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SUMMARY 

The main aim of this study was to increase our understanding of the diversity and 

plasticity of skeletal muscle by using (i) normal and fiinctionally impaired rat muscles 

from normotensive and spontaneously hypertensive rats, (ii) single, skinned fibre 

preparations, and (iii) a combination of biochemical [SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) analyses of Myosin Heavy Chain (MHC) isoform 

composition in single fibres and whole muscle homogenates] and physiological (single 

fibre measurements of contractile activation characteristics and caffeine thresholds for 

contraction) methods. From the beginning of this work it became clear, however, that 

the number of different protocols used for electrophoretic separation of MHC isoforms 

was almost as high as the number of studies using this method. Furthermore, all gel 

systems described so far in the literature proved to have a relatively low reproducibility 

in this and other laboratories. Finally, there was no published study in which the impact 

of changing different electrophoretic parameters on MHC isoform separation was 

examined in a systematic manner. Thus, some efforts had to be also directed towards 

closing this knowledge gap. The information generated in the present study can be 

summarised as follows: 

1. A survey was carried out on studies published over the last 17 years (1983-1999) 

that involved electrophoretic separation of MHC isoforms using SDS-PAGE; these 

studies originated from different laboratories or fi-om the same laboratory at 



different times. The purpose of this survey was to assess the extent of variability in 

the methodological protocols and to identify trends in electrophoretic parameter 

variation. The data, tabulated according to electrophoretic parameter and to the 

basic gel system used by the authors, identified [acrylamide] and [glycerol] (in the 

separating gel and in the stacker), the strength of electric field (E), expressed as 

voltage (V), current (I) or V/cm, and the running time, as the most frequently 

altered parameters in method optimisation. 

2. The effects of these and other electrophoretic parameters on the separation of three 

pairs of near-neighbour rat MHC isoforms (I and lib, lib and lid and lid and Ila) 

were quantitated for two well known gel systems (Laemmli and Talmadge & Roy), 

using the densitometrically measured distance between MHC isoform bands (A) as 

an indicator of band separation, and the smallest A that could be detected by the 

densitometric sofi;ware (0.4 mm) as the detection limit. The parameters examined 

i n c l u d e : [aCrylamide]separatmg gel, % C , [Tris]separatmggel, [glyCerollseparatinggel, 

[glycine]separatinggei, [glycerol]stacker, elcctric field, running time and temperature (for 

the Laemmli gel system), [glycerol]separatmggei, stacker composition , composition of 

the running buffer, electric field (for the Talmadge & Roy gel system) and sample 

size (for both systems). The data showed that both in the Laemmli and Talmadge & 

Roy systems, the direction and the magnitude of the effect of most parameters on 

MHC separation was dependent on the pair of MHC isoforms under consideration, 

and for some parameters, on the range of values, such that optimising a given 

parameter with respect to the separation of one pair of MHC isoform bands would 
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have either no impact or a detrimental impact on the separation of the other pairs 

of MHC isoform bands. This may explain, in part, the low reproducibility of 

SDS-PAGE protocols aiming to separate effectively all MHC isoforms. 

3. A comprehensive investigation of the relationship between MHC expression and 

isometric activation characteristics (and by implication, of the compatibility 

between the fibre typing method based on MHC composition and that based on 

Ca^VSr^^-activation characteristics) was carried out using a broad range of fibre 

types randomly dissected from soleus (SOL), extensor digitorum longus (EDL) and 

diaphragm (DPH) muscles of male adult rats. The isolated fibres were chemically 

skinned and their Ca^ -̂ and Sr^^-activation characteristics (maximum 

Ca /Sr -activated force per cross-sectional area, Ca /Sr -activation threshold, 

sensitivity to Ca^VSr̂ ,̂ degree of cooperativity in development of 

Ca VSr '̂̂ -activated force and the presence of force oscillations of myofibrillar 

origin) were compared, under near-physiological conditions with respect to the 

temperature and chemical composition of the activating solutions. The data 

obtained do not support a tight correlation between MHC composition and 

contractile activation characteristics as such. For example, significant differences 

were observed with respect to sensitivity to Ca^VSr̂ ^ and degree of cooperativity 

in development of Ca^VSr^^-activated force between fibres expressing MHCI 

isoform only and fibres expressing one or several MHCII isoforms, but not 

between different subtypes of fibres expressing one or several MHCII isoforms. An 

unexpected finding of this study was that some fast fibre types from SOL muscle 
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displayed significantly higher sensitivity to Câ ^ than fibres of the same type fi-om 

EDL and DPH muscles. According to Ca^VSr^^-activation parameters, the fibres 

examined in this study belonged to 5 groups: simple fast, simple slow, composite 

slow-slow, composite slow-fast and composite fast-fast. Each fibre segment was 

also electrophoretically typed based on the myosin heavy chain (MHC) isoform 

expression. Based on this parameter, the fibres belonged to 10 distinct groups: 

I, IIA, IID, IIB, I+IIA, I+IID, IIA+IID, IIB+IID, I+IIA+IID and IIA+IIB+IID. 

The results demonstrate that while slow-twitch fibres from rat soleus muscles can 

be appropriately identified using fibre typing methods based on either the MHC 

isoform composition or the Ca^VSr^^-activation characteristics, both methods are 

needed to fully characterize a fast-twitch fibre. This is because for fast-twitch 

fibres one can neither distinguish between pure and hybrid fibres based on 

Ca^VSr^^-activation characteristics nor accurately predict the Ca^^/Sr^^-activation 

characteristics of a given fibre from its pattern of MHC expression. The partial 

rather than fiill correlation of the two fibre typing methods further demonstrates 

that MHC expression and isometric Ca^VSr^^-activation characteristics are not 

causally related. 

4. A small subpopulation of the fibres used to examine the correlation between MHC 

composition and contractile activation characteristics was also employed for 

investigating the relationship between MHC isoform and MLC isoform expression. 

The purpose of this limited study was to assess whether rat skeletal muscles follow 

the rule of myofibrillar protein isoform co-expression previously suggested for 
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human muscle. Electrophoretic analyses of MHC and MLC isoforms revealed that 

pure (IIA) and hybrid (IIA+IID; IIA+IIB+IID) fast type fibres fi-om SOL and DPH 

muscles contained slow as well as fast MLC isoforms; it was, therefore, concluded 

that MHC and MLC isoform expression are not tightly correlated in these two rat 

muscles. 

5. Electrophoretic analyses of muscle proteins in whole muscle homogenates and 

single muscle fibre segments were used to examine MHC and myosin light chain 2 

(MLC2) isoform composition and fibre type populations in soleus muscles from 

spontaneously hypertensive rats (SHRs) and their age-matched normotensive 

controls (WKY), at three stages in the development of high blood pressure (4-wk, 

16-wk and 24-wk of age). Chemically skinned single fibre preparations were used 

to determine contractile parameters and these fibres were then also examined for 

MHC expression. The results show that at all three ages examined: (i) SHR soleus 

contained a lower proportion of MHCI and MLC2 slow (MLC2s) and a higher 

proportion of MHCIIa, MHCIId and MLC2 fast (MLC2f) isoforms than the 

age-matched controls; (ii) random dissection of single fibres fi-om SHR and WKY 

soleus produced four populations of fibres: type I, type IIA, hybrid type I+IIA and 

hybrid type IIA+IID, and (iii) single fibre dissection from SHR soleus yielded a 

lower proportion of type I fibres, a higher proportion of fast-twitch fibres (type IIA 

and IIA+IID) and a higher proportion of hybrid fibres (type I+IIA and IIA+IID) 

than the homologous muscles from the age-matched WKY rats. Since the presence 

of hybrid fibres is most commonly viewed as a marker of muscle transformation, 



XIV 

these data suggest that SHR soleus undergoes transformation well into adulthood. 

The data showed also that for a given fibre type, there were no significant 

differences between SHR and WKY soleus muscles with respect to any of the Ca^ -̂

activation properties examined. This finding indicates that the lower specific 

tensions reported in the literature for SHR soleus muscles are not due to strain- or 

hypertension-related differences in the fiinction of the contractile apparatus or 

regulatory system. 

6. The possibility that SOL muscles from spontaneously hypertensive rats displayed 

lower kinetic parameters because of alterations in SR structure/flinction was 

explored in a series of experiments in which caffeine thresholds for contraction 

{caff-thE, caff-thu), at two SR-Câ "̂  loads (endogenous and maximal), and their 

ratio {Rcaff-th; parameter used as indicator of slow-twitch/fast-twitch SR 

characteristics for a given fibrej were determined using mechanically skinned single 

fibres dissected fi-om SOL muscles of SHR and age-matched WKY rats. Mindful of 

the relatively high fast-twitch fibre content of SHR soleus muscles, fast-twitch 

fibres from WKY-EDL muscles were also included in the study as a reference for 

caffeine threshold determinations. Advantage was also taken of the presence of 

several fibre types in the population of single fibres used in order to examine the 

correlation between MHC isoform expression and SR caffeine threshold related-

characteristics. The data showed that the proportion of fibres with fast-twitch SR 

characteristics was 5.3 times higher in the group of SHR-SOL type I fibres than in 

the group of WKY-SOL type I fibres. This finding (i) can explain in part the lower 
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kinetic parameters displayed by SHR-SOL muscles, and also (ii) suggests that there 

is no tight correlation between MHC isoform composition and SR characteristics. 

The latter was confirmed by the large variability in caffeine threshold values 

(CV range: 18-67%) displayed by fibres in each fibre type group examined. 
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Chapter 1 

Introduction 

1.1 structure of a skeletal muscle cell 

Musculo-skeletal system is a term describing a large family of muscle tissues 

(eg. in the human body there are over 400 skeletal muscles) that are generally but not 

exclusively attached to bones, and are distinguishable in light microscopy by their 

striation pattern (hence their classification as striated muscles). The major role of 

skeletal muscles is to generate force and movement under voluntary control. 

The skeletal muscle tissue is composed of a large number of elongated cells 

(more commonly referred to as muscle fibres), specialised for contraction, that are 

arranged in parallel (see Fig. 1.1) and act independently. Skeletal muscle cells 

contain a number of cell specific internal structures as well as several cellular 

components that are present also in non-muscle cells. 

Cell specific structures. Electron micrographs of skeletal muscle fibres reveal that 

85-90% of the total muscle fibre volume is occupied by bundles of speciahsed 

filaments, called myofibrils (represented diagrammatically in Fig. 1.2), which are 

regarded as the contractile elements of the cell (Loughlin, 1993). Also unique to a 
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Figure 1.1 Arrangement of fibres in a skeletal muscle tissue (Reproduced 

from Tortora & Grabowski, 1996). 
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Figure 1.2 Arrangement of cellular components in a skeletal muscle 

fibre. A. Diagrammatic display (modified from Tortora & Grabowski, 1996). 

B. Electron micrograph of longitudinal section of muscle showing the 

components of a triad (modified from Aidley, 1998). 



muscle cell are two fiinctionally interdependent membrane systems; the transverse (T) 

tubules (which together form the T-system) and the sarcoplasmic reticulum (SR) 

(see Fig. 1,2). The T tubules, which are formed by inward extensions of the plasma 

membrane, extend transversely across the sarcoplasm, at right angles to the long axis 

of the cell. The SR is a membranous network comprising longitudinal tubules that 

surround the myofibrils (longitudinal SR) and flattened sacs (terminal cistemae; TC) 

in which Ca " (the activator ion in muscle contraction) is stored. The SR regions rich 

in TC are referred to as junctional SR (jSR), Ultrastructural studies have shown that 

in a skeletal muscle fibre, the T-system and the SR communicate at specialised 

junctions, known as triads, which are formed when two terminal cistemae are closely 

opposed to each side of a T tubule (Fig. 1.2). Together, these two membrane systems 

are involved in the initiation and termination of contraction by controlling Ca'" 

movements within a muscle fibre. 

Other cellular cofnponents. In addition to the aforementioned specialised stmctures, 

skeletal muscle fibres have been shown to contain several cellular components (such 

as plasma membrane, mitochondria, nuclei, lysosomes and peroxisomes) that are 

found in all eukaryotic cells. It is interesting to note however, that even these 

stmctures display characteristics that are specific to skeletal muscle cells. Thus: 

(i) the plasma membrane (sarcolemma) is electrically excitable and contains 

regions specialised for nerve muscle communications (motor end plate 

regions). Motor end plate regions are rich in acetylcholine receptors and a 

number of specific ion channels (K", Na", CI", Ca'") 



(ii) mitochondria occupy only a small volume of the fibre and have been found to 

be located both in the intermyofibrillar space and under the sarcolemma 

(Pearson & Young, 1989), 

(iii) a skeletal muscle fibre contains not one but a large number of nuclei 

(see Fig. 1.3), all of which shift from a central to a subsarcolemmal position 

during muscle cell development and vice versa during regeneration (Franzini-

Armstrong & Fischman, 1994), 

(iv) in a normal skeletal muscle fibre, the lysosomal system is poorly developed 

compared with other eukaryotic cells (Alroy & Kolodny, 1994), and 

(v) there are indications that some skeletal muscles contain a peroxisomal system 

which maybe involved in extra mitochondrial fatty acid oxidation (Ontko, 

1994). 

Within the context of this thesis, only the specialised intemal stmctures (the 

T-system, SR, and myofibrillar compartment) will be discussed in more detail in 

relation to their role in muscle contraction. 

1.2 Diversity of skeletal muscles and skeletal muscle fibres 

Differences between skeletal muscles have been noted from the beginning of 

muscle research. As early as 1874, French physician and physiologist Ranvier (1874), 

first recognised that muscles differed with respect to colour (red or white muscles) 

and speed of contraction (fast or slow muscles). Later, it was discovered that muscles 

could also be distinguished by type of twitch response (twitch or tonic muscles). It is 



Figure 1.3 Light micrograph of part of a single fibre containing a large 

number of nuclei (x 1000) (Reproduced from Bischoff, 1994). 



now widely accepted that stmctural and fiinctional differences exist not only between 

muscles but also between single muscle fibres and that most skeletal muscles contain 

a variety of fibre types which can be distinguished on the basis of a number of criteria 

(for review see Pette & Staron, 1990). 

Regarding the diversity of twitch skeletal muscle fibres it is interesting to note 

that: (i) the number of stmctural, fiinctional and molecular differences between fibres 

increases as new physiological and biochemical methods for muscle fibre analyses are 

developed and refined and (ii) only some of these differences have become criteria for 

fibre typing. 

This section will concentrate on histochemical fibre typing methods based on 

inter-fibre differences in enzyme activities and on a physiological method based on 

inter-fibre differences with respect to speed of contraction. Fibre typing methods 

based on inter-fibre differences in MHC isoform composition and in the sensitivity of 

the contractile-regulatory system to activator ions will be discussed in sections 

1.3.2.4.3 and 1.4, respectively. 

Fibre typing methods using enzyme-based histochemistry. As comprehensively reviewed 

by Pette and Staron (1990), two major histochemical approaches are currently used 

for distinguishing fibre types: one based on differences with respect to the activity or 

pH stability of myosin ATPase (mATPase), the other based on differences with 

respect to activities of enzymes of aerobic and anaerobic energy metaboHsm. The 

fibre types distinguished using these approaches are shown in Table 1.1. 



Table 1.1 Methods for fibre typing based on enzyme-based histochemistry. 

Criterion for fibre typing 
(first research team to distinguish 
and name the fibre types) 

Fibre types 

mATPase activity 

(Engel, 1962) 

pH stability of mATPase activity 

(Brooke & Kaiser, 1970) 

(Staron 8c Pette, 1986) 

type I; type II 

type I; type IIA; type IIB; type EC 

type I; type IC; type EC; type IIA; 

type IIAB; type IIB 

enzymes of aerobic oxidative metabolism 

succinate dehydrogenase, malate dehydrogenase, 

cytochrome oxidase and NADH tetrazolimn 

reductase (Ogata and Mori, 1964) 

enzymes of anaerobic metabolism 

glycerol phosphate oxidase and lactate 

dehydrogenase (Peter etal, 1972) 

high mitochondrial content; 

intermediate mitochondrial content; 

low mitochondrial content 

high activity; low activity 

Fibre typing method using contractile properties of intact muscle fibres (physiological method). 

Early measurements of isometric twitch contraction times in isolated motor units of 

rat muscle (where a motor unit consists of a neuron and all the muscle fibres it 

innervates) led to the detection of three fibre type groups: fast-twitch, intermediate-

twitch and slow-twitch (Close, 1967). Intermediate- and slow-twitch motor units were 

found in soleus (SOL) muscles, whereas the extensor digitomm longus (EDL) was 

composed almost entirely of fast-twitch motor units. 



Fibre typing based on a combination of histochemical methods or a combination of 

histochemical and physiological methods. After comparing resuhs obtained with 

oxidative enzymes and phosphorylase activity, Dubowitz and Pearse (1960) stated 

that muscle fibres could be grouped into two types: type 1 fibres (high oxidative, low 

glycolytic activity) and type 2 fibres (low oxidative, high glycolytic activity). Later on 

Barnard et al. (1971) combined enzyme-based histochemical methods with 

measurement of twitch contraction times, a strategy which allowed them to 

distinguish three major fibre types: slow-twitch oxidative (SO) fibres, fast-twitch 

oxidative glycolytic (FOG) fibres and fast-twitch glycolytic (FG) fibres. 

The advantages and limitations of the aforementioned fibre typing methods 

will be discussed later in this chapter (see section 1.5) in relation to the fibre typing 

methods described in sections 1.3.2.4.3 and 1.4. 

1.3 Molecular events and structures involved in twitch muscle contraction 

A cycle of three major processes, vis. excitation, contraction and relaxation 

(collectively referred to also as the E-C-R cycle), must take place in order for 

contraction to occur in a twitch skeletal muscle (Stephenson et al, 1998). At a 

cellular level, the E-C-R cycle involves the following sequence of events: (i) initiation 

and propagation of an action potential along the sarcolemma and T-system, (ii) 

detection of the T-system depolarisation signal and signal transmission from the 
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T tubule to the SR, (iii) Ca^" release from the SR, (iv) transient rise of myoplasmic 

[Ca^"], (v) transient activation of the Ca^" regulatory system and of the contractile 

apparatus, (vi) Ca^" reuptake by the SR Ca^" pump and Ca^" binding to myoplasmic 

sites (Stephenson et al, 1998). The molecular intricacies of these events and the way 

they are influenced by the diversity of muscle protein expression is far from being 

understood (Mosseda/., 1995, Stephensone?«/,, 1995). 

1.3.1 Excitation 

A skeletal muscle fibre will remain at rest until stimulated by a signal received 

from a motoneuron. This signal is carried by acetylcholine (ACh), a neurotransmitter 

which is released from internal compartments in the nerve terminals and binds to 

specific receptors in the motor endplate region. The binding of ACh to its receptors in 

the sarcolemma initiates a wave of depolarisation which spreads without decrement 

along the sarcolemma and into the T-system; this type of membrane depolarisation is 

known as an action potential. It is now well estabhshed that the upstroke of an action 

potential is maintained by the regenerative activation of the Na" channels while 

membrane repolarisation results from the inactivation of Na" channels and activation 

of delayed rectifier K" channels. 

DHP receptors and Ca^* release channels. The depolarisation of T tubules activates a 

series of voltage-sensitive, multisubunit protein complexes [known as dihydropyridine 

receptor (DHPR) complexes] that are located in the T-system membrane at the level 
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of the triads, and are arranged regularly in groups of four, called tetrads. Electron 

microscope studies have shown that each tetrad is in close proximity to speciahsed 

stmctures (referred to as foot regions or feet; see Fig. 1.4A) which span the gap 

between the jSR and the DHP receptors. The foot regions have been found to 

represent the cytoplasmic domains of a group of SR-protein complexes involved in 

muscle contraction, the Ca^" release channels or ryanodine receptors (RyR), so named 

due to their fiinction in Ca^" movements across the SR membrane and to their ability 

to bind ryanodine. 

Three separate RyR isoforms, encoded for by three different genes, have been 

identified in mammalian tissues: RyRl (found predominantly in skeletal muscle), 

RyR2 (found predominantly in cardiac muscle) and RyR3 (found predominantly in 

brain and smooth muscle) (for review see Meissner, 1994). During post-natal 

development, all mammalian skeletal muscles co-express RyR3 and RyRl, but RyR3 

is no longer expressed in adult muscles with the exception of SOL and diaphragm 

(DPH) muscles which express a small amount. 

Each SR Ca release channel is composed of four identical isomers; in turn, 

each of the four isomers is tightly associated with a small protein, the FK binding 

protein (FKBP), which dissociates from the RyR upon binding the 

immunosuppressant dmg FK506 (Sorrentino & Reggiani, 1999). FKBP is believed to 

coordinate the activation of the four isomers to act as a single RyR release channel 

(Herrmann-Frank et al, 1999). Other proteins associated with the SR and believed to 

play a role in the regulation of the SR-Ca^" release are calsequestrin (a luminal protein 

acting as the main Ca^" binding protein in the SR) and triadin (beUeved to connect the 
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RyR with calsequestrin) (Lamb, 1999). Details of the SR proteins believed to be 

involved in the detection of the signal produced by T-system depolarisation are shown 

in the diagram in Fig. 1.4B. 

The actual mechanism(s) involved in transmission of the excitatory signal 

from the DHP receptors to the RyRs is (are) not fiilly understood ahhough many have 

been hypothesised (Melzer et al, 1995; Herrmann-Frank et al, 1999). For example, 

it is known that under resting physiological conditions, Mg^" (1 mM) exerts an 

inhibitory action on Ca^" release, by binding to a low-afifinity inhibitory site on the 

RyRs and keeping them closed despite a strong stimulatory effect of ATP on channel 

opening (Stephenson et al, 1995). A mechanism proposed for transmission of the 

impulse is that the depolarisation signal is sensed by the tetrad and is transmitted via 

the four cytoplasmic loops to the RyR to cause a 10-20 fold decrease in the affinity of 

the RyR inhibitory site for Mg^" (Stephenson et al, 1998). This would result in the 

dissociation of Mg^" from the inhibitory site on the RyR causing the channels to open 

under the stimulatory action of ATP, thus allowing Ca^" release from the SR and 

fijrther increasing the open time of the channel (see section 1.2.1.2). 

