several potential functions of calpain occur in the erythrocyte.
These

include:

1.

stabilization

of

the

cytoskeleton;

2.

regulation of pyruvate kinase in the cytosol; 3. activation of
Ca++-ATPase by partial lysis; 4. modification of protein kinase
C activation; 5. modification of calmodulin binding proteins; 6.
degradation of beta-haemoglobin in rbcs (1,3,4,11,14,15).
Since normal RBCs maintain a very low calcium concentration,
intracellular

conditions

must

be

present

such

as

in

pathologtical states that abnormally increase the intracellular
calcium concentrations that are required for the autolysis and
subsequent concentrations that are required for the autolysis
and

subsequent

malignant

activation

hyperthermia

of

calpain

is a potential

I

(1,14).

model

Porcine

in which

this

phenomena may be examined.

ERYTHROCYTE GHOST PREPARATION

A. Anticoagulant Solutions
Red blood cell constituents are much more stable when cells are
kept

in

whole

blood

than

if

they

are

frozen

or

washed

(67,70,77,108,119).
Common anticoagulant solutions in use today include: 1. EDTA; 2.
Sodium citrate ; 3.heparin; and 4. Acid citrate dextrose (ACD).
EDTA removes erythrocyte calcium ions by chelation with the
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tripotassium

salt yielding an increased solubility over

disodium form (30,49).

Similarly, sodium citrate removes free

Ca++ by binding to form a Ca++-citrate complex
contrast,

heparin

unhemolysed

and

the

as

an

unaltered

antithrombin
cells

are

is

excellent

required

fragility studies and enzyme analysis (30,49).

(30,49).

for

In
when

osmotic

Citrate-Dextrose

blood originated from Rous and Turner (1916)
to save lives during world war one

(70,119) .

Subsequently,

during world war two, ACD provided a means to safely store blood
at 4°C for up to three weeks (70,119).
Although Luyet, in 1949, stored quickly cooled thin films of
blood with liquid nitrogen without any deterioration, Meryman
demonstrated that this procedure could not produce comparable
results on whole blood required for blood transfusions (70,77).
Further

experimentation

with

preserving

avian

sperm

with

glycerol prompted Smith, in 1961, to suggest the use of glycerol
in

the

preservation

of

erythrocytes

(77) .

Subsequently

erythrocytes frozen to and thawed from temperatures of -2 0°C, 40°C, or -79°C in the presence of 10 or 15% glycerol resulted in
most cells being intact (70,77,108) . In contrast, cells frozen
to and thawed from the same temperatures in the absence of
glycerol

yielded

Consequently,

the

completely
first

glycerol preserved blood

hemolysed

successful

blood

cells

(67,77,108).

transfusion

was achieved in 1965 (70).
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using

B.Microscopic Observations
Since freezing blood has proven to play an important role in the
long term storage of its constituents, studies were undertaken
to observe the mechanism of ice formation and its role

in

erythrocyte preservation. In 1953 Lovelock demonstrated that
extracellular formation of ice crystals with low cooling rates
resulted in salt-injured cells, whereas intra- and extracellular
ice crystal formation with high cooling rates was shown to
promote mechanical injury (67) . In both cases, the possibility
of salt or mechanical injury depends on the species of the cell
and whether cryoprotective agents have been added
cells

in 0.9% saline

(67) .

Red

were deformed and compressed by ice

crystals at a cooling rate of 1-10°C per minute, which resulted
in total hemolysis (67). Additionally a release of hemoglobin
into the extracellular space accompanied hemolysis (67).

C.Membrane Isolation
The absence of direct control in the collection and isolation of
blood and RBCs can result in the misinterpretation of results.
The red blood cell membrane is vulnerable to proteolysis making
the analysis potentially complex. Therefore it is necessary to:
1. work quickly; 2. use chilled buffers; 3. use inhibitors; and
4. eliminate excess cells such as platelets and neutrophils that
are rich in proteases.
There

is

sufficient

evidence

to

indicate

that

endogenous

proteases such as calpain and acid and alkaline proteases are
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suggested to take their toll during hemolysis and subsequent
steps

that

increase

the

membrane

protein

accessibility

to

degradative enzymes (3 0,49). Although there is little published
information with respect

to the specific value of protease

inhibitors in the RBC membrane under normal conditions, the
general

prophylactic

proteases

includes

strategy

for

controlling

the use of appropriate

endogenous

inhibitors

while

attempting to decrease the time of exposure to conditions that
activate or destabilize membrane proteins (30,49).
to be one of the most effective
agents

that

acts

to prevent

DFP is known

antioxidant/antiproteolytic

degradation

by neutral

serine

proteases that exist in white blood cells (30,49). However this
compound is highly toxic by inhalation, ingestion, and skin
contact

(30,49).

In contrast,

DTT can be used safely to

prevent the air oxidation of protein sulfhydryl groups as well
as inhibiting cathepsin-D

like activity of human red cells

(3 0,49) . EDTA is a commonly included chelator that prevents the
calcium activation of calcium dependent proteases of isolated
membranes

and

other

metalloproteins

(30,49).

PMSF

reacts

rapidly with serine residues in the active sites of serine
proteases (trypsin and chymotrypsin) and is reported by Amrein
and others to be useful only following hemolysis because it does
not enter intact cells rapidly

(2) .

Therefore PMSF, whose

toxicity is well below that of DFP, is routinely added to the
hemolysis and wash buffers as demonstrated by Siegel and Branton
who showed a decrease in the degradation of band
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2.1 following

the addition of 1 mM PMSF (107).

Ideally, an antiproteolytic

cocktail stock containing 100 mM PMSF, EDTA, and DTT would be
prepared and added to appropriate isolation buffers (107).

In 1962, Dodge and coworkers used the term erythrocyte "ghost",
rather than membrane, to describe the delicate discoid bodies
that resulted following hemoglobin removal from the RBC (18) .
He then confirmed the finding, similar to that of Ponder in
1961, that RBC ghost composition depends primarily on the method
of preparation (18).

Today the most commonly used methods of

ghost preparation involve RBC hemolysis in hypotonic solutions,
however the following important variables, as proclaimed by
Dodge, must be considered in determining the final hemoglobin
content:

1. pH; and 2. ionic strength of hemolysis buffer (18).

Equipped with the knowledge that rbcs swell and hemolyse in the
presence of a low salt concentration, Dodge defined the ionic
parameters and conditions that resulted in the maximum release
of hemoglobin with the retention of the biconcave morphology of
RBC ghosts
osmotic

(18) .

strength

The investigator reported that a maximum
in

the

range

of

10-20

uM

resulted

in a

significant loss of hemoglobin, whereas a strength of 100 mM
resulted in the incomplete and nonhomogenous lysis of rbcs (18) .
Additionally, a maximum pH of 7.4 or 8.0

(in 2 0 mM) promoted

minimal binding of hemoglobin to the polyanionic RBC membrane
(18) .

Two decades following the parameters defined by Dodge,
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Yoshida confirmed the conditions and further contributed to the
methodology by quantitatively analyzing spectrin (130).
SDS

electrophoresis

followed

by

laser

densitometry

Using
Yoshida

looked at the reproducibility of the overall measurement
spectrin examined under the selected

conditions of

of

washing

packed RBCs in 7mM phosphate hemolysis buffer at a pH of 7.4: 1.
washing 5 times with 40 volumes; 2. washing 6 times with 20
volumes; and 3. washing 7 times with 10 volumes.
revealed

that

the

total

protein

content

was

The study
found

to

be

decreased with an increase in the number of washes, however the
peak area of alpha and beta spectrin remained constant (13 0) .
Notably, Yoshida stated that the addition of EDTA or PMSF did
not have an enhancing effect on the recovery of total protein or
spectrin (130) . Finally, the researchers concluded that a 7 mM
phosphate buffer at a pH of less than 7.4 was not effective in
substantially minimizing the amount of hemoglobin from ghosts
(130) .