It is interesting to note that, regardless of the mechanism involved in signal 

transmission between DHP receptors and RyRs, each tetrad faces one RyR, but only 

half the RyRs face a tetrad (Fig. 1.4C), implying that half of the RyRs are not under 

direct voltage sensor control. It has been suggested that the RyRs not coupled to DHP 

receptors either inactivate rapidly or are non-fimctional (Stephenson etal, 1995). 

In Table 1.2 are listed some of the currently known differences between slow-

twitch and fast-twitch muscle fibres with respect to the cellular/molecular stmcture of 
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participants involved in excitation events (for details of these differences and of their 

physiological implication see reviews by Ruegg, 1992; Stephenson era/., 1998). Note 

that none of these differences has become a criterion for fibre typing. 

Table 1.2 Inter-fibre related differences with respect to the cellular/molecular 

structure of participants involved in excitation events. 

ST, slow-twitch; FT, fast-twitch. 

Structure Differences Reference 

motor endplate 

Na^ channels 

T-system (% fibre volimie) 

DHP receptors 

jSR(% fibre volume) 

SR total (% fibre volume) 

RyR closed time 

SR luminal [Ca^ l̂ 

number of calsequestrin isoforms 

larger in ST than in FT 

lower density in ST than in FT 

lower in ST (0.14) than in FT (0.27) 

fewer (3-5 times) in ST than in FT 

lower in ST (0.96) than in FT (1.62) 

lower in ST (3.15) than in FT (4.99) 

longer in ST than in FT 

higher in ST than in FT 

2 in ST versus 1 in FT 

YahimetaL, 1984 

Milton & Behforouz, 1995 

for review see Rtiegg, 1992 

Delbono & Meissner, 1996 

for review see Riiegg, 1992 

for review see Ruegg, 1992 

Lee etal., 1991 

Fryer & Stephenson, 1996 

Damiani & Margreth, 1994 

1,3.1,1 Effectors of Ca2- release from the SR 

The rate of Ca "̂ release from the SR depends on the number, conductance, 

average opening time and opening frequency of the SR Ca "̂ release channels, and on 

the electrochemical gradient for Ca "̂ across the SR membrane (Stephenson et al, 

1998), Since most research efforts in this area have been focused on modulators of 

channel opening time, only effectors of Ca^" release from the SR will be discussed in 

this section. 
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The identity and mechanism of action of endogenous modulators of 

electrochemical Ca gradient across the SR membrane are less well known because 

7-1- • 

the Ca concentration within the jSR depends on a number ofparameters which 

include: the activity of the SR Ca^" pump (see section 1.3.3), the rate of Ca^" efflux 

from the SR and the concentration and binding properties of sarcotubular 

Ca^"-binding proteins such as calsequestrin. 

Endogenous modulators. The average open time of the SR Ca^" release channel appears 

to be modified by a number of endogenous factors such as Mg , Ca , ATP, pH, 

phosphorylation, inorganic phosphate, calmodulin and lipid metabolites (Stephenson 

et al, 1995), but the mechanism of action and physiological relevance of most of 

these factors are not well known. This section will draw attention to the modulators 

whose effect on the SR Ca^" release is more fiilly understood, namely Ca^", Mg^", 

ATP and calmodulin. 

Calcium ions have been shown to affect SR Ca^" release in a biphasic manner, 

being activatory at low concentrations (up to 100 |u,M) and inhibitory at higher 

concentrations (for review see Herrmann-Frank et al, 1999). Based on these data it 

has been postulated that SR Ca^" release channels contain two types of binding sites 

for Ca ": high affinity binding sites (activatory) and low affinity binding sites 

(inhibitory), where the low affinity binding sites also bind Mg^". In contrast to Ca ", 

magnesium ions and ATP do not affect the Ca^" release channel in a dose-dependent 

manner. It has been reported that Mg^" inhibits SR Ca^" release and this inhibition 

appears to be due to either Mg^" induced reduction in the affinity of Ca^" for the 
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activatory sites or to the binding of Mg^" to the inhibitory sites. The mechanism of 

action of ATP on the Ca^" release channel is not well known; however it has been 

shown that ATP and Ca^" are both required to fiilly activate the channel and a number 

of potential nucleotide binding sites have been postulated (Fig. 1.5 and see Herrmaim-

Franke^a/., 1999), 

The effect of calmodulin on the SR Ca^" release channel is not dependent on 

its concentration but on its molecular form. Thus, Ca^" free calmodulin activates the 

Ca^" release channels, thereby promoting Ca^" release, whereas the Ca^" calmodulin 

complex inhibits the process. These effects involve the binding of either of the two 

forms to several (up to nine) sites tentatively located in the C-terminal half of the 

protein (see Fig. 1.5 and for review see Herrmann-Frank et al, 1999). 

Caffeine. Caffeine (1,3,7 trimethylxathine; FW: 194.2; pK, 0.8) is one of the best 

pharmacological modulators of SR Ca^" release. Due to its neutrality at physiological 

pH and its low molecular weight, caffeine can easily penetrate biological membranes 

and therefore can be used on a variety of muscle preparations: (i) whole muscle, 

(ii) intact muscle fibres, (iii) preparations in which the SR compartment is accessible 

to external regulators (skinned muscle fibre preparation, isolated SR vesicles) and 

(iv) purified channels incorporated into lipid bilayers. Experiments carried out with 

these types of preparations have shown that: 

(i) in intact muscle preparations (whole tissue or single fibres), caffeine induces 

potentiation of twitch responses at low concentrations (0.1-2 mM) and 

contracture at high concentrations (eg. >3.6 mM) (Horowicz, 1994), 
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Figure 1.5 Scheme of the mammalian skeletal muscle ryanodine 

receptor showing potential calmodulin binding sites (1), potential 

nucleotide binding sites (2) and Câ '*' activation sites (3) (as it can be 

deduced from the sequence of the human receptor and from electron microscopy 

data) (modified from Herrmann-Frank et al, 1999). For details regarding position 

of naturally occurring mutations and phosphorylation sites see Herrmann-Frank et 

al, 1999. 
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(ii) caffeine acts directly on the jSR in SR vesicles and its effect is positively 

correlated with the Ca^" content of the SR and with the ambient temperature 

(Isaacson ê  a/., 1970), 

(iii) caffeine acts directiy on the Ca^" release channels as shown by Rousseau et al 

(1988) using purified channels incorporated into planar lipid bilayers. 

An important concept used in muscle research involving caffeine is 'the 

caffeine threshold for contractile activation', which refers to the lowest concentration 

of caffeine producing a defined force response. Caffeine thresholds have been 

determined in a variety of muscle preparations which include whole muscles, bundles 

of fibres, single intact and skinned fibres (for review see Herrmarm-Frank et al, 

1999). The force response most commonly used in caffeine threshold determinations 

is 10% of the maximum Ca^"-activated force (Salviati et al, 1989; Mtsumoto et al, 

1990; Adnet etal, 1993) although other values (e.g. 5%; Shah et al, 1988; DanieU-

Betto et al, 1995) have also been used by some laboratories. 

The activatory action of caffeine on the SR-Ca^" release is the result of an 

increase in the open time, decrease in the closed time and an increase in opening 

frequency of Ca^" release channels but does not involve a change in their unit 

conductance. It is interesting to note that despite the advances made in understanding 

the mechanism of action of caffeine on Ca^" release channels, the identity and location 

of the caffeine binding sites are not yet known. 

As has been discussed by Herrmann-Frank et al (1999), recent evidence 

shows that at high concentrations (>5 mM) caffeine is capable of activating RyRl in 
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the absence of endogenous modulators such as Ca , while at low concentration of 

caffeine there is an interplay between the effects produced by caffeine, Ca , Mg and 

ATP on the Ca^" release channel. Thus, Sarkozi et al, (1998) showed that the 

response of the RyRl to caffeine is potentiated by ATP and is inhibited by Mg , and 

Murayama et al (1998) showed that low concentrations (<5 mM) of caffeine increase 

the affinity of the Ca^" activation and decrease the affinity of the Ca^" inactivation 

sites for Ca^". 

An increased understanding of the cellular mechanism of action of caffeine 

has enabled researchers to use this dmg for probing SR properties in normal muscles 

and for diagnosing SR abnormalities in diseases such as malignant hyperthermia. In 

the present study, caffeine thresholds at two different SR-Ca^" loads (endogenous and 

maximal) have been used to compare SR properties in spontaneously hypertensive 

rats (SHR) and their age-matched normotensive controls (see Chapter 6). 

1.3.2 Contraction, myofibrillar proteins and methods used to study myofibrillar proteins 

As introduced in section 1.1, myofibrils are the contractile elements of the 

muscle cell. Each myofibril has been found to comprise two major types of filaments, 

thick and thin. The thick filaments are composed largely of contractile protein, 

myosin, while the thin filaments are composed of actin and the regulatory proteins, 

tropomyosin (Tm) and the troponin (Tn) complex. As will be described in section 

1.3.2.5, the mechanical performance of a muscle cell is the resuh of the complex 

cychcal interaction between myosin, ATP and actin, regulated by Ca^" via the 
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regulatory proteins. 

It is now well established that all myofibrillar proteins that play a role in 

muscle contraction exist in different molecular forms (isoforms), which can be 

examined using SDS-polyacrylamide gel electrophoresis. The source of myofibrillar 

protein polymorphism varies. Some isoforms are products of different genes (eg. one 

of the subunits that make up the Tn complex), while others are generated from the 

same gene by different splicing patterns (eg. another subunit in the Tn complex). 

Before discussing in detail the protein components of the thin and thick filaments, and 

results of electrophoretic studies on muscle protein isoforms, a brief introduction into 

the basic concepts in gel electrophoresis will be givea 

1.3.2.1 Basic concepts in gel electrophoresis 

Electrophoresis is a powerfiil biochemical method used to separate proteins 

and other macromolecules such as RNA and DNA. When placed in an electric field 

these charged molecules will move in solution towards the electrode of opposite 

charge, with a speed (referred to as electrophoretic mobility) which depends on their 

charge, shape and size. The majority of current electrophoretic techniques are carried 

out in acrylamide or agarose gels; this allows not only the separation of species of 

interest but also their detection as bands on the gel matrix, 

Polyacrylamide is the most common matrix used for the separation of proteins 

as it is chemically inert, A polyacrylamide gel is formed by the polymerisation of the 

acrylamide (A) monomer with the methylenebisacrylamide cross-linker reagent (B) 
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into long chains that are covalently cross-linked. Polymerisation is initiated with 

ammonium persulfate and the catalyst, N,N'N',N'-tetramethyethylenenediamine 

(TEMED), The pore size of any given polyacrylamide gel is determined by two 

parameters which can be controlled experimentally. These parameters are: (i) the total 

concentration of monomer used to produce the gel (%T; A + B expressed as %, w/v), 

and (ii) the proportion of %T represented by the cross-linker (%C; ratio of B/T 

expressed as %). For any given %C, increasing/decreasing %T will resuh in gel with 

smaller/larger pores. In contrast, varying %C for any given %T, will affect the gel 

pore size in a biphasic manner. Thus an increase in %C up to 5% will decrease the 

pore size, while a further increase in %C over 5% will produce an increase in the pore 

size as well as a disorganisation of the gel matrix (Allen et al, 1984). 

The most commonly used gel system in protein electrophoresis is a 

discontinuous system which comprises two separate gels (stacking and separating gel) 

of different pH (stacking gel-pH 6.8, separating gel-pH 8.8), different pore size 

(stacking gel %T =3-4%, separating gel %T >6), and three buffers (stacking gel 

buffer, separating gel buffer and mnning buffer) which differ with respect to pH and 

ionic composition. In such a system the proteins first stack, in the stacking gel, into a 

very thin zone between the leading ion (usually CI') from the stacking gel buffer and 

the trailing ion (usually glycine) from the mnning buffer. As the leading ion, proteins 

and trailing ion enter the separating gel, their relative mobility changes such that CI" 

and glycine migrate ahead of the proteins; this allows individual proteins in a protein 

mixture to separate according to size, shape and charge (Allen et al, 1984). 
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SDS-PAGE separation of proteins. Sodium Dodecyl Sulfate-Poly Acrylamide Gel 

Electrophoresis (SDS-PAGE), as developed by Laemmli (1970) (for technical details 

see Appendix 1), is probably the most popular electrophoretic techniques common for 

separating proteins. SDS (an anionic detergent) not only denatures protems, but also 

masks the intrinsic charges of the proteins under study. As a result, the shape and 

charge of the proteins are the same and separation occurs only according to 

differences in molecular weight. 

1.3.2.2 Major proteins in the thin filament 

Quantitative studies have shown that actin makes up to 20% of the 

myofibrillar protein while Tm and the Tn complex, represent about 8% (Pearson & 

Young, 1989). In skeletal muscle, globular actin monomers (MW~ 42 kDa) aggregate 

to form long, double-helical filamentous polymers with a defined polarity. Two 

elongated Tm dimers (each with a MW~ 35 kDa) form a helical filament that lays in 

the major groove of the actin filament and spans seven actin monomers as shown in 

Fig. 1.6A. In a non-contracting (relaxed) muscle Tm covers the myosin binding sites 

on actin, thereby inhibiting the interaction between the active site of actin in the thin 

filament and the myosin head of the thick filament. 

One molecule of the Tn complex occurs for every seven actin monomers, and 

consists of three different subunits: troponin T (Tn T; MW~30 kDa), troponin I (Tn I; 

MW~21 kDa) and troponin C (Tn C; MW~18 kDa), with each subunit believed to 

have a different physiological role (Fig. 1,6A) (Craig, 1994), Tn T is the Tm-binding 
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Figure 1.6 Basic structure of thin and thick filaments. A. Diagrams 

showing the major components of the thin filament (actin, Tm and Tn complex) 

(modified from Tortora & Grabowski, 1996) and the proposed interaction between 

Tm and Tn subunits (Craig, 1994). B. Thick filaments contain myosin molecules 

shaped like two intertwined golf clubs with then- long shafts coiled together to 

form a thick tail and with their heads sticking out (modified from Tortora & 

Grabowski, 1996; Eddinger, 1998). Note the location of the essential and 

regulatory light chains. 
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subunit, which also binds to Tn C, but its precise role in muscle contraction is unclear. 

Tn I, the inhibitory subunit, can bind actin and inhibit the actin-myosin interaction in 

the absence of any of the other troponin subunits. This inhibition is enhanced in the 

presence of Tm and becomes reversible and Ca^"-sensitive when the intact Tn 

complex is present. Tn C, which is the Ca^"- binding subunit, can also bind to Tn I 

and Tn T and possibly to actin. In the presence of Ca'̂ " ions Tn C can remove the 

inhibition of actin-myosin interaction that Tn I imposes on the thin filament 

(Schiaffino & Reggiani, 1996). As will be discussed in the following section, all 

regulatory proteins (tropomyosin, Tn T, Tn I and Tn C) have been found to occur in 

various molecular forms which differ with respect to molecular weight ('molecular 

weight variants') or charge ('charge variants'). Although much work has been 

performed to date on these regulatory proteins their precise physiological role in 

muscle contraction is still not fiilly understood. 

Isofonns of regulatory proteins. Tropomyosin had been shown to exist as two molecular 

weight variants, a and |3, which can assemble as aa , P^-homodimers or 

aP-heterodimers. Furthermore, fast and slow isoforms of the a subunit have also 

been detected (Tm-afast and Tm-aslow). The complexity of the tropomyosin system 

may even be greater, as it is believed that Tm-P may also exist as fast and slow 

isoforms (Pette and Staron, 1990). 

The same complexity has been found with respect to Tn T isoform expression. 

To date 10 isoforms of Tn T have been identified by SDS-PAGE, two slow (Tn T-s), 

four fast (Tn T-f) and four cardiac (Tn T-c) (Schiaffino & Reggiani, 1996). 
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In contrast to Tm and Tn T, Tn I appears to be less complex, thus, there are only three 

known isoforms of Tn I, fast (Tn I-f), slow (Tn I-s) and cardiac (Tn I-c). In skeletal 

mammaUan fibres, Tn C exists in two isoforms, one slow (Tn C-s) and one fast 

(Tn C-f) that have major differences in the Ca^" binding regions. As a result, Tn C-f 

contains four divalent cation binding sites (two high affinity Mg^"/Ca^" binding sites 

and two low affinity Ca^" binding sites), while Tn C-s contains only three of these 

sites (lacks one of the low affinity Ca^" binding site) (for review see Moss et al, 

1985). Tn C-s and Tn C-f isoforms differ also with respect to their relative affinity for 

Ca^" and Sr^" (Ebashi & Endo, 1968), which translates into different sensitivity of the 

contractile apparatus to Sr^" and Ca^" in fibres containing predominately or 

exclusively one of the Tn C isoforms. This difference has been creatively used as a 

rapid physiological method for fibre typing by Takagi & Endo (1977) and Fink et al 

(1986) (for details see section 1.4). It is important to note that in this study Tn C 

isoforms could not be separated and visualized using general SDS-PAGE protocols. 

This has also been reported by other laboratories (Babu et al, 1986; Metzger, 1996). 

1.3.2.3 Major proteins in the thick filament 

The thick filament is composed mostly of myosin, which makes up to 54% of 

myofibrillar protein (Craig, 1994). Myosins exist as a large superfamily of proteins 

which can be grouped into 15 distinct groups based on phylogenetic analyses. The 

myosins that form filaments in muscles cells, which will be discussed throughout this 

study, are classed as conventional class II myosins. The other superfamilies are all 
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composed of other non-conventional myosins (Sellers, 2000). Each myosin II 

molecule consists of two heavy chains (each of MW ~ 200 kDa) and four light chains 

(each of MW from 16-30 kDa) (Syrovy, 1987) and is shaped like two intertwined golf 

clubs with their long shafts coiled together to form a thick tail with two protmding 

heads (see Fig, 1,6B), The myosin heavy chain head contains the ATP- and actin 

binding sites and is connected to the long tail by a thin neck to which two myosin 

light chains (MLCs) are bound. The four myosin light chains which are associated 

with the two myosin heads, consist of two essential (alkali) light chains, LCI and/or 

LC3, and two regulatory (phosphorylatable) light chains, LC2. Each myosin head 

comprises an essential and a regulatory MLC (see Fig. 1.6B). Like the protein 

components of the troponin-tropomyosin regulatory system, MHCs, essential MLCs 

and regulatory MLCs are coded for by multigene famiHes and have been found to 

exist as electrophoretically distinguishable isoforms (see below). 

1,3,2,3.1 MLC isoforms 

As listed by Schiaffino & Reggiani (1996), mammaUan skeletal muscle 

contains two regulatory MLC isoforms, MLC2fast (MLC2f) and MLC2slow 

(MLC2s), and five major essential MLC isoforms, two of which exist in fast skeletal 

muscle fibres (MLCIf and MLC3f), two in slow skeletal muscle fibres (MLClslow-b 

and MLClslow-a) and one in developing skeletal muscle and in cardiac muscle 

(MLC 1 embryonic/atrial), 
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1.3.2.3.2 MHC isoforms 

To date ten MHC molecular weight variants have been identified in mammaUan 

muscle fibres based on protein and mKNA analyses (d'Albis & Butler-Browne, 1993; 

Pette & Staron, 1990). These include: 

• two 'developmental' MHCs, MHCemb and MHCneo - fr)und in the developing and 

regenerating muscle fibres, particularly embryonic and neonatal muscles 

respectively. 

• one slow-tonic isoform: MHCIton, fiaund in the slow-tonic fibres of rat extraocular 

and jaw-closing muscles. 

• one slow-twitch isoform: MHCI (also referred to MHCIP). 

Note: Recently Fauteck & Kandarian (1995) reported that the commonly 

observed MHC I band can be separated into two bands: MHC ip (so named as 

it co-migrates with cardiac P-MHC) and MHC la, which has a higher mobility 

than MHCip. This finding was later confirmed by Hamalainen & Pette (1996) 

who also noticed a faint band that migrated slightly faster than MHC I on 

SDS-PAGE. Hamalainen & Pette dismissed the possibility that this faint band 

was the a-cardiac MHC isoform, as preUminary immunohistochemical studies 

with an antibody raised against a-cardiac MHC produced negative results. 

Galler et al (1997a) reported that the MHC la isoform possesses slower 

kinetic properties than MHC ip, a resuh recently confirmed by Thompson & 

Brown (1999). The exact number of MHCI isoforms expressed in aduh twitch 

skeletal muscle is stiU unclear given the results of Yu et al (1998), who 
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showed that soleus fibres from young hyperthyroid female rats contain an a 

cardiac-like myosin isoform with a lower electrophoretic mobility than the 

MHC I isoform. 

• one 'cardiac-type' slow isoform: MHCIa - found in the extraocular, diaphragm and 

masseter muscles. 

• three fast-twitch isoforms: MHCIIa, MHCIId, MHCIIb - of increasing 

electrophoretic mobility 

• two 'super-fast' isoforms: MHCeom and MHCIIm - found in superfast-contracting 

fibres of extraocular and laryngeal muscles and in masticatory muscles, 

respectively. 

The four MHCs: MHCIIa, MHCIId, MHCIIb and MHCI, which are regarded 

as the predominant isoforms in adult mammaUan skeletal muscles, wiU be discussed 

in this study. 

MHC isoform nomenclature. It is important to note that, for unknown reasons, different 

research groups tend to develop their own nomenclature rather than adopting the set 

of names generated when the MHC isoforms were first identified. For example when 

MHCIId was first identified by Bar & Pette (1988) it was labelled as MHCIId. Later 

on, Schiaffino et al (1989) labeUed this isoform as type 2X. Since then MHCIId has 

been referred to under different names such as lid (Sugiura et al, 1993; Hamalainen 

& Pette, 1995), llx (Talmadge & Roy, 1993; Sullivan et al, 1995), Ild(x) (Pette et 

al 1999), IIX (Haddad et al, 1997), 2X (Schiaffino et al, 1989; Prezant et al, 1997) 

and 2X/D (Snoj-Cvetko et al, 1996). This inconsistency in nomenclature becomes 
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very confiising when comparing papers concerned with MHC expression. The 

confijsion is fiirther amplified by the inconsistent use of nomenclature for fibre types. 