Sodium Dodecyl Sulphate Polyacrylamide Electrophoresis
Electrophoresis

applications

were

utilized

with

increasing

intensity in the 1960's to analyze the chemical and physical
properties of erythrocyte membrane proteins (23) . Investigators
diligently

developed

methods

that

incorporated

organic

solvents, aqueous protein denaturants, detergents, extremes of
pH and

ionic strength to obtain protein subfractions

(23) .

Succeeding procedures assimilated phenol, urea, and urea-actic
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acid into gel constituents (23).

Nevertheless, gel patterns

produced were not easily interpreted and neither of the methods
were effective for both H20 soluble and hydrophobic fraction of
proteins (23).

SDS polyacrylamide electrophoresis is currently used reliably by
several labs to describe the total polypeptide composition of
the membrane and the analysis of membrane

subfractionations

(23) .
The anionic

detergent

SDS is well known to solubilize

rbc

membrane proteins even the most intransigent class including
major membrane

spanning proteins

(23).

The process of SDS

electrophoresis is based on the knowledge that the membrane is
composed of a number of discrete protein species in a fixed
stoichiometry

and the pattern produced is a characteristic and

reproducible "signature" of the membrane system (23) . Therefore
the SDS technique is ideally used to separate proteins according
to size

(23).

Maizel

and Shapiro determined,

proteins of an established

for

soluble

molecular weight, there is a linear

relationship between the log (molecular weight) of dissociated
subunits and the rate of migration of SDS protein complexes in
polyacrylamide gels (104).

This relationship is observed under

conditions of SDS saturation and reflects the binding of SDS in
a constant proportion of approximately 1.4 grams per gram of
protein resulting in a rearrangement of polypeptide chains into
asymmetrical

rod

like

structures
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(104).

The

membrane

solubilization

process

detergent

immediate

and

normally
heating

involves
to

the

addition

approximately

100

of
°C

resulting in the complete disruption of the membrane and massive
cooperative

SDS binding

to proteins

as well

as

denaturing

proteases that would act on unfolded polypeptides (104).
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CALPAIN
Although several years of research have been dedicated to the
characterization
recently

have

unravelling

of

lysosomal

scientists

the

properties

intracellular

directed
and

proteases,

their

functions

efforts

only

toward

of

non-lysosomal

non-lysosomal

intracellular

intracellular proteases.
Calpain

is

a

calcium-dependent

proteinase that has increasingly been studied with respect to
its

activation,

regulatory

biological functions
known

as

sulfhydryl

kinase

mechanisms,

(1-12).

(CDP),

and

This cysteine proteinase, also

activating

protease

specificity,

factor
and

(KAF),

calcium

Ca++-dependent

activated

neutral

protease (CANP), was first identified in brain tissue by Guroff
in 1964 and was later detected in soluble fractions of almost
every tissue (1-12) .

Calpain activity has been documented in

very

sources,

diverse

mammalians,

tissue
insects,

such

coelenterata,

as
and

crustaceans, avians,
mollusks

(6,10,12).

Since 1976 when Dayton purified one form of calpain (m-calpain)
from

porcine

skeletal

muscle,

scientists

have

successfully

purified the proteinase from bovine, rabbit, chick, and human
skeletal muscle, bovine and pork cardiac muscle, human and
bovine platelets, rat kidney and liver, beef lung, and chick
gizzard and smooth muscle (10,12) . This ubiquitous distribution
of calpain has, to date, been restricted to animals however an
analog has been discovered in plants (9).
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MOLECULAR AND STRUCTURAL PROPERTIES
Two isozymic

forms of calpain exist, with cells possessing

either one or both types

(1,4,8,9,10,12).

Calpain II or m-

calpain was the first form isolated from porcine muscle and
characterized by its requirement for millimolar concentrations
of Ca++ for activity (1,4,8,9,10,12).
was later purified

from porcine

Calpain I, or u-calpain,

skeletal muscle and bovine

cardiac muscle and named for its micromolar requirements of
intracellular Ca++ for activity

(1,4,8,9,10,12).

Each calpain isozyme is a heterodimer with an 80 kDa subunit and
a 3 0 kDa subunit which is identical in both calpain I and II
(4,5,8,9,10).

The heavy or catalytic subunit consists of 4

domains (I,II,III,IV), whereas the light or regulatory subunit
is comprised of 2 domains, I V , V

(4,5,8,9,10).

DNA sequence

analysis has revealed that domain II exhibits protease activity
and has a high sequence homology to papain and the cathepsins
B,L,and

H

(4,9,10).

Domain

I has been

suggested

to be a

propeptide as well as being associated with the plasma membrane
as a repressor of Ca++ sensitivity (4,9,10) .
has

shown

calmodulin-like

potentially bind Ca++

binding

(4,9,10).

The third domain

properties

Domains IV and I V

and

thus

are also

calmodulin-like with four E-F hand structures for active calcium
binding (4,9,10).

The fifth domain (V) only present in the 3 0

kDa subunit, is very rich in glycine and its hydrophobic nature
is important in the interaction of calpain with phospholipids or
the cell membrane (4,9,10).
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Sequence comparisons of u and m-calpain from human, rabbit, and
chicken

muscle

isoproteins

show

from

that

different

sequence
species

homologies
are

of

higher

the

same

(95%)

than

homologies between different isoproteins from the same origin
(50-60%) (10). For example, human and rabbit u-calpain 80 kDa
subunits have

95% identity, whereas human u-calpain

calpain 80kDa subunits have 63% identity (10).

and m-

Additionally,

Ohno has shown that the catalytic domain (domain II) has the
highest (75%) sequence identity for the 8 0kDa subunit, while the
3 0 kDa subunit is almost identical (95% identity) in both forms
in human, porcine, rabbit and rat (10).

CATALYTIC AND ACTIVATION PROPERTIES
It

is

conclusive

that

calpain

is

activated

by

Ca++

in

a

concentration dependent manner (2,4,8,9,10,11,12). The free Ca++
concentration inside normal, resting, living cells is 0.1-0.3 uM
and upon contraction when the cytoplasmic Ca++ is increased in
skeletal muscle cells, the [Ca++] is unlikely to rise above 10
uM (12). Additionally, several tissue sources including human
skeletal, chicken cardiac, and rat liver, show that the [Ca++]
required for 1/2 maximal activity of m-calpain is greater that
91 mM and for u-calpain the required [Ca++] is greater than 30
uM except for two instances (1,12) .

These findings imply that

in healthy muscle cells it is highly unlikely that the free
[Ca++] ± reaches levels that are required for calpain activity
(5) .

Therefore some mechanism must be present that decreases
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Ca++ sensitivity and promotes calpain activity.

AUTOLYSIS
Since physiologically unattainably high increases in Ca++ are
necessary for calpain activity, the question remains as to how
calpain becomes active in vivo.

Most evidence centers around

the autolytic activation of calpain (1,4,5,9,10).
suggests

that

cytosol,

binds

micromolar

procalpain,
Ca++

levels

when

an

inactive

the

(4,5,9,10).

form present

concentration
Upon

This theory
in

reaches

binding,

the
near

procalpain

translocates to the cytosolic face of the plasma membrane, where
it interacts with phopholipids and Ca++ and autolyses to become
an active calpain species (4,5,9,10).

Just prior to autolysis,

the proenzyme domain (I) is lost, followed by the removal of the
glycine-rich domain and the protease domain II (4,5,9,10).
This autolytic conversion process is based on the findings by
several authors that u and m-calpain autolyse rapidly in the
presence of Ca++ and that autolysis decreases the Ca++ requirement
for activation (1). Suzuki has shown that when incubated with
Ca++, calpain I and II autolyse and consequently lose their
activity with m-calpain showing a transient increase in Ca++
sensitivity
isolated

(10).