For example, a single fibre containing both MHC isoforms Ild and lib has been 

referred to as type IIXB (Sant'Ana Pereira et al, 1997) or type Ex/lib (Caiozzo et al, 

1997). 

The nomenclature used in this study for MHC isoforms and fibre types is that 

used by Hamalanien & Pette (1988) i.e. MHC isoforms lla, lid, lib and I, and fibre 

types IIA, IID, IIB and I. Fibre types expressing more than one isoforms (eg. Ila and 

lid) are referred to as type IIA+IID. 

1.3.2.3.3 Myosin isoforms (isomyosins; myosin isozymes) 

Given the large number of possible MHC and MLC isoforms, it is not 

surprising that myosin (the hexamer comprising 2 MHCs and 4 MLCs) exists also as 

different isoforms. For example, in an early study of Hoh (1975) it was shown that 

fast and slow rat skeletal muscles contain two molecular forms of myosin 

(isomyosins) that can be distinguished by non-denaturing gel electrophoresis (see 

below). It is important to note that isomyosins are also referred to as myosin 

isoenzymes (d'Albis et al, 1982) or myosin isozymes (GiUespie et al, 1996), because 

as wiU be explained in section 1.3,2,5, myosin has an intrinsic ATPase activity. 

According to Pette & Staron (1990), about 19 isomyosins have been identified 

in mammalian skeletal muscles by non-denaturing gel electrophoresis. These include 

nine fast isomyosins (FMla, FMld, FMlb, FM2a, FM2d, FM2b, FM3a, FM3d, 
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FM3b), three slow isomyosins (SMI, SM2, SM3), three developmental isomyosins 

(eMl, eM2, eM3), three neonatal isomyosins (nMl, nM2, nM3), a family of muscle 

specific isomyosins (EM) and a group of special fast and slow isomyosin reported for 

specialised muscles of the cat and rat. 

1.3,2.4 Biochemical analysis of myofibrillar protein isoform composition and fibre typing 

1.3.2.4.1 Myosin isoform composition 

As already mentioned, isomyosins can be separated electrophoreticaUy under 

non-denaturing conditions using the sodium pyrophosphate gel method developed by 

Hoh (1975). The method involves the use of a continuous gel system (one gel, one 

buffer) in which T%=3.36, %C=4.8, the buffer contains in addition to Tris and 

glycine, ATP and glycerol, samples are solubilised in 50%) glycerol, and the gels are 

mn at ~ 8°C. It is not easy to determine the number of fibre types that could be 

identified by this method; however according to Pette & Staron (1990), the occurrence 

of at least 60 combinations of MHCs and MLCs would be possible if one considered 

only MHCI, MHCIIa, MHCIIb, MLCls, MLC2s, MLClf, MLC2f and MLC3f 

1.3.2.4.2 Regulatory protein and MLC isoform composition 

The separation of regulatory proteins and MLC isoforms by SDS-PAGE can 

be achieved easily, particularly if gradient gels are being used. It is interesting to 
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note, however, that inter-fibre differences with respect to regulatory and/or MLC 

isoform composition have not been used as criteria for fibre typing. 

1.3.2.4.3 MHC isoform composition 

MHC isoform composition of whole muscle or single fibre preparations can be 

detected using immunohistochemistry or SDS-PAGE and has become a widely 

preferred method for fibre typing. 

Detection of MHC isoforms by SDS-PAGE. Detection of MHC isoform composition by 

SDS-PAGE can be carried out with whole muscle homogenates, cmde myosin 

extracts, purified myosin and segments of single muscle fibres. The separated 

isoforms can be identified based on relative migration, by co-migration with purified 

proteins or by positive immuno-staining of protein bands on Western blots. It is 

important to note that single muscle fibres can express one MHC isoform only (pure 

fibres) or a combination of two or more MHC isoforms (hybrid fibres). 

The first electrophoretic analysis of MHC isoforms by SDS-PAGE was 

reported by Carraro & Catani (1983), who detected two MHC isoforms (fast and 

slow) in purified myosin from rat skeletal muscle. In this study Cararro & Catani used 

a slightly modified version of the Laemmli protocol (1970) in which 25%) glycerol 

was included in the separating gel. Further improvement of the Laemmli method by 

DanieU Betto etal (1986) (for details of these modifications see Appendix 5.1), who 

used both purified myosin and single fibre segments, allowed separation of three 
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MHC isoforms, I, Ila and lib and identification of three pure muscle fibre types, I, IIA 

and I B , and two hybrid fibre types, I+IIA and IIA+IIB. In 1988, Bar and Pette, using 

the Laemmli gel system (1970) and gradient gels discovered a third fast MHC isoform 

(MHCIId), which was detected in ten different rat muscles. This discovery and 

widespread awareness that MHCIId isoforms could comigrate with either MHCIIa or 

MHCIIb prompted: (i) reconsideration of muscles and fibres previously classified 

based on their MHCIIa and MHCIIb content (for review see Pette & Staron, 1990) 

and (ii) the pursuit of gel systems which allowed for effective and reproducible 

separation of all four MHC isoforms. The issue of effectiveness and reproducibility 

of MHC isoform separation by SDS-PA gel systems has been addressed in the study 

presented in Chapter 3. 

Detection of MHC isoforms by immunohistochemistry. MHC isoform analyses by 

immunohistochemistry have been carried out in whole muscle cryosections 

(Schiaffino et al, 1989), in single fibre segments and along the length of an individual 

muscle fibre (Edman et al, 1988). An important aspect of this method involves the 

production of monoclonal antibodies specific for individual MHC isoforms which 

display minimum cross reactivity. Whole muscle cryosections (~10|Lim thick) or 

single fibre segments are then incubated with a battery of antibodies and checked for 

positive reactivity. When the antibody for a given MHC isoform is not avaUable (as 

has been the case for MHCIId) and when this isoform does not react with any of the 

available antibodies, its presence in a cryosection or single fibre segment is deduced 

from the negative reaction produced by the cryosection/fibre with the non-reacting 
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antibodies. This type of 'negative' staining technique was first used on cryosections of 

rat skeletal muscle by Schiaffino etal (1989). 

Using immunohistochemistry, the MHC isoform antibodies available in 1991, 

and a population of 74 single fibres from adult rat muscles, BottinelU et al. (1991) 

identified all four pure fibre types (I, IIA, IIB and IID). Although no hybrid fibres 

were detected in this study, the authors stated that MHC-based immunohistochemistry 

should be able to identify some hybrid fibres (such as I+IIA, IIA+IIB and I+IIB), but 

not others (such as IIA+IID and IID+IIB) as an antibody specific for MHC lid is not 

yet available. 

1.3.2.5 Molecular events in skeletal muscle contraction 

As already stated, the mechanical performance of a muscle cell is the resuh of 

a complex series of Ca^"-regulated cyclical interactions between myosin heads (acting 

as cross-bridges between the thick and thin filaments), actin and ATP. The alignment 

of the filaments in the myofibrillar region gives rise to the unique pattem detected in 

muscle fibres by low-magnification electron microscopy (see Fig. 1.7). This pattern 

consists of altemating dark and Ught regions intersected by a number of lines. The 

dark regions known as A bands, are regions occupied by overlapping thick and thin 

filaments; within the A band is the H zone, which appears less dense than the rest of 

the A band and contains only thick filaments. Dividing the H zone is a region of 

higher density caUed the M Une that consists of myosin heads linking adjacent thick 

filaments together. 
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Figure 1.7 Sarcomere pattern of mammalian skeletal muscle. A. Electron 
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from Tortora & Grabowski, 1996). B. Diagrammatic presentation of the regions 

detectable in the stmcture of the sarcomere (modified from Tortora & Grabowski, 

1996). 
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The Ught regions known as I bands consist of thin filaments only, where the I 

band is divided by a dark Une referred to as the Z disc/line. The region between two 

adjacent Z Unes is referred to as a sarcomere; the sarcomere which comprises a central 

A band flanked by two half I bands represents the contractile unit of a muscle fibre. 

In a relaxed mammalian muscle fibre the sarcomere length is about 2.6|Lim (Bagshaw, 

1982). 

The amazing speed at which muscles contract depends upon the thick and thin 

filaments being held in correct alignment and at an optimal distance from each other. 

This is made possible by several stmctural proteins which include a-actinin (the actin 

cross-linking protein that anchors the actin filaments to the Z discs), nebulin, (a large 

protein that regulates the assembly and length of thin filament) and titin (a spring like 

protein extending from the thick filaments to the Z disc, that keeps thick filaments 

centred in the sarcomere and gives sarcomeres their elastic quality). 

It is now well established that the sequence of molecular events that lead to 

contraction is the same in all skeletal muscle fibres regardless of the fibre type. These 

events include: (i) ATP hydrolysis by myosin ATPase activity, (ii) ATP hydrolysis-

induced conformational changes in the myosin molecule, particularly in the head-neck 

region (activation of cross-bridges), (iii) Ca^" binding to Tn C and associated 

conformational change in the Tn-Tm complex (which releases the inhibition of 

myosin-actin interaction) and (iv) force producing interaction between actin and 

myosin (power stroke). During the "power stroke" the myosin heads release the 

products of the myosin ATPase reaction i,e. ADP and Pi (Tortora & Grabowski, 

1996). Once the power stroke is complete, ATP combines with the ATP-binding sites 
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on the myosin heads and in doing so it allows for the detachment of the myosin head 

from actin. This cycle is then repeated for as long as ATP is avaUable and the Ca^" 

level is high around the thin filament. If the sarcomere length of a contracting muscle 

fibre is not fixed, the thick and thin filaments sUde and the muscle fibre shortens. 

However if the sarcomere length of a contracting muscle fibre is fixed (i.e. during 

isometric contraction), the power stroke does not result in fibre shortening. 

1.3.3 Relaxation 

The final step in the E-C-R cycle, referred to as relaxation, involves the 

dissociation of Ca^" from Tn C and the endergonic re-uptake of Ca^" by the SR. It has 

been proposed by Gerday & GriUis (1976) that skeletal muscle relaxation involves also 

parvalbumin, a single Ca^" and Mg^" binding protein (MW -12 kDa) located in the 

cytoplasm, which would act as a 'calcium shuttle' transporting Ca^" from TnC to the 

calcium pump. As has been stated by Riiegg (1992), however, the parvalbumin 

hypothesis of muscle relaxation is quite controversial and therefore will not be 

considered further here. 

The Ca^" pump [also referred to as the SERCA pump (where SERCA stands 

for sarco/endoplasmic reticulum Ca^" ATPase)] is located throughout the SR 

membrane, except for the jSR regions facing the T tubules. Two Ca^" ions are 

pumped into the SR for every molecule of ATP hydrolysed. The action of the pump is 

aided by the Ca^" -binding protein calsequestrin, which binds Ca^", such that more 

Ca^" is removed from the sarcoplasm (Stephenson et al, 1998). The SERCA pump 
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occurs as different isoforms; thus, SERCAla is the major isoform m fast-twitch 

skeletal muscle and SERCA2a is the major isoform in slow-twitch skeletal muscle 

(Loukianov et al, 1998). The density and total number of pumps are also muscle 

fibre related, being smaUer in slow-twitch fibres than in fast-twitch fibres. As 

9-1-

expected, this results in slow-twitch fibres displaying a much lower rate of Ca 

uptake by the SR (for review see Stephenson et al, 1998). It is interesting to note 

that, Uke other fibre type related differences in the SR, differences related to Ca 

pumps have not been used as a basis for fibre typing. 

1.4 Skinned fibre preparations and their use in studying events of the E-C-R 

cycle 

Intact muscle fibre preparations do not allow access to intemal compartments 

involved in E-C-R. To overcome this limitation, single fibres are skinned 

(demembranted), mechanically or chemically. 

The method of mechanically skinning muscle fibres was first used by Natori 

(1954) who removed the sarcolemma of frog fibres. As described in detail in section 

2.3.3, single fibres are mechanically skinned by peeling back the sarcolemma from the 

main body of the fibre, a process that is accompanied by the spontaneous seaUng of 

the T-system. Mechanically skinned muscle fibres have been successfiiUy used to 

probe the fiinction of contractile apparatus (eg. Fink et al, 1986), SR (Fryer & 

Stephenson, 1996), signal transmission between the T-system and the SR (Lamb & 

Stephenson, 1991) and for fibre typing by using Ca^"/Sr^"-activation parameters (see 
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next section). 

Several methods for chemically skinning a single fibre have been developed, 

including the treatment/incubation of fibres with glycerol (50%; Brenner, 1998), 

EDTA (3mM; Winegrad, 1971), EGTA (5-10 mM; Wood et al 1975), saponin 

(50 ^ig/mL; Ruegg, 1992) or detergent (eg. 0.5-2% Triton X-100; Brenner, 1998; 

WiUiams et al, 1993). It is important to point out that the usefiilness of chemically 

skinned preparations is related to the effect of the skinning agent on molecular 

participants in the E-C-R cycle. For example, Triton X-100 skinned preparations can 

be used for determining activation characteristics of the contractile apparatus (for 

details of these parameters see section 2.4.6.2) but not for probing fiinctions of the 

T-system or SR because Triton destroys the intraceUular membrane systems as well as 

the sarcolemma. Another Umitation of the chemically skinned fibre preparation is that 

during skinning and storage of the fibre, soluble proteins and metabolites may leach 

out into the incubation medium (Bagshaw, 1982). All chemically skinned muscle 

fibre preparations, regardless of the skinning agents used, can be employed for fibre 

typing by physiological methods. 

Physiological methods for fibre typing. An eariy study by Takagi & Endo (1977), 

performed on guinea pig SOL and EDL muscle fibres, distinguished two groups of 

fibres, which differed with respect to the sensitivity of the contractile apparatus to 

Sr . Based on these finding the authors proposed that inter-fibre differences in 

sensitivity to Sr^"-activation could be used as a criterion for fibre typing. A later 

study by Fink et al (1986) revealed that mammalian muscle fibres displayed 
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differences not only with respect to Sr^"-sensitivity but also with respect to other 

contractile activation characteristics such as the HiU coefiQcients of the force-pCa and 

force-pSr curves. For definition of these and other contractile activation parameters 

see sections 2.4.6.2 and 4.2. 

1.5 Comparison of fibre typing techniques 

The techniques for muscle fibre typing described in sections 1.2 (enzyme-

based histochemistry and contractile speed) and 1.3.2,4 (MHC composition-based 

immunohistochemistry), are based on different criteria and have distinct advantages 

and disadvantages. For example, both enzyme-based histochemistry and 

immunohistochemistry can be performed on muscle cross-sections, thereby allowing 

determination of the relative proportion of different fibre types, fibre type locaUsation 

within the body of the muscle and fibre size. However, there are some hybrid fibre 

types that neither of these techniques is able to detect, nor are these techniques able to 

quantitate MHC expression in the hybrid fibre types they can detect. Further 

disadvantages of these two methods are related to antibody specificity and to species 

differences with respect to pH stability of mATPase activity (Pette et al, 1999). Thus, 

a set of MHC antibodies raised against MHC isoforms of one species may not be 

usefiil when used for another species. Alternatively, a set of antibodies raised against 

one MHC isoform may cross react with other MHC isoforms. Similarly, the pH 

conditions optimised for one species may not be vaUd for another species. 
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As illustrated by the present study, SDS-PAGE can be applied to whole 

muscle homogenates and single muscle fibres dissected randomly or (if required) 

selectively from a given muscle. This method aUows for: (i) rapid determination of 

changes in the MHC isoform expression, (ii) detection of pure and hybrid fibres 

regardless of the number or identity of MHC isoform expressed, (iii) quantitation of 

the relative proportion of MHC isoforms co-expressed by a single fibre and (iv) 

estimation of the relative proportion of fibre types in a muscle if the population of 

dissected single fibres is relatively large. The SDS-PAGE strategy for fibre typing 

has also a number of disadvantages. Thus, this technique is not able to provide 

accurate information on the relative proportion of different fibre types within the 

whole muscle nor on fibre type locaUsation. Furthermore, as it will be shown in this 

study (Chapter 3) there are intrinsic problems related to the abUity of any of the 

available gel systems to separate effectively and reproducibly aU MHC isoforms. 

Finally, misclassification of hybrid fibres as pure fibres by SDS-PAGE can occur if 

one of MHC isoforms is expressed in amounts lower than the detection limit of the 

staining method employed. 

How compatible are different fibre typing methods? A Umited survey of 

studies using different fibre typing methods shows that the degree of compatibility 

varies according to the methods compared. For example, two methods that have been 

claimed to be fiilly compatible are the kinetics of stretch activation and MHC 

composition determined by SDS-PAGE (GaUer et al, 1997b). The impUcation of this 

compatibility is that in a later study, GaUer (1999) could use results obtained from 

kinetics of stretch activation experiments to predict the MHC isoform composition of 
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single fibres. 

Fibre typing techniques have also been shown to be incompatible and as result 

produce conflicting data when used to examine experimentally-induced changes in the 

fibre type composition of a given muscle. For example, in two similar studies on the 

effect of corticosteroid treatment on rat diaphragm, van Balkom etal (1997) showed 

a change in the fibre type proportions and the size of aU fibre types using 

immunohistochemistry, while Sieck et al (1999) showed no change in the fibre type 

proportions and only a change in the size of type II fibres using histochemistry 

(mATPase activity). 

It is interesting to note that even fibre typing methods reported earlier to show 

a high degree of compatibility such as mATPase-based histochemistry and 

SDS-PAGE determination of MHC isoform composition (Staron & Pette, 1986) have 

been found to be incompatible under certain conditions. Thus, the relationship 

between the two methods does not appear to hold for a single hybrid fibre containing 

three MHC isoforms (Sant'ana Pereira et al, 1995). 

To date, no comprehensive studies have been performed on the correlation 

between MHC-based fibre typing (where MHC isoform composition is determined by 

SDS-PAGE) and the physiological fibre typing method based on differences in 

contractile activation characteristics. This issue has been the focus of the study 

described in Chapter 4. 
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1.6 Muscle plasticity 

The fibre type composition of a given skeletal muscle can change significantly 

under the influence of physiological and pathological factors. This property is referred 

to as muscle plasticity. It is beUeved that a muscle's plasticity as well as its diversity 

(as defined in section 1.2), allow the muscle tissue to respond appropriately to a wide 

spectmm of mechanical demands. This is interesting considering the highly ordered 

stmcture and abundance of protein isoforms involved. The assemblage of the various 

muscle protein isoforms appears to differ markedly between species, strains and 

muscles and even between individual fibres of a given muscle. 

It is now widely accepted that a change in the MHC isoform composition of a 

given muscle is a usefiil indicator of muscle plasticity. For example, it has been shown 

that the MHC isoform composition varies significantly during the course of animal 

development (Sugiura etal, 1992; Larsson etal, 1993; Pette & Staron, 1997). Other 

factors that determine and/or regulate the MHC isoform expression of a skeletal 

muscle include: mechanical demand (e.g. intense exercise), neural activity (as animals 

learn more complex skiUs of locomotion), hormonal output, and pathological 

conditions such as hypertension (Carlsen & Gray, 1987; Gray etal, 1994a & 1994b; 

Lewis etal, 1994), insulin resistance (Bassett, 1994), diabetes (Rutshmann etal, 

1984) and muscular dystrophy (Heene, 1975), In the study described in Chapter 5, 

MHC isoform and fibre type composition of SOL muscle from spontaneously 

hypertensive rats (SHR) and normotensive controls (WKY) were examined at three 

stages of development of hypertension. 
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The appearance of hybrid fibres is markedly increased during muscle 

transformation and hybrid fibres are assumed to bridge the gap between pure fibre 

types. The combinations of MHC isoforms most commonly found in a hybrid fibre 

(such as I and Ila, Ila and lid, Ild and lib) follow the 'nearest neighbour' mle of MHC 

isoform co-expression that has been proposed to reflect the direction of fibre type 

transformation I->IIA-^IID^'IIB (Pette et al, 1999). However, recent studies on 

slow-to-fast muscle transformation induced by hindlimb suspension and 

hyperthyroidism (Caiozzo et al, 1998) have discovered hybrid fibres containing 

'atypical non-nearest neighbour' MHC isoform combinations (eg. lib and I). 

1.7 The aims of this study 

The overaU aim of this study was to increase our understanding of the diversity 

and plasticity of skeletal muscles by using (i) normal and fiinctionally impaired 

muscles of normotensive and spontaneously hypertensive rats, (ii) single, skinned 

fibre preparations, and (iii) a combination of biochemical (SDS-PAGE analyses of 

MHC isoform composition in single fibres and whole muscle homogenates) and 

physiological (single fibre measurements of contractile activation characteristics and 

caffeine thresholds for contraction) methods. More specifically, this study has 

addressed the following related research questions (rq): 

(rq-1) do hybrid fibres occur in non-transforming muscles of fiinctionally normal 

aduh rats? 
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(rq-2) do hybrid fibres containing an 'atypical' combination of MHC isoforms occur 

in fiinctionally normal, non-transforming rat muscles? 

(rq-3) is there a correlation between fibre type (based on MHC composition) and 

contractUe activation characteristics? 

(rq-4) can either the MHC-based or the Ca^"/Sr^"-activation-based fibre typing 

method give fiiU information on the stmctural and fiinctional characteristics of 

a single fibre, when used by itself? 

(rq-5) how tight is the correlation between MHC and MLC expression in rat skeletal 

muscle? 

(rq-6) is there a correlation between fibre type (based on MHC composition) and 

caffeine threshold for contraction? 

(rq-7) do SHR soleus muscles contain a higher proportion of MHCII isoforms than 

soleus muscles of age-matched normotensive controls? 

(rq-8) does a population of single fibres dissected from SHR soleus muscles contain 

a larger proportion of type II fibres than a fibre population dissected from 

soleus muscles of age-matched normotensive controls? 