Suzuki's initial studies using m-calpain

from chicken breast muscle

showed that

calpain II

autolysed quickly in the presence of calcium and that autolysis
resulted in a decreased calcium requirement

for 1/2 maximal

activity form 400 to 30 uM and a decrease in mass of the heavy
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subunit from 82-79 kDa (9) .

Similarly, Dayton and coworkers

showed that autolysis of calpains also decreased the
required for 1/2 maximal activity by 4-30 fold (5).

[Ca++]

In these

cases rapid degradation of the 3 0 kDa subunit occured while some
tissues had a loss in mass of the 80 kDa subunit (5).

CALPAIN INHIBITION
Calpastatin is a highly specific endogenous inhibitor of calpain
I

and

calpain

II whether

it

is derived

from

different animal and tissue source as calpain

the

same

or

(1,4,9,10,12).

Although a range of molecular weight forms of calpastatin have
been reported from different sources, only two kinds (4,9,10,12)
have been generally accepted: 1. a 70kDa form, and 2. a 110 kDa
form.

The smaller species is present in erythrocytes while the

larger is found in heart, liver, and most other tissue sources
(9) .
Sequence

analysis

has

shown

that

calpastatin

has

internal

repeating sequences of approximately 140 amino acid residues
with the light and heavy subunits having 3 and 4 repetitive
sequences respectively

(4,9,10,12) .

Each repeat unit has a

single reactive sight for interaction with calpain thus enabling
one

calpastatin

(4,9,10,12).
have

molecule

to

inhibit

3-4

calpain

molecules

Rabbit calpastatin is shown by Suzuki and other to

718 residues with tandem repeats of approximately

150

residues (10). These four inhibitory units have an amino acid
"TIPPXYR" sequence that is essential for inhibition of calpain
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activity (9,10).
Calpastatin seems to play a dual role in the regulation of
calpain activity by: 1. direct inhibition of calpain activity;
and

2. effecting

translocation of

calpain

to and

from

the

membrane and controls the localization and amount of active
calpain (10).
Human

and

rat

red

blood

cells

have

exhibited

different

oligomeric forms of calpastatin, but only the monomeric form
interacts

with

calpain

(4) .

Additionally,

a

fraction

of

calpastatin is present in membrane bound form which supports the
role that calpastatin may play in calpain activation at the
plasma membrane (4).
Leupeptin, E-64,and iodoacetate also inhibit the proteolytic
activation of calpain (9,12).

SUBSTRATE SPECIFICITY
The site of calpain hydrolysis doesn't appear to be specific to
certain peptide sequences or amino acid residues (4,8,10).

The

enzyme has been reported, by Suzuki, to split peptides between,
rather than within, domains of substrates (10). One suggested
site of substrate cleavage by calpaiii is the calmodulin binding
region (4).
cleavage

Calpain is thought to be directed to its site of

by the

recognition

between

the calmodulin

binding

region of the membrane or membrane cytoskeletal proteins and the
calmodulin-like domain of the enzyme (4).
The presence of specific epitopes intercalated
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in molecules

containing multiple functional domains is another suggested site
for calpain cleavage (4). Melloni suggests that these epitopes
are

hidden

or

masked

with

calpain

inactivity,

and

upon

activation undergo a conformational change that unmasks them and
renders them susceptible to calpain cleavage (4).
Finally,

a

likely

site

of

calpain

cleavage

is

via

the

recognition of specific substrate amino acid sequences called
PEST regions, named for the high content of proline, glutamine,
serine, and threonine (4). These PEST regions are common to a
number

of

degraded

sequestering

sites

proteins
thus

and

enabling

perhaps
the

function

proteins

as

to

Ca++

become

substrates of calpain at physiological Ca++ concentrations (4) .
The specificity of calpain is not as straightforward as that of
trypsin of chymotrypsin, enzymes that consistently cleave at
specific substrate sites (9) .

Other site specific structures

are perhaps yet to be identified.

PHYSIOLOGICAL FUNCTION
The

most

intriguing

and

yet

the

most

unclear

phenomenon

concerning calpain is its physiological function and how its
activity is regulated in vivo.
Four

groups

identified:
troponin;
kinase,

of

endogenous

calpain

1. muscle proteins

substrates

have

been

including alpha-actinin, and

2. enzymes such as protein kinase C, phophorylase b

and pyruvate

kinase; 3. cytoskeletal

proteins

like

vimentin and fodrin; and 4. receptors for steroid hormones (10) .
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The proteolytic action of calpain on these substrates is very
restricted

in that susceptible proteins are hydrolysed

into

large fragments usually cleaving peptide bonds between domains
(10) .

These

findings

suggest

a

processing

or

regulatory

function, rather than a digestive role, of calpain that splits
substrates to a limited extent (10).
Several observations demonstrate the role of calpain in the
degradation and turnover of myofibrillar proteins.

Busch, in

1972, isolated a " calcium activated factor " (CAF) which caused
the removal of Z disks at neutral pH (2) .

He then suggested

that Ca activates this CAF which results in Z disk weakening
(2).

Subsequently,

it

was

shown

that

the

treatment

of

myofibrils with this CAF resulted in alpha-actinin release (2).
The characteristics of the cystein protease (CAF) revealed that
it was a type of calpain (2). Hattori, too, showed a similar
release of alpha-actinin (2) .
Very

few

have

studied

calpain

physiological conditions.

activity

during

different

Suzuki studied the correlation of

calpain with the turnover of muscle proteins in pathological
conditions such as muscle dystrophy and muscle atrophy

(10) .

Incubation of myofibrils with calpain initially resulted in
destruction of the Z band, the most essential component for
maintaining

myofibrillar

proteolysis probably

structure

triggers

(10) .

This

limited

further degradation of muscle

proteins by various other proteases (10). Therefore, abnormal
activation

of

calpain

could

lead
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to

muscle

atrophy

(10) .

Belcastro

has

shown

that myofibrillar

degradation

with

its

associated Z-line streaming occurs following prolonged exercise
in rats, while similar morphological changes of the myofibrillar
apparatus are apparent in diabetes and starvation.

CONCLUSION
Calpain research has made tremendous progress in the last decade
and calpain can now be classified as one of the most well
characterized proteases with respect to its structure-function
relationship.

Since

its

recognition

as

a

protease

that

catalyses the degradation of muscle proteins, cDNA cloning and
sequence

analysis

of

calpain

has

determine its molecular properties.

enabled

researchers

to

The most unclarified and

difficult area in calpain research is that of its physiological
funtion.

Further examination must be undertaken preferentially

in

experimental

such

systems

where

significant

changes

in

calpain levels are observed during some physiological process.
Porcine malignant hyperthermia is a potential model in which to
study calpain's physiological activity.
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APPENDIX C
TOTAL MYOFIBRILLAR PROTEIN YIELD
A.DESCRIPTIVE STATISTICS
BREED

YORKSHIRE

HETEROZYGOTE

PIETRAIN

N

21

30

22

MEAN

68.66

72.43

77.57

SD

14.83

12.09

13.79

Table A. Sample size (N), means, and standard deviations (SD)
of Yorkshire, Heterozygote, and Pietrain total myofibrillar
yield (mg/g wet wt).

B.ANALYSIS OF VARIANCE
SOURCE

SS

DF

MS

F

PROB.