(rq-9) are fiinctional differences previously reported for soleus muscle in SHR and 

WKY rats accompanied by differences in fiinctional characteristics of the SR 

or contractile apparatus? 

From the beginning of this study it became clear that several issues regarding 

the separation of MHC isoforms by SDS-PAGE had to be addressed. As a result, 
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efforts were directed towards answering the foUowing methodological questions (mq): 

(mq-1) how different with respect to technical details and/or effectiveness of band 

separation are the SDS-PAGE protocols that have been used in different 

laboratories, over the last 16 years, to study MHC isoforms? 

(mq-2) how effective are various electrophoretic parameters (such as [acrylamide], 

[bisacrylamide], %C value, etc.) in ahering the separation of MHC isoforms 

by SDS-PAGE? 

(mq-3) how reproducible are the SDS-PAGE protocols most commonly used for the 

separation of MHC isoforms? 
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Chapter 2 

General Methods 

2.1 Animals 

The animals used in this study were male rats aged 4-24 weeks. The rats were 

housed in a temperature controUed environment (22°C) with a 12:12hr Ught-dark 

cycle and had access to food and ywater ad libitum. On the day of the experiment, rats 

were killed by deep halothane inhalation according to the guidelines of Victoria 

University Animal Experimentation Ethics Committee, 

2.2 Preparation of whole muscle homogenates 

Muscle dissection and storage. Immediately after animals death, the required muscle, 

extensor digitomm longus (EDL), soleus (SOL) or diaphragm (DPH) (for location of 

these muscles see Fig, 2.1) was carefiiUy dissected while avoiding cutting or 

stretching the muscle whenever technically possible, and blotted dry on fiher paper 

(Whatman 1) to remove any excess blood. 

For electrophoretic analyses of myofibriUar proteins, the whole muscle was 

homogenised either immediately post-dissection or after being stored at -20°C for up 
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Figure 2.1 Location of the EDL and SOL skeletal muscles (A) and the 

DPH muscle (B) (reproduced firom Chiasson, 1988). 
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to two months (for details of the homogenisation protocol see the next section). It 

should be noted that no quaUtative differences were detected m the electrophoretic 

pattem of myofibrillar proteins between homogenates of fresh and stored muscles. 

For single fibre analysis, the freshly dissected muscle was placed directly into a Petri 

dish layered with a bed of Sylgard 184 transparent resm (Dow Coming, USA) and 

covered with liquid paraffin oil (AJAX Chemicals). While not being used at room 

temperature (RT; 19-25°C) for fibre dissection and fibre mountmg onto the force 

measuring system (operations that took 15-20 min on average), the muscle preparation 

was stored at 4-8°C for up to 30 hours. The number of fibres used from one muscle 

preparation for measuring contractile activation parameters ranged between 5-10, 

Muscle homogenisation. The muscle was placed in 6 volumes (where 1 volume = mass 

of the muscle) of relaxing solution (for details of the composition and preparation of 

the relaxing solution see section 2.4.5.1) and homogenised with either a manual 

glass/glass homogeniser or a handheld OMNI TH (Tissue) Homogenizer with a 7mm 

diameter flat bottom generator probe. 

Protein determination. The protein concentration of whole muscle homogenates was 

determined using the Bradford protein assay (Bradford, 1976) and bovine semm 

albumin (BSA) as standard. 
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2.3 Preparation of single muscle fibres 

2.3.1 Dissection of single muscle fibre segments 

Freshly dissected muscles were fixed firmly to the Sylgard resin bed with 

entomological pins mserted into the tendons, for SOL and EDL, and mto the outer 

area of the DPH, Single fibres were isolated under paraffin oil, with the aid of a 

dissecting microscope (Motic, magnification range 6,4-40, China), fibre optic light 

source (Euromex, Holland), fine jewellers forceps (No, 5 Dumont, Switzerland) and 

iris scissors (Vannas, Germany). The strategy for smgle fibre dissection differed 

sUghtly between hindlimb muscles (SOL and EDL), which have a spmdle-hke shape 

and retain both tendons post-dissection, and DPH, a sheet-hke, almost circular 

muscle. Briefly, for SOL and EDL the fibre isolation procedure involved the 

following steps: (i) the Petri dish containing the muscle to be dissected was placed in 

such a way that the tendon from which dissection would start was closest to the 

experimenter; this tendon was unpinned/freed, (ii) a small incision was made into the 

epimysium (the dense, fibrous connective tissue surrounding the entire muscle) to 

allow free access to bundles of fibres; the incision was made in parallel with the 

fibres, starting from the free end of the muscle, (iii) a bundle of 5-10 fibres (about 

1cm in length) was partially dissected (one end still being attached to the muscle), and 

(iv) single fibres were carefiiUy teased away from the body of the bundle, while the 

free end of the bundle was held down with a pair of forceps. Note that at this point 

the other end of the single fibre segment was still attached to the muscle. For the 
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DPH, the procedure for isolation of single fibres was essentially the same as for SOL 

and EDL, except that the initial incision into the epimysium was made anywhere 

around the cu-cumference. After isolation, the fibre segment was ready to be skmned 

(see section 2,3,3) or used unskinned for myofibrillar protein analysis 

(see section 2,5), 

When isolating single fibre segments, the paraffin oil plays three important roles: 

1) it facihtates the visuaHsation of the single fibre by having a different refractive 

index, 

2) it precludes fibre/swelUng-water loss when fibre segments are prepared, and 

3) it confers the fibre a quasicircular cross-sectional area through the surface tension 

exerted on the fibre at the fibre/oil mterface. 

2.3.2 Measurement of single muscle fibre segments 

A video camera-monitor system (Olympus) and a pair of callipers (Mitutoyo, 

Japan) (see Fig. 2,2) were used to measure the length (1) and width of the fibre 

segment (in at least three places along its length), on the monitor screen while still 

under paraffin oil. Distances on the screen were calibrated using a graticule. The 

volume of a fibre segment was calculated assuming it to be cylindrical with a diameter 

(d) equal to the mean value of the fibre width. 

Ttd^ 
volume = X1 (Eq 1) 
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Figure 2.2 Video camera-monitor system used to measure the size of 

single fibres with a pair of callipers. 
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2.3.3 Skinning of single muscle fibre segments 

For determination of contractile activation parameters, the surface membrane 

of single fibre segments was removed (fibre segments were skinned) by chemical 

(Chapters 4 and 5) or mechanical (Chapter 6) means. As previously shown 

(Stephenson et al, 1994), the skinned muscle fibre preparation allows direct 

activation of the myofibrillar compartment in solutions of carefiiUy controlled free 

calcium/strontium concentrations. 

For chemical skinning a single fibre preparation was first mounted on the force 

measuring system (see section 2.4,3) and then was incubated for 10 min in a relaxing 

solution (see section 2,4,5,1) containing 2% Triton, This strategy is known to dismpt 

cellular membranes without affecting the contractile system (Stephenson et al, 1989). 

For mechanical skinning, the outer most layer (assumed to contain 

endomysium and sarcolemma) was carefiiUy removed, using forceps, starting from the 

free end of the single fibre, which was held to the bottom of the resin bed with a 

another pair of forceps. This was achieved by pinching a small region of the 

outermost layer, and peeling it away until a cuff like stmcture was produced. Note 

that at this point the skinned muscle fibre preparation was still attached to the body of 

the muscle. 
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2.4 Measurement of contractile activation characteristics of single, skinned 

fibre segments 

2,4.1 Description of the force measuring system 

The apparatus consisted of a micromanipulator (Prior, UK), a microscope 

(Olympus, magnification range 6,7-40), a chart recorder (Linear, 1 mV-5 V) and a 

laboratory jack (see Fig. 2.3A). Attached to the micromanipulator were a 

piezzo-resistive force transducer (Sensonor, Horten, Norway) consisting of two 

resistors (Ri, R2) that formed part of a cu-cuit bridge (for details of the electrical 

circuit see Fig. 2,3B) and a pah of fine forceps. The other part of the curcuit bridge 

(R3, R4) together with the power supply (PS) and preampUfier (PreA) were buUt mto a 

separate electronic box (EB). A stainless steel pin was attached with shellac to the 

force transducer. 

All solutions used throughout the experiments were contained in 2.5ml 

Perspex wells, aligned in a tray that was positioned under a Perspex cover to minimise 

evaporation of the solutions. The tray cover was attached to a laboratory jack, which 

enabled the Perspex tray to be elevated or lowered. To ensure that no damage to the 

fibre would occur while the fibre was being moved through the air-solution interface, 

the transfer of the skinned preparation from one solution to another, did not exceed 5 

seconds (Moisescu & Thieleczek, 1978). 
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B 

PreA 

Figure 2.3 A. Force apparatus. Consisted of microscope (M), micromanipulator 

(MM), chart recorder (CR), laboratory jack (LJ), Perspex tray and Perspex cover (PT & 

PC). (Force transducer, forceps and electronic box not shown). B. Diagrammatic 

representation of the electrical circuit. Rj, R2, strain-sensistive resistors (1 kohm) 

associated with the transducer; R3, fixed resistor (1 k ohm); R4, adjustable resistor for 

balancing the bridge; PS-power supply, lOV DC; PreA-preamplifier; REC-recorder. 
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2.4.2 Calibration of the force transducer 

To calculate the force produced by a skinned fibre segment, the force 

transducer was calibrated with smaU weights ranging from 66 to 932 x 10"̂  N (where 

9.8 N = 1 kg weight). For this purpose, the micromanipulator was laid on its side, so 

that the pin was in a horizontal position and each of the weights were placed on the 

pin where the fibre was usually tied. The signals produced by the force transducer for 

each weight were recorded on the chart recorder. A calibration curve of signal versus 

force was constmcted (see Fig. 2.4) and the force per chart deflection was calculated 

to be 6.28 x 10"̂  N/mm @ 10 mV. 

2.4.3 Attaching single fibre segments to the force measuring system 

For measuring contractile activation parameters, the Petri dish containing the 

skinned fibre segment, still attached at one end to the body of the whole muscle, was 

placed under the forceps/force transducer setup. The free end of the fibre segment was 

attached with finely braided surgical silk (Deknatel No. 10-0) to the stainless steel pin; 

the other end was clamped between the tips of the fine forceps and the segment was 

cut from the muscle immediately under the cuff. To attach the fibre to the pin, a 

surgeon's knot (double knot; Fig 2.5A) was constmcted; the inner knot was then tied 

to the free end of the skinned single fibre segment, the outer knot was carefully tied to 

the bottom of the stainless steel pin and the remains of the silk were cut close to the 

pin (Fig. 2.5B). All these procedures were carried out under the microscope. The tip 
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200-, 

1000 

force (x IQ-® N) 

Figure 2.4 Calibration curve of force transducer. The signals recorded for each 

known force were recorded on die chart recorder. Chart speed was 2cm/min; r̂ = 1,000, 
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Figure 2.5 A. Surgeon's double knot. B. Tying the single fibre segment to 

the stainless steel pin. 
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of the forceps and the tip of the pin could be adjusted in three-dimensions to ensure 

that the fibre was properly aUgned with respect to the force transducer. The slack 

length of the fibre segment was obtained by releasing the sUghtly stretched fibre until 

no measurable force could be detected (<2.5 ^N) and the preparation appeared to be 

'taut'. 

2.4.4 Measurement of the sarcomere length of a single fibre segment 

Average length of sarcomeres in single fibre segments was measured from the 

diffi'action pattem produced by the sarcomeres on an opaque screen when a HeNe 

laser beam (wavelength = 0.633 î,m) illuminated the mounted preparation. The 

mounted 'taut' fibre was placed into a Icm^ spectrophotometric vial containing 

relaxing solution (see composition in section 2,4.5.1), and the laser beam was 

positioned to pass through the fibre as shown diagrammatically in Fig. 2.6. The 

sarcomere length in jim (SL) was calculated from the following equation: 

SL= 0.633 X +1 

^^ ^ (Eq 2) 

where D = distance between fibre preparation and screen and a = distance between 

the primary diffraction and the first order diffraction maxima (see also Fig. 2.6). 
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2.4.5 Activating solutions 

2.4.5.1 Preparation of solutions for detemfiining Ca^*- and Sr2*- activation characteristics 

The composition of the bathing solutions used in the skinned fibre experiments 

(shown in Table 2.1), mimic that of the natural physiological (in vivo) envu-onment 

within the fibre (i.e. the myoplasm) (Stephenson & WiUiams, 1981). 

The strategy used to prepare solutions A (relaxing solution), 

B (maximaUy Ca^^ activating solution), C (preactivating solution) and 

D (maximaUy Sr̂ ^ activating solution) involved the following: (i) HEPES, MgO, 

EGTA, HDTA, CaCOs and SrCOs were weighed as appropriate and added to the 

respective beakers, filled with half of the volume of distiUed water required (Note: the 

presence of HEPES, EGTA and HDTA provided the acidic environment necessary for 

dissolving MgO, CaCOs and SrCOa in solution), (ii) the aforementioned reagents 

were continuously stirred on low heat (50-60°C) for approximately 30 min and then 

the solutions were cooled to RT (19-25°C) (Note: after this procedure all carbonate in 

solution B and D should have been removed), (iii) the required volume of a 

KOH/NaNs mixture was added to each of the cooled solutions, the pH was adjusted to 

approximately 6.90 with 4M KOH, and ATP and CP were added as powder, (iv) the 

volume of each solution was then raised to -lOmL less than the required volume and 

the pH was adjusted to 7.10 ± 0.01 using 4M KOH, making sure that the final pH 

value was not overshot. Finally, the solutions were made up to the required volume 

and the pH was re-checked. Addition of ATP and CP at a later stage was essential to 
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ensure that they did not denature at the temperature and pH requu-ed to solubUise the 

other reagents. The final concentration of KOH added to solutions A, C 

(no carbonate) and B, D (carbonate) were similar indicating that aU carbonate had 

been removed by the heating process. The content of Mg in MgO was checked by 

Atomic Absorption Spectrophotometry to ensure the appropriate amount of Mg was 

added to the solutions. 

Table 2.1 Compositions of solutions A, B, C,D, used to measure Câ -̂ and Sr̂ -̂

activation characteristics. 

Component 

Final concentration of components (mM) 

B C D 

HEPES 

r 
Na^ 

Mgtotal 

EGTAtotai 

HDTAtoui 

C a total 

Sr total 

ATPtoui 

CP 

NaN3 

90 

126 

36 

10.3 

50 

-

-

-

8 

10 

1 

90 

126 

36 

8.1 

50 

-

48.5 

-

8 

10 

1 

90 

126 

36 

8.5 

-

50 

-

-

8 

10 

1 

90 

126 

36 

8.5 

50 

-

-

40 

8 

10 

1 

Solutions containing different ionised [Câ ]̂ were obtained by mixing the 

relaxing solution (Solution A; for composition see Table 2,1) with a maximally Ca -

activating solution (Solution B; for composition see Table 2,1) in various proportions 
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(see Table 2,2; Ashley & Moisescu, 1977), Similarly, solutions contaming different 

[Sr^^] were obtamed by mixing solution A with maximaUy Sr^^-activatmg solution 

(solution D, for composition see Table 2,1) in various proportions (see Table 2.3; 

Moisescu & Thieleczek, 1978), A preactivating solution (solution 2) prepared by 

mixing 2mL solution C with 10 jiiL solution A was also used to facilitate the rapid 

activation of the skinned fibre preparation (Moisecu & Thieleczek, 1978) and thus 

minimise deterioration in the fibre induced by prolonged activation (Rees & 

Stephenson, 1986), For consistency of resuhs, the solutions used for determining 

contractUe activation characteristics as described in section 2,4,6,2 were prepared in 

buUc at the beginning of each study (Chapters 4, 5, and 6) and stored as individual 

aliquots at -SOT, 

Table 2.2 Volumes required to obtain series of Ca^^-activating solutions. 

Solution number vol, solution A (VA) vol. solution B (VB) vol. solution C 

(mL) (mL) (mL) 

i 2^00 - ^ 

2 0.01 - 1.99 

3 1.00 1.00 

4 0.80 1.20 

5 0.50 1.50 

6 0.35 1.65 

7 0.23 1.77 

8 0.13 1.87 

9 0.08 1.92 

10 0.05 1.95 

11 0.03 1.97 

12 - 2.00 
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Table 2.3 Volumes required to obtain series of Sr^^-activating solutions. 

Solution number vol. Solution A (VA) vol. solution C vol, solution D (VD) 

(mL) (mL) (mL) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2.00 

0,01 

1.985 

1.975 

1.950 

1.880 

1.780 

1.600 

1.420 

1,050 

0.350 
_ 

1,99 

0,015 

0,025 

0.050 

0.120 

0.220 

0.400 

0.580 

0.950 

1,650 

2,000 

2,4,5,1,1 Titration of solutions for determining Ca^*- and Sr2*- activation characteristics 

The pH and osmolality of aU solutions were 7.10 ± 0.01 at 22°C and 

295 ± 2 mosmol/kg, respectively. The ionic strength (I=V2SciZî ) for these solutions 

was 234 ±2 mM. The pCa (-log [Ca^^]) or pSr (-log [Sr^^]) of each solution were 

determined by titrating solutions A, B and D and calculating the [EGTA] in excess of 

Ca^^ or Sr̂ ^ ([EGTAJexcess). The [Ca^^] and [Sr̂ "̂ ] were then calculated with Eqs 5 

and 8 described below. Manual titration of solutions was used rather than computer 

programs as this aUowed for accurate determination of [Ca^^] when using chemicals 

and water of unknown calcium content. 
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Titration of solution A The strategy used to titrate solution A involved the foUowmg: 

(i) 0,05mL of solution A was mixed with 3,95mL of 150mM KCl/60 mM HEPES 

solution (KCl was necessary to prevent large changes in ionic strength so that all 

changes in pH would be produced only by the binding of Ca^^ to excess EGTA), 

(ii) 40|iL of IM MgCb was added to the solution in order to saturate the ATP with 

Mg^^ and thus, prevent the liberation of protons from ATP when Ca^^ is added, before 

the endpoint of the titration is reached, (iii) the pH of the solution was adjusted to 7.2 

with 0.4M KOH, (iv) the solution was titrated with l|iL aliquots of 0.25M CaCb (see 

Fig 2,7A) untU only a change of 0.001 pH units was detected, then the titration was 

completed by addmg 4x5nL aUquots of 0,25M CaCh. The endpoint of the titration 

was determined by graphing the results as seen in Fig, 2,7A. To calculate the 

[EGTAjexcess, the amount of CaCb required to reach the end point (nmoles) was 

divided by the initial volume of solution A (mL) (Moisescu & Thieleczek, 1979). 

eg. from Fig 2.7A. [EGTAjexcessofsoi. A = 2.50|nmoles /0.05mL = 50mM. 

Titration of solution B. The major difference between solutions A and B, relevant to the 

titration process, was that solution B contained a markedly lower [EGTAjexcess-

To accommodate for this difference, the titration strategy described in the previous 

section was altered for solution B as foUows: (i) 2,0mL of solution B was mixed with 

2,0mL 150 mMKCl/60 mM HEPES and 40|nL of 1 M MgCl2, All other steps were 

identical with those described for solution A and [EGTA]excess was calculated as 

explained for solution A, 
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endpoint (2.5|xmoles) 

2 3 4 5 

Hmoles CaCl2(n) 

T -
7 

X 8.300-

endpoint (2.3|jmoles) 

3 4 5 

p.moles SrCl2 (n) 

Figure 2.7 Example of titration curves used to calculate [EGTA]e,cess in solutions 

A (panel A), and solution D (panel B). [EGTAJexcess is required to determine the pCa 

and pSr (see Eq 3-8, section 2.4.5.1.1) of the solutions used for contractile activation of single 

muscle fibres. 
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Titration of solution D. Solution D was titrated as foUows: (i) 0.25mL of solution D was 

mixed with 3.75mL of 150 mM KCl/60 mM HEPES and 40|iL of 1 M MgCk, (ii) the 

pH of the solution was adjusted to 8,3 with 0,4M KOH to ensure that the endpoint was 

reached above pH 8,1 where the affinity of Sr̂ ^ for EGTA was sufficiently high, (iv) 

the solution was titrated with 10xl|jiL aUquots of 0.25 M SrCb (see Fig, 2.7B), then 

the titration was completed with 4x5|iL aliquots of 0,25 M SrC^, The end point of 

the titration was determined by graphing the results as seen in Fig. 2.7B. To calculate 

the [EGTAjexcess, the amount of SrCl2 required to reach the end point (^imoles) was 

divided by the initial volume of solution D (mL) 

eg. from Fig 2,7B, [EGTAJexcessmsoiD = 2,30|nmoles /0,25mL = 9.2 mM. 

Calculation ofpCa. The apparent affinity constant (Kapp) of Ca^^ to EGTA was assumed 

to be 4.78 x 10^ M"', a value measured eariier by West & Stephenson (1993) for 

conditions identical to those used in this study. 

The pCa values of solutions 3-12, were calculated using the volumes of 

solutions A and B (as listed in Table 2.2), the values for [EGTAjexcess calculated as 

described in the previous sections and Eq 3, 4 and 5 (VA, volume of solution A; VB, 

volume of solution B; Sol. A, solution A; Sol. B, solution B). 

rci-^rAi VB^i^GiA\^^g^^jggig) + (y^x[EGlA\g^g^^gj;ggi^) 
[t,(j 1 AJfree (.liq j) 

V 
'^ A+B 

[CaEGTA] = [EGTAJexcess of soi. A - [EGTAJfree (Eq 4) 
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[Ca-]= [g'^g^-^1 (Eq5) 
[£Gr.4].„ ^K app. 

Calculation ofpSr. The apparent affinity constant (Kapp) of Sr̂ * to EGTA was assumed 

to be 1,53 X 10'* M\ a value also measured eariier by West & Stephenson (1993) for 

conditions identical to those used in this study. 

It is important to note that in the stock strontium solution (solution D), only 

80% of the total EGTA was bound to Sr̂ ,̂ while the other 20% was free (EGTAfree). 