BETWEEN GROUPS

863.60

2

431.80

2.39

0.10

WITHIN GROUPS

12632.76

70

180.47

Table B. Analysis of variance of Yorkshire, Heterozygote, and
Pietrain total myofibrillar yield.
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MYOFIBRILLAR SCANS
C.DESCRIPTIVE STATISTICS
YORKSHIRE
PROTEIN

1

2

3

4

N

6

7

6

6

MEAN

26.22

41.47

6.62

10.31

SD

0.83

3.31

1.05

1.41

Table
C,D,E.
Descriptive
statistics
for Yorkshire,
Heterozygote, and Pietrain myofibrillar scans on proteins 1
(32.2 + 0.6 kDa) , 2 (33.8 + 0.6 kDa) , 3 (34.8 + 0.5 kDa) , 4
(35.9 + 0.6 kDa).
D.HETEROZYGOTE
PROTEIN

1

2

3

4

N

5

5

5

5

MEAN

33.22

28.17

9.39

12.06

SD

1.83

2.83

0.85

1.06

E.PIETRAIN
PROTEIN

1

2

3

4

N

5

5

5

5

MEAN

29.72

31.78

10.14

13.13

SD

1.06

7.31

0.90

0.84

MYOFIBRILLAR SCANS
F.ANALYSIS OF VARIANCE
SOURCE

SS

DF

MS

F

P

PROTEIN

8955.11

11

814.10

119.24

0.00

ERROR

361.85

53

6.83

Table F. Analysis of variance of myofibrillar
Yorkshire, Pietrain and Heterozygote samples.
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scans

for

ERYTHROCYTE GHOSTS
HALOTHANE CHALLENGE
G.DESCRIPTIVE STATISTICS
BREED/TREATMENT

Y-NH

YH

P-NH

P-H

N

6

6

6

6

MEAN

1.47

1.37

1.59

1.56

SD

0.35

0.37

0.24

0.19

Table G. Descriptive statistics for RBC ghosts in the absence
(NH) and presence (H) of halothane for Yorkshire (Y) and
Pietrain (P) breeds.
H.ANALYSIS OF VARIANCE
SOURCE

SS

DF

MS

F

P

BRDTMNT

0.45

3

0.149

1.69

0.179

ERROR

4.915

56

0.09

Table H.

Anova table of RBC ghosts without and with halothane.
CALPAIN TIME COURSE
YORKSHIRE BETA-SPECTRIN
I.DESCRIPTIVE STATISTICS
TIME

10'

20'

60'

N

6

6

6

MEAN

76.46

79.91

90.49

SD

3.09

8.75

7.08

Table I. Descriptive statistics on Yorkshire beta-spectrin in
the presence of u-calpain.
J. ANALYSIS OF VARIANCE
SOURCE

SS

DF

MS

F

P

TIME

314.20

2

157.10

3.13

0.13

ERROR

251.29

5

50.26
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Table J. Anova Table of calpain time course on Yorkshire betaspectrin.
PIETRAIN BETA-SPECTRIN
K.DESCRIPTIVE STATISTICS
TIME

10

20

60

N

6

6

6

MEAN

77.86

89.40

98.32

SD

4.65

1.96

2.67

Table K. Descriptive statistics on calpain-mediated time course
on Pietrain beta spectrin following 10, 20, and 60 minute
incubation times.

L.ANALYSIS OF VARIANCE
SOURCE

SS

DF

MS

F

P

TIME

528.06

2

264.03

25.59

0.00

ERROR

72.23

7

10.32

Table L.