The pSr values of solutions 3-12, were calculated using the volumes of solutions A 

and D (as Usted in Table 2,3), the values for [EGTAJexcess calculated as described in 

the previous sections and Eq 6, 7 and 8 (VA, volume of solution A; VD, volume of 

solution D; Sol. A, solution A; Sol. D, solution D) 

IJbCrTAJfree = (Eq 6) 
^ A+D 

[SrEGTA] = [EGTAJexcess of Sol. A - [EGTAJfree (Eq 7) 

[Sr^1= ^^'^^^"^^ (Eq8) 
[EGTA]^^^xK free app. 
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2.4.5.2 Procedure used to expose fibre segments to series of calcium/sti'ontium buffered 

solutions 

When measuring contractUe activation parameters, the fibre was exposed first 

to a complete set (12) of Câ ^ solutions, then to a complete set (12) of Sr̂ ^ -solutions, 

and once again to the complete set of Câ ^ solutions (for preparation of solutions see 

section 2.4,5), Within each set, the order of solutions and exposure time were as 

described in the flow chart shown in Fig, 2,8. An example of force responses 

produced by a fast-twitch single muscle fibre in a complete experiment is shown in 

Fig. 2.9. 

2.4.6 Data analysis 

2.4.6.1 Force measurements 

The height of each force response was measured from the baseline generated 

when the fibre was incubated in the relaxing solution. In order to define the 

parameters describing the relationship between force and Câ ^ or Sr̂ ^ concentrations 

listed in section 2,4.6,2, the fraction of the maximum Ca^^-activated force (CaFmax) or 

Sr -activated force (SrFmax) developed by a fibre segment in various activating 

solutions (% max, force; Pt) had to be calculated. This was done by dividing the 

steady-state isometric force attained m a solution of a particular pCa or pSr by the 

interpolated value of the maximum Câ -̂ or Sr̂ -̂ activated force response as 
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Figure 2.8 Order of solutions (using 1 batch of solutions) used to determine 

contractile activation parameters of a skinned fibre preparation. For proportions of 

solutions A, B, C and D used to prepare solutions 1-12 in each set refer to Tables 2.2 and 2.3. 

The fibre segment was exposed to each of of the activating solutions (clear boxes) until the 

maximum response was achieved (<5secs.). Note that solutions 1 and 2 from the calcium set 

(shaded boxes) were also used for the strontium activation cycle. 
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described in detail elsewhere (Rees & Stephenson, 1987), This strategy, explamed in 

detail in Fig. 2,10, corrects for the small degree of deterioration in force production 

associated with the repeated activation of the skinned fibre preparation. For 

Ca^^-activation experiments where two Ca^^-activation cycles were performed for 

each fibre, the average of the two Pt values obtained for each pCa were used to 

calculate the contractile activation parameters. 

2.4.6.2 Contractile activation characteristics for skinned fibres 

Using PRISM software (GraphPad Software Inc.), Pt was then plotted against 

the pCa/pSr values in those solutions and theoretical Hill curves of type described by 

the equation 

P,= l / [ l + 10"i(^-y] (Eq9) 

were fitted through the data points using a nonlinear regression analysis protocol 

(GraphPad Prism software). In Eq 9, «, is the associated Hill coefficient, x is pCa or 

pSr and xso is the pCa or pSr value where 50% of the maximum isometric force 

(pCaso, pSrso) is reached. In the present study, the curves described by Eq 9 are called 

'simple' Hill curves. 

As the best computer-fitted simple Hill curves did not pass through all the data 

points, a criterion had to be defined for deciding what was a 'well-fitted' curve. 



Initial max. force Final max. force 
response rs 

rfTfl 
1̂  response 

K 
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Example of calculation 

Initial max. force response = 123.7 mm (on the chart recorder) 

Final max. force response = 119.4 mm (on the chart recorder) 

A (initial max. response -jEinal max. response) =4.3 mm 

Number of activations (N) between initial and final max. responses = 11 

Correction factor (CF) for each activation = 4.3/11=0.39 

Correction factor for the Nth activation (CFj^ = 0.39mm x Nth 

Activation 
nunte' 
(Nth) 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Force response 
for the Nth 
activation 

(mm) 

2,1 
46 
16.3 
57.9 
93,7 
107.1 
113.4 
117.1 
118.6 
119.4 

CpNtti 

0.78 
1.17 
1.56 
1.95 
2,35 
2.74 
3.13 
3.52 
3.91 
4.30 

Corrected max. 
force response 
(Initial max. 

response<]Fi,ih) 
(mm) 

122.92 
122.53 
122.14 
121.75 
121.35 
120.96 
120.57 
120.18 
119.79 
119.40 

Pt (%maxinun fixce) 

Corrected 
max. force 

1,7 
3.8 
13.3 
47.6 
77.2 
88.5 
94.1 
97,4 
99.0 
100.0 

Non-
corrected 
max force 

1.7 
3.7 
13,2 
46.8 
75,7 
86.6 
91.7 
94,7 
95,9 
96,5 

Figure 2.10 An example of the chart recording produced from a slow-

twitch SOL fibre and the calculations necessary in correcting for fibre 

deterioration between maximum force responses developed within an 

activation cycle. The same strategy was used for both calcium and strontium 

activation (Note: trace of slow-twitch fibre is not drawTi to scale). 
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Takmg into consideration experimental errors involved in estimating the position of 

the data points m the force-pCa/pSr plots, it was decided that a well-fitted curve to the 

data points must pass no fiirther than 0,05 CaFmax (or SrFmax) fi"om individual data 

pomts in the force-pCa (pSr) plots. Therefore, if the force-pCa and force-pSr plots for 

a particular fibre were deemed to be well-fitted by the best curve derived from the 

simple Hill equation (Eq 9), that fibre was classified as a 'simple' fibre. For all fibres 

investigated in this study, the range of force-pCa data pomts for the two complete sets 

of data, lied no fiirther than 0.05 CaFmax from simple Hill curves, i.e. all fibres 

examined were simple fibres with respect to Ca activation. 

It is important to note that in Chapter 4, fibres were examined for both Ca 

and Sr^^-activation characteristics and that some of these fibres did not fit the 'sunple' 

fibre category with respect to Sr^^-activation, Details of the strategy used to analyse 

the data for such fibres are given in Chapter 4, 

The following activation parameters were determined for each individual fibre 

segment: 

(i) maximum Ca^^-activated force per cross sectional area (CaFmax/CSA; kN/m ), 

determined from the ampUtude of the first force response of a mechanically 

skinned fibre in the maximally Ca^^-activating solution and from its estimated 

cross-sectional area measured in paraffin oil before exposure to aqueous 

solution, 

(ii) pCaio (activation threshold for Ca^ )̂, the pCa where 10% of CaFmax was 

produced, 

(iii) - pSrio (activation threshold for Sr̂ )̂, the pSr where 10% SrFmax was produced. 
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(iv) pCaso (sensitivity to Ca^^, the pCa where 50% of CaFmax was produced, 

(v) pSrso (sensitivity to Sr^^, the pCa where 50% of SrFmax was produced, 

(vi) «ca (minimum number of cooperating Ca^^-binding sites) (Stephenson & 

Williams, 1981), 

(vii) nsr (minimum number of cooperating Sr^^-binding sites), 

(viii) pCaio - pSrio = log([Sr^^]/[Ca^^]) (Aio, relative threshold for Ca^^ and Sr^^) and 

(ix) pCaso - pSrso = log([Sr^*]/[Ca '̂"]) (A50; relative sensitivity to Ca^^ and Sr^^). 

2.5 SDS-PAGE analysis of single muscle fibres or whole muscle 

2.5.1 Set up of electrophoresis equipment 

All SDS-PAGE analyses were performed on the Hoefer 260 Mighty Small unit 

(Fig. 2.1 IB). Only a brief description will be given of the electrophoresis setup, 

because all details regarding the preparation of gels and set up of the unit are provided 

in the Hoefer 260 product manual. The gels were prepared manually at RT using 

10 X 10.5 cm glass plates, 0.75mm spacers and the SE 235 multiple gel caster (see 

Fig. 2.11 A). The heights of the 2 gels were 8.8 cm (separating gel) and 2.0 cm 

(stacking gel). All ingredients were mixed in a conical flask and the polymerising 

agents, ammonium persulfate (AP) and N,N,N',N'-tetramethylethylenediamine 

(TEMED), were added last. If the gel was used on the same day, the separating gel 

was overlayed with distilled water and the stacking gel was poured after 2 hours. If 

the gd was used the following day, the layer of water was replaced with 0.2% SDS 
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Figure 2.11 Electrophoresis equipment. A. The gels were prepared manually 

using the SE 235 multiple gel caster. B. Gels were run in the SE 260 electrophoresis 

setup (reproduced fi-om Hoefer Gel Electrophoresis Unit Instructions). 
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and the gel was left covered overnight. The stacking gel was formed using a 15-well 

comb and allowed to set for 45-60 minutes. After the stacking gel was set, the comb 

was carefiiUy removed to avoid damaging the wells and the remaining unpolymerised 

polyacrylamide solution was removed from the electrophoretic wells using strips of 

fiher paper cut to fit the shape of the wells. Once clean, the wells were filled with the 

appropriate running buffer (running buffer for upper chamber). 

Following the loading of samples, the appropriate running buffer was placed 

into the lower chamber, the lid was placed in position and the unit was connected to 

the power supply. 

At the end of the electrophoresis run, the power supply was turned off", the 

setup was dismantled, the gel plates were carefully separated, the stacking gel was 

removed and the separating gel was fiarther treated as described in section 2.5.3. 

2.5.2 Sample preparation 

The single fibres to be analysed by SDS-PAGE were placed in l2pL SDS-

PAGE solubilizing buffer (62.5 mM Tris, 2.3% SDS, 5% P-mercaptoethanol, 12.5% 

glycerol, 13.6% sucrose, 0.01% bromophenol blue, 0.1 mM phenly methylsulfonyl 

fluoride, 2 fxM leupeptin, and 1 ̂ iM pepstatin) either immediately after dissection 

under paraffin oil or after first being examined for contractile characteristics as 

described above. In both cases, the single muscle fibre segments were incubated in 

the solubilising buffer for 24 hrs at room temperature and then boiled for 5 min. The 

MHC^omposition of single muscle fibres was examined by loading in each 
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electrophoretic well a 6 pL sample ahquot containing the equivalent of 0.025-0.05 nL 

fibre/ML. For MLC composition analyses, a 10 |iL sample ahquot containing the 

equivalent of 0.3-0.4 nL fibre/pL was loaded per electrophoretic well. 

To analyse MHC or MLC expression in whole muscle homogenates (prepared 

as described in section 2.2), each homogenate was diluted with SDS-PAGE 

solubilising buffer and boiled for 5 min. The MHC composition of a whole muscle 

homogenate was examined by loading in each electrophoretic well a 6 fiL sample 

aliquot containing 0.05 mg protein/mL. For MLC composition analyses a 10 |LIL 

sample ahquot containing 0.15 mg protein/mL was loaded per electrophoretic well. 

To aid in identification of the MHC composition of muscle homogenates and 

single fibres, a laboratory MHC marker contaimng all 4 MHC isoforms was prepared 

by mixing 0.05 mg protein/mL of each of the solubilised homogenates of SOL and 

EDL. The MHC isoforms in the laboratory marker were identified based on data 

reported in the literature and on SDS-PAGE analysis of MHC isoforms in rat muscles 

containing one dominant isoform: SOL (MHCI), DPH (MHCIID) and levator ani 

(MHCIIB) (Hamalainen & Pette, 1995). The MLC isoform bands were identified on 

the basis of data reported in the literature, of the electrophoretic mobility of purified 

rat MLC isoforms (personal communication; Brett O'Connell), and of SDS-PAGE 

analysis of low-molecular-weight myofibrillar proteins in segments of single fibres 

containing only one fast or one slow MHC isoform. 
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2.5.3 Staining of the SDS-PA gels 

Two different silver-staming methods were used in this study, the acidic 

method (Hoefer protocol) for detectmg MHC isoform bands and the alkahne method 

(Bio-Rad protocol) (Syrovy & Hodny, 1991) for detectmg MLC isoform bands. The 

Hoefer protocol was used for detection of MLC bands because of its abihty to produce 

minimum background staining and sharp bands. The Hoefer protocol produced also 

minimum background staining when appUed to MHC gels; however, m this case they 

failed to produce bands as sharp as the Bio-Rad protocol. A number of measures were 

taken to ensure even staming of the protem bands and minimum background staming. 

These mcluded (i) thorough cleaning of the glass staining dishes, (ii) clean dishes used 

for each staining step, (iii) constant shaking of gels throughout the staining procedure. 

After staining, the gels were scanned wet or were first dried between two 

pieces of cellophane, then scanned and finally stored dry. Details regarding scanning 

are given in section 2.5.4. No significant differences (P<0.05, n=3) were observed 

between the intensities of bands MHCHa (27.2±0.4 % vs 29.1±0.1%), MHCIId 

(47.9±0.3% vs 46.1±0.2%), MHCIIb (7.8±0.5% vs 7.5±0.5%) and MHCI (17.1±0.4% 

vs 17.3±0.2%) when results obtained with gels that were scanned wet or dry were 

compared. 

Bio-Rad silver staining. The gels were fixed (50% methanol/10% acetic 

acid/5%glycerol) for a mmimum of 30 min and rinsed twice for 10 min m distilled 

water. The gels were then stained in a solution containing 0.24 M NaCOa, 0.1% 
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AgNOa, 0.1% NH4NO3, 0.5% tungstosihcic acid and 0.14% formaldehyde, until the 

desu-ed staming was reached. The stainmg reaction was stopped m 5% acetic acid. 

Hoefer silver staining. The gels were fixed (40% ethanol/10% acetic acid) for a 

minimum of 30 min and then placed in a sensitising solution (30% ethanol, 0.125% 

glutardialdhyde, 0.2% sodium thiosulfate and 0.83 mM sodium acetate) for another 30 

min. The gels were then washed in distilled water three time for 5 min and then 

placed m silver reaction solution (0.25% silver nitrate and 0.015% formaldehyde) for 

20 min followed by another wash step (2x1 min). The protein bands were developed 

m 0.24 mM sodium carbonate and 0.0074% formaldehyde and the staming was 

stopped in 0.04 mM EDTA-Na2 fiar a mmimum of 10 mm. 

2.5.4 Densitometry 

A Molecular Dynamics Personal Densitometer was used for scanning the gels 

with the aid of the ImageQuaNT software version 4.1 (Molecular Dynamics). The 

protein bands were analysed either with respect to band separation (by measuring the 

distance between bands) or relative proportion of protein band (by volume 

quantitation). 

After optimising the contrast with the grey/color adjust window, the distance 

between bands was measured by creating first a line graph that showed the peaks 

corresponding to the individual protein bands (see Fig. 2.12A), and then measuring 

the distance between the peaks, corresponding to the bands. Volume quantitation was 
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Figure 2.12 Analysing MHC isoform bands. A. The strategy used for 

measuring the distance between the peaks (a line is drawn through the bands 

and their pixel intensity and distance along the line is represented in the graph; 

O.D, optical density). B. The strategy used for volume quantitation (a box is 

drawn around the protein band and the pixel intensity within the box is 

analysed). 
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performed by drawing a box around the protein band and then analysing pkel 

intensities within the box (see Fig. 2.12B). 

2.5.5 Estimation of MHC isoform and MLC2 isoform composition in whole muscle 

homogenates 

The gels for both high and low molecular weight proteins were analysed using 

a Molecular Dynamics Personal Densitometer and the volumetric quantitation method 

with background correction provided by the ImageQuaNT software version 4.1 

(Molecular Dynamics). 

Fig. 2.13 A illustrates the relationship between AODlMHCi (the computed 

difference between the optical density of the protein band corresponding to MHC; and 

that of the background) and the total protein concentration in the homogenate sample 

(over the range 0.01 to 0.06 mg/ml). As seen in Fig. 2.13A, AODIMHCI was linearly 

related to the total protein concentration for each MHC isoform detected 

(r'MHCi= 0.98; r'MHcna=0.96; r̂ MHciid = 0.95). 

The linear functions represented in Fig. 2.13 A are described by the equation 

AODlMHCi =aiC + bi (EqlO) 

where C is the total protein concentration in the homogenate sample, a. is the 

slope of the line for MHCi and bi is the intercept of the line for MHCi with the y-axis. 

Direct proportionality between total protein concentration in the homogenate sample 
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Figure 2.13 A. relationship between A O D I M H O (computed difference between optical 

density of the protein band corresponding to MHCi isoform and that of the backgroimd) 

expressed in arbitrary units and the total protein concentration in the 

homogenate sample. B relationship between AOD2MHCi (an optical parameter 

derived from AODIMHC, as explained in section 2.5.5) expressed in arbitrary units and 

the total protein concentration in the homogenate sample. D, MHCI; • , MHCIIa; 

X, MHCIId. 
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and a second optical parameter (A0D2MHCi), derived from AODIMHC!, can be obtamed 

by transferring bi from the right to the left side of Eq 10, i.e. 

A0D2MHCi = AODlMHCi -bi = ai C (Eq 11) 

The resuh of this mathematical manipulation is shown in Fig. 2.13B. The 

concentration of each MHC isoform in the muscle homogenate sample ([MHC;]) is 

proportional to the total protein concentration, C, i.e 

[MHCi] = tti C (Eq 12) 

where oci is the fraction of total protem representmg the MHCi component. 

Substitutmg C m Eq 11 with [MHCi]/ai from Eq 12 resuhs m a direct proportionahty 

between AOD2MHCi and [MHCi]: 

A0D2MHCi = [MHCi] ai ton (Eq 13) 

If the silver stain reacts in a similar manner with all myosin heavy chain 

isoforms, then the ratio ai /ai should have a constant value, which is independent of 

the MHC isoform. This simple mathematical manipulation then allows the direct 

estimation of the relative proportion of each MHC isoform in a given homogenate 

sample, from the data generated by the densitometer software, using the expression; 

[MHCi]/ 5:[MHCi] (%)=100AOD2MHCi /2AOD2MHCi (Eq 14) 
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Chapter 3 

An Investigation into Effects of Various SDS-PAGE Related 

Parameters on the Separation of MHC Isoforms in Rat 

Skeletal Muscle 

3.1 introduction 

The SDS-discontmuous gel system described originally by Laemmh (1970) is 

the most widely used polyacrylamide gel system in studies concerned with the 

separation of protein mixtures under dissociating conditions. The major characteristics 

of the Laemmli system include the use of (i) two gels (separating gel and stacking gel) 

of different length, pH and porosity, (ii) bis-acrylamide concentration equivalent to a 

%C value of 2.6%, (iii) chloride and glycine as the leading and traihng anions, (iv) 

Tris as the major cation and (v) a single running buffer system (for definition of basic 

concepts in gel electrophoresis see section 1.3.2.1). Details regarding the composition 

of the separating gel, stacking gel and running buffer are shown in Tables A1-A3, 

Appendix 1. 

Many studies involving separation of MHC isoforms in mammalian muscle 

preparations used 'Laemmli' gel systems, i.e. slightly modified versions of the 
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original Laemmli gel system. Some of the mmor modifications made in these studies 

include, addition of glycerol to the separating gel (Carraro & Catani, 1983), the use of 

a non-uniform (gradient) separating gel (Bar & Pette, 1988) and the use of higher 

concentrations of Tris and Glycine in the running buffer (DanieU-Betto et al, 1986). 

In 1993, Talmadge & Roy described an electrophoretic system [referred to 

henceforth as the Talmadge & Roy (T-R) gel system; for details of the composition of 

different components see Tables A1-A3, Appendix 1], deemed to produce a complete 

electrophoretic resolution of MHC isoforms. The T-R gel system displays several 

notable differences to the Laenmili gel system. These include: a reduced %C value 

(2.0%), the addition of glycme (100 mM) to the separatmg gel and of EDTA (4 mM) 

to the stacking gel, a decrease in [Tris] (200 mM) in the separatmg gel, an increase m 

[SDS] (0.4%) and the use of two runmng buffers. Like the Laenmili gel system, the 

T-R gel system has been subjected to minor modifications by researchers, who in the 

process of seeking fiirther improvement in the separation of MHC isoforms, generated 

a family of'T-R' gel systems. 

A brief survey of 72 studies (listed in Appendix 5) concerned with the 

separation of MHC isoforms showed that a small proportion (8 out of 72; listed in 

Appendix 5.3) did not include a reference for the gel system used. The gel systems 

used for fiirther modification in 64 of these studies were either Laemmli (see list in 

Appendix 5.1) or T-R systems (see list in Appendix 5.2). Over the past five years, the 

Laemmli and T-R gel systems appear to have been equally used (with fiirther minor 

modifications) for the separation of MHC isoforms. 
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The main aim of this present study was to examine the effect of various 

parameters on the abihty of SDS-PA gels to separate the MHC isoforms (I, Eh, lid 

and Ha) expressed m aduh rat skeletal muscle. This was achieved by usmg gel 

systems derived from the Laemmh and from the T-R protocols and the laboratory 

MHC marker (i.e. a muscle sample contaimng all four MHC isoforms). 

3.2 iMetiiods 

SDS-PAGE. Details related to the set up of the gel apparatus and to basic 

electrophoretic procedures, such as gel preparation, sample preparation, gel staining 

and densitometry, can be found m the appropriate sections withm Chapter 2. 

Throughout this chapter, a defined set of values for electrophoretic parameters will be 

referred to collectively as the gel system. 

The MHC laboratory marker, a mixture of SOL and EDL muscle homogenates 

containing all 4 MHC isoforms, was prepared as described in section 2.5.2. 

DATA ANALYSIS. The parameter used to evaluate the abihty of a gel to separate the 

MHC isoforms present in the MHC sample was the distance between two 

near-neighbour isoform bands detected in a smgle gel lane. This distance was 

determined densitometrically as described in section 2.5.4. The following symbols 

were used throughout this chapter when referring to the separation of MHC isoforms 

on a gel: 

A : distance between any two MHC isoforms 
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Aua-nd : distance between MHC isoforms Ua and Ed 

nad : composite band produced by the co-migration of MHC isoforms Ha and Ud 

Had-nb : distance between the composite band Had and MHC isoform band Ed 

The smallest mter-band distance that could be detected with the software used in this 

study, i.e. the detection hmit (DL), was 0.4mm. 

The effect of various parameters on the electrophoretic separation of MHC 

isoforms was evaluated by measuring the distance between the following pairs of 

near-neighbour MHC isoform bands: lib and I (Anb-i), lid and lib (And-ub) or 

Had and lib (Anad-nb) fiar gel systems that did not separate MHC isoform bands, and 

Ha and Ud (Ana-nd)- The tune-consuming aspect of MHC isoform analysis by SDS-

PAGE (the minimum time taken to produce one set of results was approximately 28 

hrs) did not allow rephcation of experiments m which effects of various parameters 

were examined and thus precluded subsequent statistical analysis of significance. 

This methodological limitation was circumvented when comparing sets of data, by 

using a strategy that involved the following: the MHC sample was electrophoresed 

many tunes (n= 18), under identical conditions, distances between the protein bands 

of interest (Anb-i,, And-iib,, Ana-iid) were measured, and the mean and coefiBcient of 

variation (CV=1SD expressed as percent of the mean) were calculated for each pair of 

MHC isoforms. The appropriate CV value was used as a lower limit when deciding 

whether a parameter had a 'convincing effect' on the separation of near-neighbour 

MHC isoform bands. The CV values calculated using this strategy and subsequently 

used in data analyses are as follows: 10% (for Anb-i), 30% (for And-iib) and 16% (for 

Aiia-iid). In other words, to be convincing, the effect of a given parameter on the 
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separation of MHC isoforms would have to be 10% (for Aob-i), 30% (for Aud-nb) and 

16% (for Aiia-ud) higher/lower than the reference. 

3.3 Resuits 

3.3.1 Effects of changing various electrophoretic parameters in two gel systems on 

the separation of MHC isoforms in rat skeletal muscle 

The SDS-PAGE related parameters examined m the present study belong to 

one of two groups, the composition of the separating and stacking gels and the 

running conditions (which mclude the composition of the running buffer). Initial 

attempts to separate MHC isoforms using the origmal protocols of Laemmh (1970) 

and Talmadge & Roy (1993) failed to produce satisfactory results. Minor 

modifications to these protocols produced two families of laboratory gel systems 

referred to as 'Laemmli' gel systems and 'T-R' gel systems, which were subsequently 

used to examine the effects of the parameters under consideration. Results presented 

in some sections were collected from several gel systems; details of these gel systems 

are provided in Appendices 2-4. To assist with finding these details, gels were coded 

according to the place where the resuhs were mentioned (F-figure; T-table; txt-text). 

For example, details of the gel system used for generating the data shown in Figs 3.1 A 

and Fig 3. IB will be found in the appropriate appendix under the name gel F3.1 A,B. 
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3.3.1.1 Alteration of parameters in the 'Laemmli' gel systems 

Most of the data presented in this chapter are concerned with the separation of 

MHC isoforms lib and I, lid and lib, or Had and lib (for gel systems in which MHC 

isoforms Ila and lid co-migrated) and Ila and lid. A limited number of data, presented 

in section 3.3.1.1.3 are concerned with the separation of two MHC I bands. 

3.3.1.1.1 Composition of the separating gel 

Acrylamide concentration. In Fig. 3.1 is represented the effect of increasing acrylamide 

concentration ([A]) in the separatmg gel on the distance between the MHC isoform 

bands indicated on the y-axis. Note that MHC isoforms Ha and lid co-migrated on all 

the gels analysed for Fig. 3.1. The gels used to generate the data shown in Fig. 3.1A 

and 3. IB contained the same concentration of the cross-linker bis-acrylamide 

([B] = 0.153%, w/v), but different %C values (1.5-2.5%). As seen in Fig. 3.1 A, an 

increase of [A] from 6-10%, led to a gradual decrease in the distance between MHC 

isoforms lib and I, so that at 10% [A], Anb-i was 46% lower than at 6% [A]. It is 

interesting to note that in this gel system Aiib-i (1.4mm) was more than three times 

higher than the densitometer detection limit (DL, 0.4mm), even in the least effective 

separating gel ([A]=10%). An increase in [A] over the same range had no convincing 

effect (< 30%) on Anad-iib, which remained just above the detection limit (Fig. 3. IB). 

Similar effects of [A] on Aub-i and Anad-iib were obtained for gels in which %C was 

kept constant and [B] was varied (see Fig. 3. IC and 3. ID). Taken together these data 
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Figure 3.1 The effect of acrylamide concentration ([A]) on the separation of 

MHC isoforms I and lib (panels A and C) and Had and lib (panels B and D). Gels 

used to produce the data presented in panels A and B contained constant [B] and gel used for 

panels C and D contained constant %C. For details of gel F3.1A,B (i.e. for the gel system that 

generated the data presented in panels A and B) and gel F3.1C,D see Appendix 2. 
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suggests that (i) varymg [A], while mamtaming [B] or %C constant, altered the 

separation of near-neighbour fast and slow MHC bands, but not near-neighbour 

fast/fast MHC bands regardless of the gel system, and (ii) for a given gel system, the 

[A] that produced the best separation for MHC isoforms lib and I, produced only 

minor separation of MHC isoforms Ud and lib and failed to separate MHC isoforms 

Ha and lid. 

%C value. It is well established that, for a given gel system, an increase in %C over 

the range 0-5% decreases the pore size of the gel matrix (Allen et al, 1984). As 

shown in Fig. 3.2A, an mcrease in %C when [A] was kept constant ([A]=7.3%) had 

no convmcmg effect on Anb-i over the range 1.5-1.8%, but was accompanied by a 26% 

decrease in Anb-i when %C was mcreased from 1.8 to 2.5%. The effect of varying %C 

over the range 1.5-2.5% on Anad-nb was highly inconsistent (Fig. 3.2B). Thus, Anad-m, 

decreased when %C increased from 1.5 to 1.6% (-42%) and from 1.7 to 1.8% (-22%), 

but increased by 29% and 50% when %C was increased from 1.6 to 1.7% and 1.8 to 

2.5%, respectively. In the gel system used for this series of experiments, manipulation 

of %C failed to separate MHC isoforms Ila and Ild, which co-migrated as one band 

Had. Similar effects of %C on Anb-i and Anad-iib were seen in two other gel systems 

(data not shown). 

Tris concentration. The effect of [Tris] on MHC isoform separation was examined at 

values above that used by Laemmli (1970) in his original protocol (375 mM). The gel 
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Figure 3.2 The effect of %C value on the separation of MHC isoforms lib and I 

(panel A) and Had and Hb (panel B). For details of gel F3 2 see Appendix 2 
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system used in this series of experiments separated all MHC isoforms and the results 

are shown in Fig. 3.3. As seen m Fig. 3.3 A, an mcrease in [Tris] from 375 mM to 

500 mM was accompanied by a 20% decrease in Anb-i; a more marked decrease in 

Aiib-i (-54%) was observed when [Tris] in the separating gel was increased to 

700 mM (Fig. 3.3 A), such that at this concentration the separation between MHC 

isoforms Hb and I was only 1.4 times DL. 

When [Tris] was increased from 375 mM to 500 mM or to 700 mM (Fig. 3.3B), 

Aiid-iib increased by 62% and 77%, respectively, but in this gel system the separation 

of MHC isoform bands Ild and Hb was lower than 2xDL even at 700 mM Tris. 

Varying [Tris] over the range 375-700 mM produced an inconsistent effect on Ana-iid 

Thus, an mcrease m [Tris] from 375-500 mM was accompanied by a shght mcrease 

hi Afla-od (+ 21%); however, when [Tris] was increased to 700 mM Ana-nd decreased 

by 35% (Fig. 3.3C). 

It is noteworthy that in the gel system used to generate the data for this section, 

500 mM Tris in the resolving gel allowed satisfactory separation of all MHC isoforms 

(Fig. 3.3). 

Glycerol concentration. In an eariier study, DanieU-Betto et al (1986) reported an 

improvement in the separation of MHC isoforms in rat skeletal muscle by SDS-PAGE 

when 40% (v/v) glycerol was included in the separating gel of a 'Laemmli' gel 

system. To examine the effectiveness of glycerol in the concentration range used by 

Danieh-Betto and others (Schiaffino et al, 1989; Daugaard et al, 1998) on rat MHC 

isoform separation, gels containing two different [glycerol] within the range 35-42.5% 
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(î  

<u 

__r 
o o 
o 
o 
I-I 

Ci-

o^ t ^ 
ON 

^̂_̂  
* E 
B 
as 

—̂  Hi 

ap 
' C 
o 
a> 
<-> 
_c 

a> 
+-" 
o Z 

{si 
X 

•5 
a . 
a , 
< 
(U 
<u 
c/3 

m 
CO 
Pî  
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(35% vs 37%; 37% vs 40% and 40% vs 42.5%) were compared with respect to their 

ability to resolve MHC bands Hb and I and Ud and Hb in the lab marker. The data 

presented were collected from 8 gel systems, none of which separated MHC bands Ha 

and lid. 

As seen in Table 3.1, Anb-i was larger than the detection hmit in all 16 gels 

used for this study. An increase m [glycerol] from 37 to 40% (m gel systems 3-6) was 

accompanied by a consistent increase in Anb-i in all 4 gel systems, particularly in gel 

system 3 (+120%), gel system 4 (+92%), and gel system 6 (+280%). A fiirther 

increase in [glycerol] from 40% to 42.5% produced no effect on Anw in gel system 7 

and only a shght effect (+13%) in gel system 8. No convmcing effect on the 

separation of MHCs lib and I bands was observed when [glycerol] m the resolvmg 

gel was decreased from 37% to 35% (see gel systems 1 and 2). These data mdicate 

that, for glycerol, the concentration range 37 to 40% is optimum with respect to the 

separation of MHC lib and I bands, regardless of other components in the gel system. 

The effect of [glycerol] on the separation of MHC bands Had and lib showed a 

different pattem to that described for MHC isoform bands lib and I. For example, as 

seen in Table 3.1, Anad-nb was altered inconsistently by an increase in [glycerol] from 

37 to 40% (gel system 3: +43%, gel system 4; -12%, gel system 5: -100%, gel system 

6: -38%). Moreover, an increase in [glycerol] from 35 to 37% (gel systems 1 and 2) 

did not affect Anad-nb and, in gels containing 40% and 42.5% glycerol, all MHC II 

isoforms co-migrated regardless of the gel systems used (gel systems 7 and 8). 

Clearly, for the gel systems examined here, an increase in [glycerol] from 35 to 37% 

did nC5t improve the separation of MHC isoform bands lib and Had. 
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Table 3.1 The effect of varying [glycerol] on the separation of MHC isoforms. 

For details of each gel system refer to Appendix 3. 

Gel 

system 

1 

2 

3 

4 

5 

6 

7 

8 

35% 

0.85mm 

2.10mm 

Anb-i (mm) 

[glycerol] (v/v) 

37% 

0.80mm 

2.20mm 

1.00mm 

i.20nim 

2.40nim 

0.60mm 

40% 

2.20mm 

2.30inm 

2.60mm 

2.30mm 

3.50nim 

1.80mm 

42.5% 

3.60mm 

2.05mm 

35% 

1.25mm 

1.60mm 

Aoad-m , (mm) 

[glycerol] (v/v) 

37% 

1.15mm 

1.70mm 

1.75mm 

1.70nim 

0.95mm 

0.65mm 

40% 42.5% 

2.50mm 

1.50mm 

0 

0.40nim 

0 0 

0 0 

Glycine concentration. To improve the resolution of myofibrillar proteins, Porzio and 

Pearson (1977) developed a SDS-PAGE gel system in which the separating gel 

contained glycine, the traihng ion in the original Laemmli (1970) protocol. The 

resuhs of this study show (Fig. 3.4) that in the absence of [glycine], the separation of 

MHC bands lib and I was 9 x DL, while fast MHC bands co-migrated. An increase in 

[glycine] from 0 mM to 50 mM was accompanied by a 41% decrease in Anb-i 

(Fig 3.4A) and 100% mcrease (to a value equal with 2 x DL) in Anad-iib.(Fig. 3.4B). 
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Figure 3.4 The effect of [glycine] on the separation of MHC isoforms Hb and I 

(panel A), and Had and Hb (panel B). For details of gel F3.4 see Appendix 2. 
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Increasing [glycine] from 50 mM to 100 mM produced a fiirther decrease in Anb-i (at 

an apparently lower rate) (Fig 3.4A), but no further change in Anad-iib(Fig. 3.4B). 

3.3.1.1.2 Stacking gel 

As discussed previously (section 3.3.1.1.1), Danieli-Betto et al (1986) used 

40% glycerol both in the separating and stacking gel to enhance the separation of 

MHC isoforms by SDS-PAGE. The resuhs of this study show (Fig. 3.5) that adding 

40% glycerol to the modified stacker had no convincing effect on Anb-i (Fig. 3.5A) or 

on Anad-nb (Fig. 3.5B). Note that this gel system was also unable to separate MHC 

isoform bands Ila and lid. 

3.3.1.1.3 Running conditions 

Electric field. The data (collected with two 'Laemmli' gel systems) on the effect of the 

electric field (E) on MHC isoform separation are presented in Fig 3.6. The electric 

field is expressed as vohs/cm (V/cm), where the length of the gel (8.8 cm) was 

measured from the bottom of the electrophoretic well to the bottom of the glass plates. 

As seen in Fig. 3.6A, 3.6C and 3.6E, an increase in E from 11.4 V/cm to 13.6V/cm 

produced a slight increase (+15%) in Anb-i (Fig. 3.6A), no convincing effect on Ana-iib 

(+13%) (Fig. 3.6C) and an increase in Ana-nd (+29%) (Fig. 3.6E). When E was 

increased, in another gel system, from 11.4 V/cm to 17.0 V/cm a similar increase was 

observed for both Anw (+56%) (Fig. 3.6B) and Anad-nb (+57%) (Fig 3.6D). 
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Figure 3.5 The effect of [glycerol] in the stacking gel on the separation of MHC 

isoforms Ob and I (panel A), and Had and Hb (panel B). For details of gel F3.5 see 

Appendix 2. 
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Figure 3.6 The effect of varying the electric field (E) on the separation of MHC 

isoforms. For details of gel F3.6A,C,E and gel F3.6B,D see Appendix 2. 
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No separation of MHC isoform bands Ea and lid was achieved on the second gel 

system. Taken together, these data suggest that mcreasmg E over the range 11.4 to 

17.0V/cm had a positive effect on the separation of all pairs of MHC isoforms 

examined. It is important to note that the gels run at 17.0 V/cm, were kept at 2-4°C to 

minimise Joule heating that increases diffiision and decreases band sharpness (Allen 

etal 1984). 

Running time. An increase in the running time from 24 to 34 hrs (Fig. 3.7), produced a 

175% increase in Aob-i (Fig. 3.7A) but only a 48% mcrease in Anad-iib(Fig. 3.7B). In 

this gel system, MHC isoform bands Ila and Ild co-migrated at both tune points. 

These data suggests that m a given 'Laemmh' gel system, an mcrease m the runmng 

tune affects the separation of different MHC isoform bands in a sunilar manner, but 

the magnitude of the effect may be dependent on the pah- of MHC isoform bands 

under consideration. 

Running temperature. The effect of the running temperature of a gel system on MHC 

isoform separation was examined over three temperature ranges [2-4°C (refrigerator), 

12-14°C (ice box) and 16-21°C (water-cooling)]. As seen in Fig. 3.8A, an increase in 

the running temperature from 2-4°C to 12-14°C was found to increase Anb-i by 68% 

(from 3. IxDL to 5.3xDL). A further increase in the temperature range to 16-2rC 

produced an increase in Anb-i by 110% (from 5.3xDL to 1 IxDL). The separation of 

MHC isoform bands lid and lib (Fig. 3.8B) was the same at running temperatures 

2-4°C-and 12-14**C (2. IxDL), but a fiirther increase in the temperature to 16-2rc, 
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Figure 3.7 The effect of running time on the separation of MHC isoforms Hb 

and I (panel A), and Had and Hb (panel B). For details of gel F3.7 see Appendix 2 



103 

O 
•A <o 

(uiui) 

— I — 

I 

<o 
'" O 

o 

ex ™ 
^ aJ 

a 
E 

.a 
B 
•a 
e 
es 

a 
e 
a 

•o 
B 
es 

m 
— I — 

OJ T -

(UJUl) qii-pih 

S 
u a 
o 
Vi (N 

(UIUJ) i-qih 

o
fM

H
 

e 
o 
* * 
es 
u 
es 
a. 
ii 
Vi 
ii 

.A 
•<-< 

B 
O 
ii 
u 
3 
08 
u ii 
a 
S 9^ 

•*-< 

00 
e 
B 
B 
3 
U 

O 

*̂  
u 

ef
fe

 

v 
JS 
H 
00 
fo 
<u 
u 
3 
SX) 

h ^ 

pe
nd

ix
 

9̂  
<: 
O) 
(L> 
O l 

OO 
m 
tlH 

(U 
00 

t^-l 

o 
oo 

r^ 
cd 

Td 

^ o 
PH 

^ 
/•^V 

U 
p i M 

ii 
B 
« 
a 
—̂̂  

"U 

H 
•n 
c 
es 

^ N 

•o 
B 
es 

# v 

PQ 
^̂  4^ 
B 
es 
a. 



104 

caused MHC isoform bands lid and lib to co-migrate. In this gel system, MHC 

isoform bands Ila and lid were found to separate at 12-14''C (2. IxDL) (Fig 3.8C), but 

not at lower temperatures in the ranges 2-4"C or 16-2rC. Clearly, in this gel system a 

running temperature of 12-14° C would have to be chosen when attempting to 

separate all four MHC isoform bands expressed in the aduh rat muscle. 

Separation of slow (I) MHC isoforms. Thirteen of the gels used to assess the effect of low 

running temperature (<14°C) on the separation of MHC isoform bands showed two 

protem bands of different intensity in the gel region of MHC I isoform (Fig. 3.9). The 

gels were produced using 10 different gel systems which are hsted in Appendix 4 

(geltxt-2togeltxt-ll). 

The appearance of a second protein band in the MHC I region was an 

interesting discovery as this extra band only seemed to appear under certain gel 

conditions (as detailed in Appendix 2, gel F3.9). This extra band was ruled out as 

being artifactual as it appeared in 13 similar gels and displayed a lower intensity than 

MHC I. As this fainter band migrated faster than MHC I, it was assumed to be 

MHC la, previously described by Fauteck & Kandarin (1995) and Guller et al 

(1997a) (see section 1.3.2.3.2). 
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MHCIIa 
MHCIId 
MHCIIb 
MHCI 

2-4°C 10-12°C 

Figure 3.9 A representative electrophoretogram showing the 

separation of two MHC I isoform bands on a gel run at 2-4"C. Note 

that no such separation occurred in the same gel system run at 10-12oC. For 

details of gel F3.9 see Appendix 2. 
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3.3.1.2 Alteration of parameters in the Talmadge and Roy protocol 

3.3.1.2.1 Composition of the separating and stacking gels 

[Glycerol] in the separating gel. The original gel system of Talmadge & Roy (1993) 

contained 30% glycerol in the separating gel. In the present study, the separation of 

MHC isoform bands at varying [glycerol] within the range 30-45%, was examined 

using three different 'T-R' gel systems (Fig. 3.10). As seen in Fig. 3.10A, an increase 

m [glycerol] from 30 to 40%., did not have a convmcing effect on Anb-i- When 

[glycerol] was mcreased to 42.5% (Fig. 3. lOB) or to 45% (Fig. 3. IOC), Anb-i was 

increased by 25% and 117%, respectively. 

No separation of MHC isoform bands nd and Hb was obtamed when the 

separating gel contamed 30% glycerol, but when [glycerol] was increased to 40%, 

And-nb increased by 100% to a value equal with 1.3xDL (Fig. 3.10D). A more 

pronounced increase in And-iib was observed in gels containing 42.5% glycerol (+39%; 

Fig. 3. lOE) and 45% glycerol (+50%; Fig. 3. lOF). 

All three gel systems used in this study separated MHC isoform bands Ila and 

lid. The two bands co-migrated at 30% glycerol, but an increase in [glycerol] from 

30% to 40% increased the separation of MHC bands Ila and lid by 100% to 1.5xDL 

(Fig. 3.10G). Increasing [glycerol] from 40 to 42.5% had no convincing effect on 

Ana-nd (Fig. 3. lOH), while increasing it from 40% to 45% decreased Ana-nd by 44% 

(Fig. 3.101). 
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A visual survey of the data presented in Fig. 3.10 suggests that the gel system 

containing 42.5% glycerol m the resolvmg gel was the most effective for separating 

all four MHC isoforms m the MHC marker. 

Composition of the stacking gel. A notable difference between the Laemmh (1970) and 

Talmadge & Roy (1993) gel systems relates to the composition of the stackers used 

(Table A2, Appendk 1). The effectiveness of two Tahnadge and Roy gels, which 

used either the Talmadge & Roy (T-R) stacker or a 'Laemmh' stacker (Laemmh's 

modified stacker contaming 40% glycerol; 'L°^'), in separatmg MHC isoforms were 

compared and results are shown m Fig 3.11. As seen m Fig 3.11A and Fig. 3.11B, the 

use of the two different stackers showed no convmcmg effect on either Anw or on 

And-nb. However, as seen m Fig 3.11C, the value of Ana-nd obtamed m the T-R gel 

system using the 'L°^' stacker was 50% lower than that using the T-R stacker and 

only 1.4 times higher than the detection lunit. These data indicate that the 'T-R' gel 

system used in this series of experiments was most effective in separating all four 

MHC isoforms when employed m conjunction with the T-R stacker. 

3.3.1.2.2 Running conditions 

Running buffer The use of two different buffers in the cathode and anode 

compartments is a major feature of the Tahnadge & Roy (1993) SDS-PAGE protocol. 