Anova Table of Pietrain beta-spectrin time course,

M.MYOFIBRILLAR SCAN
DISTANCE(MM)=X
26
43
51
66
81
97
111
118
*84
*85
*87
*89.5

LOG(X) M O L W T ( K D a ) = Y
1
1
1
1
1
1
2
2
1
1
1
1

41
63
71
82
91
97
05
07
92
93
94
95

200
116.3
97.4
26.2
42.7
31
21.5
14.4
*35.9
*34.8
*33.8
*32.3

LOG(Y)
.30
.07
,99
.82
,63
.49
,33
,15
56
,54
,53
51

Table M. Determination of lower molecular weight
peptides (*) following laser densitometry scans.
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APPENDIX D
CHEMICAL REAGENT COMPANIES
Sigma Chemical Company
PO box 14508
St. Louis, MO. USA
63178
BDH Incorporated (BC/Yukon)
60 East 4th Avenue
Vancouver, BC
V5T 1E8
Fisher Scientific PO Box 9200, Terminal
Ottawa, Ontario
K1G 4A9
MTC Pharmaceuticals
Cambridge, Ontario
Biorad Laboratories, Limited
514 9 Bradco Boulevard
Mississauga, Ontario
L4W 2A6
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CHEMICAL REAGENTS
Acetic Acid
CH3C00H
glacial
BDH
Acrylamide
C3H5NO
electrophoretic reagent
Sigma Chemical Company (Sigma)
Ammonium Persulphate
(NH4)2S208
electrophoresis reqagent
Sigma
Ammonium Sulphate
(NH4)2S04
Sigma
Bovine Serum Albumin (BSA)
Sigma
Brilliant Blue R (Coomassie Brilliant Blue R)
Sigma
Calcium Activated Neutral Protease (CANP)
Sigma
Calcium Chloride
CaCl2
anhydrous
Sigma
Casein
Purified powder from bovine milk
Sigma
Citric Acid (trisodium salt dihydrate)
C6H507Na3 * 2H20
Sigma
Cupric Sulphate (Copper Sulphate)
CuS04 * 5H20
BDH Incorporated
Dextrose (D-Glucose)
Anhydrous
Fisher Scientific (Fisher)
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CHEMICAL REAGENTS
Dimethyl Sulphoxide (DMSO)
(CH3)2SO
Fisher
DL-Dithiothreitol

(DTT)

C-4 H 1 0 O 2 S 2

Sigma
Ethylenediaminetetraacetic
C10H16N2O8
Sigma

Acid

Ethyleneglycol-bis(B-aminoethyl
Acid (EGTA)
C14H24N2O10
Sigma

(EDTA)

ether)

N,N,N',N'-Tetraaacetic

Glycerol
C3H803
Sigma
Halothane
2-bromo-2-chloro-l,1,1-trifluoroethane
MTC P h a r m a c e i t o c a l s
N-2-Hydroxyethyl
C 8 H 18 N 2 0 4 S
Sigma

piperazine-N'-2-ethanesulfonic

Imidazole
1,3-diaza-2,4-cyclopentadiene
C3H4N2
Sigma
Leupeptin
Acetyl-Leu-Leu-Arg-al
C20H38N6O4 * C 2 HF 3 0 2
Magnesium
MgCl 2
Anhydrous
Sigma

Chloride
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Acid

(HEPES)

CHEMICAL REAGENTS
Methanol
CH3OH
Fisher
N,N'-Methylene-bis-acrylamide
C7H10N2O2
Sigma
Phenylmethylsulfonyl
\^jbi-jb

fluoride

(PMSF)

O2o

Sigma
Potassium Chloride
KCL Fisher
Potassium Hydroxide
KOH
Chemonics Scientific
Sodium Azide
NaN3
Fisher
Sodium Borate
Na2B407 * 10H2)
Decahydrate
Sigma
Sodium Carbonate
Na2C03
Anhydrous
BDH
Sodium Chloride
NaCl
American Scientific and Chemical
Sodium Citrate
Na3C6H507 * 2H20
Fisher
Sodium Dodecyl Sulfate (SDS)
C 12 H 25 0 4 SNa
Sodium S a l t
Sigma
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CHEMICAL REAGENTS
Sodium Hydroxide
NaOH
BDH
Sodium Phosphate
Na2HP04 * 4H20
Rochelle Salt
Sigma
N,N,N,N'-tetramethylenediamine

(TEMED)

C6H16N2
Biorad

Trichloroacetic Acid (TCA)
CCI3COOH
Sigma
Triton X-100
Octyl Phenoxy Polyethoxyethanol
Sigma
Trizma Base
(Tris[hydroxymethyl]aminoethane, 99.9%)
Sigma
Trizma (tris) Hydrochloride
[Tris(hydroxymethyl)-aminomethane]maleate)
C4_H11N03 * C4H404
Sigma
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