In contrast, only one running buffer is used m the Laemmli (1970) and in modified 

Laemmli gel systems, such as that of Danieli-Betto et al (1986). In this study, the 
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Talmadge and Roy buffer (T-R) and the smgle running buffer of Danieh-Betto et al 

(1986) (D-B) were compared on a Talmadge & Roy gel system with respect to the 

separation of MHC isoforms. The composition of these buffers is shown in Table A3, 

Appendix 1. As shown in Fig. 3.12A, the Talmadge & Roy system used with the D-B 

running buffer produced a 4.2 times greater separation of MHC isoform Hb and I than 

when used with the T-R running buffer. In contrast, the use of the Talmadge & Roy 

gel system in conjunction with the D-B ruiming buffer caused the fast MHC isoform 

bands to co-migrate (Fig. 3.12B and 3.12C). 

It is interesting to note when a 'Laemmli' gel system was run with the T-R 

running buffer, all MHC isoform bands co-migrated (data not shown). 

Electric field. The effect of varying E on the separation of MHC isoform bands usmg 

the Talmadge & Roy gel system was examined and results are shown in Fig. 3.13. 

Increasing E from 9.7 to 14.8V/cm was accompanied by a gradual increase in Anb-i so 

that at 14.8V/cm, Anb-i was 50% higher than at 9.7V/cm (Fig. 3.13 A). A further 

increase of E from 14.8 to 17.0V/cm produced no convincing effect on Anb-i 

(Fig. 3.13A). The separation of MHC isoform bands Ild and lib were not 

convincingly affected by an increase in E from 9.7 to 17.0V/cm (Fig. 3.13B). The 

greatest effect on MHC isoform separation in this gel system was observed with MHC 

isoforms Ila and lid. Thus, an increase in E from 9.7 to 14.8 V/cm was accompanied 

by a 94% increase in Ana-nd, from 1.5xDL to 3.3xDL; however, a further increase of 

E from 14.8 to 17.0V/cm, reduced Ana-iid to 1.4xDL (Fig. 3.13C). Clearly, in this gel 
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system an E value of 14.8 V/cm produced the best separation of all MHC isoform 

bands. 

3.3.1.2.3 Mozdziak version of the Talmadge & Roy protocol 

Recently Mozdziak et al (1999) separated the MHC isoforms Ha, lid and I in 

rat soleus muscle using a modified version of the Talmadge & Roy (1993) SDS-

PAGE protocol. The most notable feature of the Mozdziak protocol was the 

replacement of the original T-R stacker with a stacker used by Fritz et al (1989) in 

which N,N' diallyltartardiamide rather than bis-acrylamide was used as a cross-hnker 

and the %C value was mcreased from the original 2% to 15% (for composition of 

stackers see Table Al, Appendk I). In the present study, the effectiveness of the 

Mozdziak protocol, m which a high concentration of bis-acrylamide (rather than 

N,N' diallyhartardiamide) was used as the cross-lmker in both separating and stacking 

gels, was examined with respect to the separation of the four MHC isoforms in the 

MHC sample; the data obtained with five different gels are presented in Fig. 3.14. As 

seen in Fig 3.14A and Fig. 3.14B, the MHC isoform bands lib and I, and lid and lib 

were well separated on all five 'Mozdziak' gels; Anb-i ranged from 6.3 to 8.5xDL and 

And-iib ranged from 2.3 to 3.8xDL. In contrast, Ana-nd (Fig. 3.14C) was equal with the 

detection limit in two gels and lower than DL in the three remaining gels. 
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3.3.1.3 Evaluation of the gel systems used in this study 

The usefiilness of a gel system for separating protein bands m a complex 

sample is usually judged based on its abihty to resolve the bands of mterest above 

what is deemed to be the detection limit (separation effectiveness or effectiveness) and 

on the reproducibility of results. In this study it was decided to regard a gel as being 

effective with respect to the separation of any given pair of MHC isoform bands, if the 

distance between the two MHC isoform bands was > 2 x DL (i.e. 0.8nim). This 

decision was taken to allow for errors in estimating the amount of protein apphed per 

electrophoretic well. The reproducibility of a gel system was defined as the 

percentage of effective gels it generated. 

In the previous section, it was shown that changes in several parameters 

ahered the degree of MHC isoform separation in the gel systems under consideration. 

Two other factors that were found to alter consistently the effectiveness of separation, 

regardless of the gel system used, were the MHC isoform composition in the muscle 

sample and the amount of protein apphed per electrophoretic well. In Fig 3.15A is 

shown the electrophoretogram of a gel used to analyse a muscle homogenate sample 

known to contain all four MHC isoforms (lane 1) and three single fibres, two of which 

contained only one MHC isoform (lanes 2 and 3), and one which contained 2 MHC 

isoforms, Ila and lid (lane 4). The gel failed to separate MHC isoform bands Ila and 

lid in the whole muscle homogenate sample and in the single fibre co-expressing 

MHC isoform bands Ila and lid. This gel however, could still be used to distinguish 

between a single fibre containing MHC isoform Ila (lane 2) from a single fibre 
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A MHC isoform composition 

B Amount of protem homogenate applied 

C Amount of fibre volume applied 

0.3nL 1.2nL 

Figure 3.15 Factors found to alter consistently the effectiveness of 

MHC isoform separation. A. MHC isoform composition (Lane 1, 

muscle homogenate containing all 4 MHC isoforms; lane 2, smgle fibre 

containing MHC Ila isoform; lane 3, single fibre containuig MHC lid; 

lane 4, single fibre containing MHC isoforms lla and lid). B. Amount of 

homogenate sample applied per elecfrophoretic well. C. Amount of fibre 

volume applied per electrophoretic well. For details of gel F3.15A, gel 

F3.15B,C see Appendix 2. 
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containing MHC isoform lid (lane 3), when the two fibres were run side by side. 

The effectiveness of a gel to separate MHC isoforms was also decreased when 

the amount of sample protein appUed per electrophoretic well was higher than a 

certam value, which m this study was found to be 0.3 |ig protein for whole muscle 

homogenates and 0.3 nL fibre volume for single fibre segments. As seen in 

Fig. 3.15B and 3.15C, larger amounts of sample apphed per electrophoretic well 

precluded the separation of two neighbouring MHC isoforms. 

As shown in Fig. 3.16, changing some parameters had no impact on the profile 

of MHC isoforms on SDS-PA gels. For example, the effectiveness of'Laemmh' gel 

systems to separate MHC isoforms Ha, nd, Hb and I m rat skeletal muscle, did not 

depend on the reducing agent used in the solubihsing buffer (Fig. 3.16A) or the 

polymerisation time of the separatmg gel (Fig 3.16B). Also, samples solubihsed with 

Laemmli or Mozdziak solubihsing buffers produced the same MHC isoform profile 

on 'Mozdziak' gels (Fig 3.16C). 

The majority of the data presented in this thesis were obtained with 25 gels 

belonging to a 'Laemmli' gel system (Chapter 4&5), 21 gels belonging to a 

'Talmadge & Roy' gel system (Chapter 4) and 5 gels belonging to a 'Mozdziak' gel 

system (Chapter 6). The effectiveness of these three gel systems were compared and 

the data are presented in Table 3.2. Examples of'best' and 'worst' gels for each of 

the three gel systems are shown in Fig. 3.17. 
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B Polymerisation time 

1 

C Type of solubilising buffer 

Figure 3.16 Factors that do not affect the separation of MHC 

isoforms on the gel systems considered in this study. A. Reducing 

agent in the solubilising buffer (Lane 1, P-mercaptoethanol; lane 2, DTT). 

B. Polymerisation times of the separatmg gel (Lane 1, 2 hours; lane 2, 

overnight) C. Different solubilising buffers [Lane 1, Laemmli (1970); 

lane 2, Mozdziak et al (1999)]. For details of gelF 3.16A, gelF 3.16B and 

gelF 3.16C see Appendix 2. 



A 'Laemmli' gel system. 

best worst 

119 

B 'T-R'gel system. 

best worst 

C 'T-R' Mozdziak gel system. 

best worst 

Figure 3.17 Electrophoretograms of best and worst gels with 

respect to the separation of all four MHC isoforms in three 

different gel systems. A. 'Laemmli' gel system . B. 'T-R' gel 

system. C. 'T-R' Mozdziak gel system. For details of gel F3.17A, gel 

F3.17B and gel F3.17C see Appendix 2. 
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Table 3.2 Parameters used to evaluate the effectiveness of three gel systems. 

Note that the detection limit for densitometric analyses is 0.4mm. For details regarding the 

gels see Appendix 3. 

gel system Amu (mm) AndjihCmm) Ana-nn (mm) 
(code for gel 
identification in M ^^ , 
Appendix 3) # of gels mean±SD range mean+SD range mean±SD range 
'Laemmli' 25 1.33±0.86 0-4.50 0.56±0.41 0-1.20 0.80±0.49 0-1.45 
gel T3.2-1 

'T-R' 21 3.51±0.81 1.90-5.00 1.08+0.53 0-1.75 0.64±0.37 0-1.10 
gel T3.2-2 

'T-R'Mozdziak 5 3.04±0.36 2.50-3.40 1.32±0.24 0.90-1.50 0.16±0.22 0-0.40 
gel T3.2-3 

As mdicated by the A values in Table 3.2, all 'T-R' gels (mcluding the 'T-R' 

Mozdziak gels) were able to separate MHC isoforms Hb and I, whereas on some of 

the 'Laemmh' gels aU MHC isoforms co-migrated m a broad band as seen m 

Fig. 3.17A (worst). The average values for Anb-i in the 'T-R' protocols were at least 

twice as high as the average Anb-i achieved with the 'Laemmli' gel system. 

Separation of the two fast MHC isoform Ild and lib was always achieved with 

the 'T-R' Mozdziak gel system, but not on some of the 'Laemmli' and 'T-R' gels. 

Interestingly, the average values for And-iib produced by 'T-R' and 'T-R' Mozdziak 

gels were once again twice as high as those obtained with the 'Laemmli' gel system. 

A few gels of each gel system failed to separate MHC isoform bands Ila and 

lid. The average Ana-nd values for 'Laemmli' gel system was higher than 'T-R' gel 

system, which in turn was higher than the 'T-R' Mozdziak gel system. 

The data shown in Table 3.2 allow a comparison of Anb-i, And-iib and Ana-nd for 

each gel system. It is clear from these data that all three gel systems were more 
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effective m separatmg the fast and slow MHC isoforms Hb and I than fast and fast 

MHC isoforms nd and Hb, and Ha and nd. In both 'T-R' gel systems, Anw was 

higher than Ana-nb, which in turn was higher than Ana-na, while in the 'Laemmh' gel 

system Anb-i was higher than Ana-na, which was higher than Ana-nb 

In order to obtain fiirther mformation about the effectiveness and 

reproducibility of the Laemmli and T-R gel systems, the values of Anb-i. And-nb and 

Ana-na were represented usmg frequency distribution plots for each gel system. The 

data presented were obtained from 230 'Laemmli' gels and 91 'T-R' gels. As shown 

m Fig. 3.18A 87% of 'Laenunli' gels were effective in separatmg MHC isoforms 

nb and I. In contrast only 52.6% of the gels were effective with respect to the 

separation of MHC isoforms Ud and Ub (Fig. 3.I8B) and only 22.6% of the gels were 

effective m separatmg MHC isoforms na and nd (Fig. 3.18C). A sunilar resuh was 

found for the reproducibility of'T-R' gels, shown in Fig. 3.19. Thus, the proportions 

of effective gels in the 'T-R' gel system were 83.5% for Anb-i (Fig. 3.19A), 41.8% for 

Ana-iib (Fig. 3.19B) and only 29.6% for Ana-nd (Fig. 3.19C). 

As seen in Fig 3.18A, in one 'Laemmli' type gel, Anb-i reached a value as high 

as 5.6 mm (14 x DL); a similar value (12 x DL) for Anb-i was observed with some 

'T-R' gels (Fig. 3.19 A). By comparison, the maximum values of A for the fast MHC 

isoforms achieved with the 'Laemmli' gels were 7 x DL (Ana-in., Fig 3.18B) and 

4 X DL (Ana-na, Fig 3.18C) and with the 'T-R' gels were 5 x DL (Ana-iib, Fig 3.19B) 

and 4 X DL (Ana-na, Fig 3.19C). These data demonstrate that the MHC isoforms most 

difficult to separate are the fast isoforms. 
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Figure 3.18 Frequency distribution of Anb-i (panel A), Ana iib (panel B) and 

Aua-nd (panel C) for the 'Laemmli' gel system. The data originated from 230 gels. 

The relative proportion of effective gels, estimated by adding all gels on which A> 0.8 mm is 

shown in inserts. 
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Figure 3.19 Frequency distribution of Anb-i (panel A), Ana-iib (panel B) and 

Aiia-Hd (panel C) for the 'T-R' gel system. The data originated from 91 gels. The 

relative proportion of effective gels, estimated by adding all gels on which A> 0.8 mm is 

showiT in inserts. 
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3.4 Discussion 

Currently, the most widely used method for electrophoretic analysis of MHC 

isoform composition is SDS-PAGE, which allows separation and visuahsation of 

MHC isoforms, identification of MHC isoforms (when used in conjunction with 

immunoblotting), and quantification of the relative proportion of individual MHC 

isoforms m a complex mixture. SDS-PAGE analysis of MHC isoform expression is a 

low-cost and convenient method that has the unique abihty to identify hybrid fibres 

(Bottmelh et al, 1991; Hamalamen & Pette, 1995; Pette et al, 1999). Furthermore, 

this method can be performed on whole muscle homogenates, MHC extracts, and 

single fibre segments as small as 0.3nL fibre volume. The popularity of SDS-PAGE in 

muscle research is reflected by the large number of studies published in recent years 

(>171 in 12 months) that used this method to investigate the heterogeneity and 

plasticity of mammahan skeletal muscle. 

A survey of 72 studies [spanning the period between the time when Carraro & 

Catani first used SDS-PAGE to separate mammahan MHC isoforms (Carraro & 

Catani, 1983) and the end of 1999], reveals major technical differences between 

SDS-PAGE protocols used by the same laboratory at different times or by different 

laboratories (see Appendices 5.1 and 5.2), and major differences in the effectiveness 

of MHC separation achieved with these protocols. For example, in 1996 one 

laboratory (Blough et al.) described a new method which was claimed to enhance 
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electrophoretic separation and resolution of MHC m manmialian skeletal muscle; two 

years later the same laboratory published a study m which MHC isoforms were 

analysed using a protocol which differed markedly from the earher one with respect to 

the composition of the separating gel, stacking gel, running buffer and the running 

conditions (Reiser & Kline, 1998). The electrophoretograms of MHC isoform 

samples shown in the respective papers are also very different. Thus, in the 

electrophoretograms presented in the earlier paper (Blough et al, 1996) one can 

clearly see MHC I and the slowest migrating fast MHC isoform bands, but it is 

difficuh to distinguish between the other two fast MHC isoform bands. In the later 

paper (Reiser & Kline, 1998), all 4 MHC isoform bands are clearly distinguishable m 

a tibiahs anterior muscle sample. 

The lack of a unique SDS-PAGE protocol for the separation of the four main 

MHC isoforms in rat muscles, noted as a result of this survey, can be regarded as an 

indication of the inability of any one gel system to effectively and reproducibly 

separate these protein species. The effectiveness and reproducibility of the separation 

of MHC isoform pairs lib and I, lid and lib and Ila and lid, were extensively 

examined in the present study using 230 'Laemmli' type gels and 91 'T-R' type gels. 

The results showed, that in both systems, the effectiveness and reproducibility of 

MHC isoform separation were related to one other and both depended on the pair of 

MHC isoforms under consideration. Thus, in both systems, the proportion of 

successfiil gels with respect to the separation of MHC isoforms lib and I was higher 

than 80%, and on some gels Am,.! was as high as 12-14 x DL. The reproducibility of 

gels with respect to the separation of MHC isoforms lid and lib, in both gel systems. 
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was markedly lower (52.6% for. 'Laemmh' and 41.8% for 'T-R') than Anw and the 

maximum value for Ana-nb was no higher than 7 x DL. In both gel systems, the lowest 

reproducibihty (<30%) and effectiveness (<4 x DL) of separation was noted for the 

fast MHC isoforms Ua. and nd. 

The existence of MHC isoform nd was first recognised m 1988 (Bar & Pette). 

Since then a large number of studies have used SDS-PAGE analysis of MHC 

composition in whole muscle homogenates, MHC extracts or smgle muscle fibres. 

A survey of 63 papers reporting data for muscles expected to contain MHC Ha and Hd 

isoforms, showed that m 13 studies the authors failed to separate these isoforms. It is 

mteresting to note that only 6 of these 13 studies commented on the co-migration of 

MHC isoform bands na and nd, and only 1 group made a quantitative statement 

regardmg the reproducibihty of the gel system used to separate MHC isoforms Ha and 

nd. Thus, LaFramboise et al (1990) stated that only 20% of their SDS-PA gels were 

able to separate MHC isoforms Ila and Ild, a value similar to that reported in the 

present study. 

It is surprising that so far, there has been no systematic study on the 

effectiveness of different electrophoretic parameters on the separation of MHC 

isoforms by SDS-PAGE, given the low reproducibility of the gels systems used 

(particularly for the fast MHC isoforms Ila, lid and lib). The need for such a study has 

been emphasised also by Schiaffino & Salviati (1998) and by Reiser & Khne (1998). 
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In the present study, a number ofparameters related to the composition of the 

separating and stacking gels and the mnmng conditions were tested for effectiveness 

with respect to the separation of MHC isoforms in both 'Laemmli' and 'T-R' gel 

systems. A summary of the data organised by the pair of MHC isoforms under 

consideration and by parameter effectiveness (ineffective or enhancing) is presented 

in Table 3.3 for 'Laemmli' gel systems and Table 3.4 for 'T-R' gel systems. 

A notable resuh found in both systems was that the effect of most parameters, 

withm the range examined, was MHC isoform dependent. For example, in the 

'Laemmh' gel system, decreasmg [Ajsep from 10 to 6% mcreased Anw, but had no 

effect on Ana-nb and Aua-na. Also increasmg E over the range 11.4 to 17.0 V/cm and 

the running time from 24 to 34 hrs, produced larger values for Anw and Ana-nb but had 

no effect on Ana-na- Varying some parameters produced opposite effects on the 

separation of different MHC isoforms pairs. Thus, increasing [Trisjsep from 375 to 

500 mM, reduced Anb-i, but enhanced Ana-iib and Ana-na- It is important to note that 

even if altering a parameter changed A for two different pairs of MHC isoforms in the 

same direction (increase or decrease), the magnitude of this change was also MHC 

isoform dependent. For example, varying the running time from 24 to 34 hrs, 

increased Anb-iby 175%, but And-iib only by 48% (see Fig. 3.7). 
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Table 3.3 Effectiveness of different parameters with respect to the separation of 

MHC isoform pairs Ilb-I, Hd-IIb, and Ila-Hd in the 'Laemmli' gel systems. 

Anb-i 

ineffective 
parameter 

(range) 
/®V/sep 

(1.501.8%) 

lglyceroll„p 

( 3 5 0 3 7 % & 

40042.5%) 

40% glycerol 

in the stacker 

enhancing 
parameter 

(range) 
lAJsep 

(1006%) 

%C,ep 

(2.501.8%) 

[Tris]„p 

(700O500mM 

500O375mM) 

[glycerol] „p 

(37040%) 

[glycine] „p 

lOOOOmM 

£ 

(11.4017.0 V/cm) 

Rt 

(24034hrs) 

rT 

( 2 ^ O 16-21 °C) 

And-nb 

ineffective 
parameter 

(range) 
[A]..p 

(6010%) 

[TrisLep 

(500O700mM) 

[glycerol] „p 

(35040%) 

[glycine] „p 

(50O lOOmM) 

40% glycerol in 

the stacker 

E 

(11.4013.6V/cm) 

rT 

(2-4 O 12-14°C) 

enhancing 
parameter 

(range) 
[Tris]„p 

(375O500mM) 

[glycerol] „p 

(42.5040%) 

[glycine] „p 

(OOSOmM) 

£ 

(11.4=i>17.0V/cm) 

Rt 

(24034hrs) 

rT 

(16-21012-14°C) 

Ana-nd 

meffective 
parameter 

(range) 
[AJsep 

(6010%) 

% C „ p 

(1.502.5%) 

[glycerol] „p 

(35042.5%) 

[glycine] „p 

( OO lOOmM) 

40% glycerol in 

the stacker 

£ 

(11.4O17.0V/cm) 

Rt 

(24034hrs) 

rT 

(2-4016-21°C) 

enhancing 
parameter 

(range) 
[Tris]„p 

(375O500mM 

700O500mM) 

E 

(11.4 o 13.6 V/cm 

rT 

(12014°C) 

rT, running temperature; Rt, running time 
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Table 3.4 Effectiveness of different parameters with respect to the separation of 

MHC isoform pairs Ilb-I, Hd-IIb, and Da-lid in the 'T-R' gel systems. 

Anw 

ineffective 
parameter 

(range) 
[glycerol]„p 

(30040%) 

stacker type 

(T-R or 'L"^ ' ) 

E 

(14.8O17.0V/cm) 

enhancing 
parameter 

(range) 
[glycerol]„p 

(40045%) 

running buffer 

type 

(D-B > T-R) 

E 

(9.7ol4.8V/cm) 

And-nb 

ineffective 
parameter 

(range) 
stacker type 

(T-R or 'L°^') 

E 

(9.7oi7.0V/cm) 

enhancing 
parameter 

(range) 
[glycerol] „p 

(30045%) 

running buffer 

type 

(T-R > D-B) 

Ana-nd 

ineffective 
parameter 

(range) 
[glycerol] „p 

(40042.5%) 

enhancing 
parameter 

(range) 
[glycerol] „p 

(30040% 

45040%) 

stacker type 

(T-R or 'L^ '̂) 

running buffer 

type 

(T-R > D-B) 

E 

(9.7'=>14.8V/cm 

(17.0'=>14.8V/cm 

Tl 

For some parameters the effectiveness with respect to the separation of a given 

MHC isoform pair was dependent on the range examined. For example, in the 

'Laemmli' gel system And-iib was enhanced by an increase of [Tris] from 375 to 

500 mM, but was unchanged by a fiirther increase of [Tris] to 700 mM. 

The dependence of parameter effectiveness on the identity of MHC isoforms 

explains in part the difficulty encountered by researchers seeking to optimise a gel 

system for separation of all MHC isoforms; clearly it would be much easier to 

optimise a gel system with respect to the separation of a given pair (MHC isoforms 

http://14.8O17.0V/cm
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lib and I or Ild and lib or Ila and lid). Thus, if the aun of a study was to achieve good 

separation of MHC isoforms Ila and lid, the optimisation strategy would have to 

include modification of the enhancing parameters Usted m Table 3.3 for the 

'Laemmh' gel system or Table 3.4 for the 'T-R' gel system, within the range 

indicated, but not of the parameters hsted as ineffective. 

In this context it was interesting to assess which parameters were modified by 

other groups concerned with the separation of manuualian MHC isoforms, and how 

frequently a given parameter was modified either from the original protocol of 

Laemmh or the original protocol of Talmadge & Roy. The group of papers 

considered for this purpose comprised 46 studies usmg 'Laemmh' gel systems (hsted 

in Appendix 5.1) and 17 studies using 'T-R' gel systems (hsted m Appendix 5.2). 

The results of this analysis are presented in Fig. 3.20. A carefiil examination of 

frequency plots for the two gel systems, reveals that some parameters of the 

separating gel, stacker and the running conditions have been subjected to 

modifications more frequently in the 'Laemmli' gel systems (Fig. 3.20A) than the 

'T-R' gel systems (Fig. 3.20B). For example, modifications to [A] and [glycerol] in 

the separating gel were made in all 46 studies using the 'Laemmli' gel system, but 

only in four and three studies, respectively, using the 'T-R' gel system. Also it is 

interesting to note that one of the parameters ([glycine]sep) that was found in the 

present study to enhance the separation of MHC isoforms lid and lib in the 'Laemmli' 

gel system, was not used in any of the studies using the 'Laemmli' system covered in 

this survey. 
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Figure 3.20 Relative proportion of studies that modified the specified 

electrophoretic parameters in the original gel protocols of 'Laemmli' (panel A) 

and 'T-R' (panel B) when trying to separate mammalian MHC isoforms. 

Symbols on x-axis are: [A], [acrylamide]; %C, %C value; [AP], [ammonium persulfate]; RB, 

runniE^ buffer; Temp., temperature. 
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Chapter 4 

Myosin Heavy Chain Isoform Composition and 

Ca2+/Sr2+- Activation Characteristics of Single Fibres from 

Soleus, EDL and Diaphragm Muscles of Adult Rat 

4.1 Introduction 

Mammalian skeletal muscle fibres contain a multitude of MHC isoforms that 

confer specific characteristics to the contractile apparatus with respect to myofibrillar 

ATPase activity and velocity of shortening (Moss et al, 1995; Schiaffino & Reggiani, 

1996). The contractile phenotype of a muscle fibre is described, however, not only by 

its myofibrillar ATPase activity and maximum velocity of shortening, but also by 

characteristics associated with the process of isometric activation by Câ ^ such as Ca ̂  

threshold for activation, sensitivity to Ca^ ,̂ maximum Ca '̂̂ -activated force per 

cross-sectional area and degree of cooperativity in development of Ca^^-activated 

force. Moreover, skeletal muscle fibres display quite striking differences with respect 

to some contractile activation characteristics when Sr̂ "̂  instead of Câ "̂  is used as the 



133 

activatmg ion (Fmk et al, 1986). To date, the correlation between MHC isoform 

expression and contractile activation characteristics of skeletal muscle fibres has not 

been examined in sufficient depth to provide a sohd basis for understandmg the extent 

of MHC isoform involvement in molecular events underlymg the process of contractile 

activation. 

It is important to note also that MHC isoform composition (Pette & Staron, 

1990) and Ca^VSr^^-activation characteristics (Fink etal, 1986, Wilson & Stephenson, 

1990) have often been used separately as criteria for fibre typmg in biochemical and 

physiological studies of muscle contractility (see also section 1.4). ffMHC isoform 

composition and Ca^VSr^^-activation characteristics were tightly correlated, then the 

two methods should be comparable, i.e. each method used alone should enable the 

experimenter to learn about both the physiological and biochemical profile of a given 

fibre. Alternatively, if MHC isoform composition and Ca^7Sr^^-activation properties 

were not tightly correlated, the two methods should be used in tandem when seeking to 

characterise a muscle fibre in molecular and fiinctional terms. Thus, furthering the 

understanding of the correlation between MHC isoform expression and isometric 

activation characteristics has both theoretical and methodological imphcations. The 

aim of this study was to explore this issue by employing a broad range of fibre types 

obtained by random dissection from SOL (predominantly slow-twitch), EDL 

(predominantly fast-twitch) and DPH (mixed-twitch) muscles of aduh rats to determine 

a number of Câ "̂ - and Sr'̂ ^-activation characteristics of single muscle fibres under 

near-physiological conditions. The fibre population examined contamed pure fibres 

(expressing one MHC isoform only) of all four types known to occur in trunk and hmb 
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muscles of rodents (type I, DA, IID and IIB) and several types of hybrid fibres 

expressing combinations of two or three MHC isoforms. The MLC isoform expression 

m a subpopulation of fibres was also mvestigated m order to assess whether the rule of 

myofibrillar protem isoform co-expression recently suggested by Bottmelh et al (1999) 

for human muscle holds also for rat skeletal muscles. 

4.2 Methods 

Note: Experiments with DPH fibres were carried out in collaboration with Maria 

Cellini. 

Animals and muscle dissection. The ammals used m this study were forty-three male 

aduh rats (Wistar-Kyoto, WKY and spontaneously hypertensive rats, SHR) aged 

15- to 24-wk. The SHRs were used because in the work described in Chapter 5 it was 

found that SHR soleus muscles are enriched in IIA I+HA and IIA+IID fibres and that 

there are no differences with respect to Ca^ -̂activation characteristics between fibres 

of the same type from age-matched SHR and WKY animals. The rats were supphed 

by the Baker Medical Research Institute (Melbourne, Australia), housed at La Trobe 

University Animal House, and stored and killed as described in section 2.1. The SOL, 

EDL and DPH muscles were dissected and stored as described in section 2.2. 

Preparation of Triton-skinned, single muscle fibre segments. All EDL and DPH muscles 

and 51% of the SOL muscles used in this study were obtained from WKY rats. 
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In order to increase the proportion of fast and hybrid fibres m the population of SOL 

fibres, SOL muscles dissected from SHR ammals were also used. Smgle fibres were 

isolated, measured and chemically skinned as described m section 2.3. FoUowmg 

contractile experiments, single fibre segments were analysed for myofibrillar protem 

isoforms as described in the following sections. 

Determination of Ca^*/Sr^*-activation characteristics of chemically skinned, single muscle fibre 

segments. Ca'̂ VSr̂ '̂ -activation characteristics were determined at an average sarcomere 

length of 2.65 ± 0.02 ^m (n=45), which was measured as described m section 2.4.4. 

The Ca VSr̂ -̂activation solutions were prepared as described in section 2.4.5 and the 

pCa and pSr values are shown in Table 4.1. Only fibre segments for which a complete 

set of Ca VSr̂ -̂activation characteristics and MHC profile was obtained have been 

used in this study. 

Table 4.1 pCa and pSr values of activating solutions. 

Solution number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

-12 

SOL fibres 

pCa 

>9 
>8 

6.68 
6.51 
6.21 
6.02 
5.81 
5.55 
5.34 
5.15 
4.96 
4.27 

pSr 

>9 
>8 

6.40 
6.17 
5.87 
5.48 
5.19 
4.90 
4.70 
4.39 
3.88 
3.55 

EDL and DPH fibres 

pCa 

>9 
>8 

6.69 
6.52 
6.22 
6.04 
5.84 
5.60 
5.42 
5.27 
5.13 
4.79 

pSr 

>9 
>8 

6.41 
6.19 
5.88 
5.49 
5.21 
4.91 
4.72 
4.41 
3.92 
3.62 
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Data analysis. Force responses were measured and Pt values (where Pt is expressed as 

% maximum force) were calculated as described in section 2.4.6.1. Pt was then plotted 

against the pCa/pSr values and theoretical Hill curves were fitted through the data 

points using a nonlinear regression analysis protocol (GraphPad Prism software). All 

241 fibres mvestigated in this study fitted the 'srniple' fibre category (as defined in 

section 2.4.6.2) with respect to Ca '̂̂ -activation and 233 fibres with respect to 

Sr^*-activation. Data for these fibres were analysed as described in section 2.4.6.2. 

For eight fibres, the best-fitted simple Sr̂ '̂ -Hill curve passed outside the individual 

experimental data points by more than 5% of the maximum activated force. In this 

case, a combmation of two Hill curves ('composite' curve) was used to fit the 

experimental data points (Wilson & Stephenson, 1990) with the GraphPad Prism 

soflw^are: 

A - w i / [ l + 10V'*'"''%/i^] + W2/ [1 + 10V '̂̂ -''%0/2^] (Eq 1) 

where wi and W2 are normalised weighting factors (wi+ W2= 1), nsA, nsr2 are the 

corresponding Hill coefficients and pSrso/i, pSr5o/2 are the corresponding pSrjo values 

for the two Hill curves. Fibres that were characterised by simple Hill curves for both 

Câ "̂  and Sr̂ "̂  are referred to as 'simple' fibres, whereas fibres that displayed simple Hill 

curves for Câ ^ but composite curves for Sr̂ ^ are referred to as 'composite' fibres. 
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Since the force-pSr data pomts for all 8 fibres could be well fitted by composite Hill 

curves derived from Eq 1, these fibres were classified as 'composite' fibres. 'Sunple' 

fibres were fiirther subdivided into two groups based on their relative sensitivity to 

Câ ^ and Sr̂ ^ expressed as pCaso-pSrso (A50): 'simple slow' fibres (S,iow; 119 fibres) 

(A50 < 0.5) and 'sunple fast' fibres (Sfast; 114 fibres) (A50 > 1.0). The 'composite' 

fibres were also fiirther subdivided into three groups based on their relative sensitivity 

to Câ ^ and Sr̂ *: 'composite slow-slow' fibres (COMP,.,; 2 fibres) (pCajo -pSrso/i, 

pCaso - pSr5o/2 ̂  0.5), 'composite slow-fast' fibres (COMP,.f; 4 fibres) 

(pCaso -pSrso/i < 0.5 and pCaso - pSr5o/2 > 1) and 'composite fast-fast' fibres 

(COMPf.f; 2 fibres) (pCaso -pSrso/i, pCaso - pSTson ^ 1)-

Ca *- and Sr^*-activation parameters [CaF„ax, pCaio, pSrio, pCaso, pSrso 

(pSrso/i and pSr5o/2 fi^r 'composite' fibres), «ca, nsr (nsrJ and nsr2 for 'composite' 

fibres), pCaio - pSrio, pCaso-pSrso] were determined as described in section 2.4.6.2. 

The presence of oscillations at submaximal Ca '̂̂ -activation (< 50% CaFmax) was also 

recorded for a subpopulation of fibres. 

SDS-PAGE analysis ofh/IHC and MLC isoforms. Details related to the set up of the gel 

apparatus and to basic electrophoretic procedures, such as gel preparation, sample 

preparation, gel staining and densitometry, can be found in the appropriate sections 

within Chapter 2. The gel systems used for MHC isoform analysis are described in 

Appendix 2 (gelF 3.16BC, gelF 3.17A and gelF 3.17B). An intemal standard was 
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included m each gel (Fig. 4.1, lane 1) to ensure that the gel resolved all four MHC 

isoforms and enabled for correct identification of MHC bands in single muscle fibres. 

MLC isoforms were separated on SDS-PA gels using a separatmg gel 

containing [A] =18% w/v, %C=5.0%, [Tris] = 750 mM pH 9.3, [glycerol] = 10% v/v, 

[SDS] = 0.1% w/v, and gels were polymerised with 0.025% AP and 0.03% TEMED. 

The stacking gel contained [A]=3% w/v, %C=4.8%, [Tris] = 125 mM pH 6.8, 

[glycerol] = 10% v/v, [SDS] = 0.1%, and gels were polymerised with 0.1% AP and 

0.05% TEMED. The running buffer contained 50 mM Tris, 380 mM glycine and 

0.1% SDS. Gels were run at a constant current (lOmA/gel) at RT until the lowest 

molecular weight marker reached the bottom of the gel (4-5 hrs), and then were 

stained as described in section 2.5.3. The MLC bands were identified as described in 

section 2.5.2. 

Statistics. All data are expressed as means ± SE. Unless stated otherwise, statistical 

comparisons were performed between groups comprising at least three sets of data 

using a one-way analysis of variance (ANOVA) followed by the Bonferroni test. 

Statistical significance was accepted at/'<0.05. 
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4.3 Results 

4.3.1 Fibre types classified according to MHC composition 

Based on their MHC composhion, the 241 single fibre segments examined in 

the present work (146 SOL fibres, 52 EDL fibres and 43 DPH fibres) belonged to 

three major groups, (i) pure fibres, expressing only one MHC isoform [fibre types I, 

UA, UD/X (referred to in this study as IID), and IIB, Fig 4.1, lanes 2-5], (u) slow/fast 

hybrid fibres, co-expressmg one slow and one fast (fibre types I+IIA and I+IID, 

Fig. 4.1, lanes 6 and 7) or one slow and two fast MHC isoforms (fibre type I+HA+IID, 

Fig. 4.1, lane 10) and (iii) fast hybrid fibres co-expressmg two or three fast MHC 

isoforms (fibre types IIA+HD, IID+IIB and HA+IID+IIB, Fig. 4.1, lanes 8, 9 and 11). 

No hybrid fibres co-expressing 4 MHC isoforms or the combinations of MHC isoforms 

I + lib, Ila + nb, I + Ila + lib, or I + lib + lid were found in this study. As shown in 

Table 4.2, 73.4% of all fibres contained only one MHC isoform, 23.7% contained two 

MHC isoforms (2 MHC-hybrids) and 2.9% contamed three MHC isoforms 

(3 MHC-hybrids). 
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Table 4.2 The proportions of fibres displaying Ŝ ioŵ  Sf„t and COMP activation 

characteristics in each class of electrophoretically defined fibre types. 

MHC isoform 

composition-based 

fibre type 

I 

I+UA 

i+no 

I+IIA+IID 

IIA 

nD 

IIB 

nA+ra) 

nD+UB 

IIA+nD +IIB 

Number of 

fibres 

(% total) 

120 (49.8) 

5(2.1) 

2 (0.8) 

5(2.1) 

16 (6.6) 

35 (14.5) 

6 (2.5) 

25 (10.4) 

25 (10.4) 

2 (0.8) 

Sjlow 

117(97.5) 

2(40) 

0 

0 

0 

0 

0 

0 

0 

0 

Number of fibres (% total) 

Sfast 

0 

2(40) 

0 

5(100) 

16 (100) 

35 (100) 

6(100) 

25 (100) 

23 (92) 

2 (100) 

COMP,., 

2(1.7) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

COMP, 

1 (0.8) 

1(20) 

2(100) 

0 

0 

0 

0 

0 

0 

0 

COMPf., 

0 

0 

0 

0 

0 

0 

0 

0 

2(8) 

0 

A summary of the proportion of different fibre types detected in the fibre 

populations obtained from SOL, EDL and DPH muscles of 43 aduh WKY and SHR 

rats is given in Fig. 4.2. The fibre populations dissected from SOL and DPH contained 

89% and 69.7% pure fibres, respectively, while only 32.7% of the EDL fibres 

displayed a single MHC isoform. The largest proportion of fibres dissected from EDL 

(65.4%) co-expressed two MHC isoforms [Ila+IId (17.3%) and Ild+IIb (48.1%)]. 

The fibre population obtained from DPH muscles comprised the largest proportion 

(13.9%) of hybrid fibres co-expressing three MHC isoforms. 
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Ŝ 50H 
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Figure 4.2 The proportion of pure and hybrid fibre types in the fibre type 

populations dissected from SOL, EDL and DPH muscles of adult SHR and WKY 

rats. Individual fibres were typed according to their MHC isoform composition as described in 

section 4.2. 
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4.3.2 Fibre types classified according to Ca^^/Sr^*- activation characteristics 

As discussed in sections 1.4 and 2.4.6.2, muscle cell physiologists from several 

laboratories have classified mammahan fibres according to a number of criteria related 

to the isometric activation of myofibrillar protems by Ca^V Sr̂ ^ (Cordonnier et al, 

1995; Fink et al, 1986; Mizusawa et al, 1982; Williams et al, 1993; Wilson & 

Stephenson, 1990). According to two of these criteria, viz. the type of Hill curve that 

fitted best the Sr^^-activated force data points (simple or composite) and the relative 

sensitivity of the contractile-regulatory system to Câ "̂  and Sr̂ "̂  (for details of the 

criteria see section 4.2), the fibres examined in this study belonged to five groups: Ssiow, 

Sfast, COMP,.,, COMP,.f and COMPtf. 

In Fig. 4.3 are shown representative force-pCa and force-pSr curves produced 

by S,iow and Sfa,t fibres and in Fig. 4.4 are shown the force-pSr curves for COMP,.,, 

COMPs-f and COMPf.f fibres. It is worth noting that, based on the condition that the 

computer-fitted curve should lie no fiirther than 5% of the maximum activated force 

from the data points (see section 4.2), the rising phase of the force-pSr curve that fitted 

the data for the COMP,., and COMPf.f fibres passed through only 3 and 4 experimental 

points, respectively, while that for the COMP,.f fibre passed through 7 data points 

(Fig. 4.4). Thus, the probability that a fibre classified as a COMP fibre was a 

misclassified 'simple' fibre would be lower for COMP,.f and higher for COMPf.f and 

COMP,., fibres. 
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Figure 4.3 Representative force-pCa ( • ) and force-pSr ( • ) curves for 'simple' 

fibres. 
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Figure 4.4 Representative force-pSr (•) curves for 'composite' fibres. 
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4.3.3 The correlation between the MHC isoform based- and Ca2*/Sr2*-activation 

properties-based fibre typing methods 

The proportions of fibres displaying S,iow, Sfast and COMP contractile 

characteristics in each class of electrophoretically-defined fibre types are provided m 

Table 4.2. The majority (97.5%) of the pure MHC type I fibres and 40% of hybrid 

type I+IIA fibres, produced S,iow force-pSr curves. All pure fast IIA UD and IIB 

fibres, all HA+IID fibres, all IIA+IID+IIB fibres, all I+HA+IID fibres, 92% of the 

IID+nB fibres and 40% of the slow-fast hybrid I+IIA fibres generated force-pSr 

curves of the Sfa^type. Finally, all hybrid slow/fast I+IID fibres, 20% hybrid slow/fast 

I+nA fibres, 8% of the hybrid fast/fast (IID+IIB) fibres and 2.5% type I fibres 

generated composite force-pSr curves. To allow a fiill perspective of the correlation 

between the contractile activation-based and MHC isoform based-fibre typing methods, 

the data in Table 4.2 are presented in a complementary way, as proportions of different 

MHC-based fibre groups comprised in each class of fibres defined by Sr '̂̂ -activation 

characteristics (Fig. 4.5). Once again, one can see clearly that 98.3% of the 119 fibres 

that were classified as Ssiow fibres contained only the slow MHC isoform and a small 

proportion (1.7%) co-expressed a slow and fast MHC isoform. Details of the relative 

proportion of the two MHC chain isoforms and contractile activation parameters in 

these and two other hybrid I+IIA fibres are given in Table 4.4e. In contrast, only 50% 

of the 114 Sfast fibres examined contained one fast MHC isoform, while the other 50% 

co-expressed two fast MHC, three fast MHC, one slow and one fast MHC and one 
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MHC isoform composition 

Figure 4.5 The proportion of different MHC-based fibre groups comprised in 

each class of fibres defined by Sr^^-activation characteristics. 

s, slow MHC isoform I; f, one of the three fast MHC isoforms Ila, Ild and lib. 
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slow and two fast MHC isoforms. The population of fibres displaymg heterogeneous 

Sr '̂̂ -activation characteristics (COMP fibres) was relatively small (8 fibres) and 

comprised 62.5% fibres that co-expressed 2 MHC isoforms and 37.5% fibres that 

contained only the slow MHC I isoform. 

4.3.4 Fibre diameter, maximum specific force and Ca -̂̂ /̂Sr̂ -̂ -activation characteristics 

of fibres typed according to MHC composition 

Fibre diameter, maximum Ca '̂̂ -activated force per cross-sectional area 

(CaFmax/CSA), ratio CaFmax/SrFmax, sensitivity to Ca^VSr̂ ^ of the contractile/regulatory 

system (pCaio, pSrio, pCaso, pSrso), relative sensitivity of the contractile/regulatory 

system to Ca^* and Sr̂ * (indicated by Aio and A50) and Hill coeJBBcient (nca and ns,) 

were determined for all 241 fibres examined. For a subpopulation of fibres the 

presence and frequency offeree oscillations when submaximally activated was also 

determined. Results, grouped according to MHC-based fibre type and muscle type 

(SOL, EDL, DPH) are presented in Tables 4.3-4.5. 

Fibre diameter As seen in Table 4.3, no fibre-type-related differences were found 

between fibres dissected from SOL or DPH muscles of aduh rats. In EDL muscles, 

however, fibres containing the MHC isoform lib (IIB and IIB+IID fibres) were larger 

than HA IH> and IIA+IID fibres. 
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Significant differences were found also between fibres of the same type, origmatmg 

from different muscles. For example, m EDL muscles, type HA and HD fibres were 

significantly smaller than type HA fibres from SOL and type HD fibres from DPH, 

respectively. Also, the nine hybrid fibres of type IIA+IID dissected from EDL were 

smaller than SOL and DPH fibres expressing the same combination of MHC isoforms. 

CaFmaJCSA and CafmaJSrFmx. For each of the fibre type groups that could be subjected 

to statistical analysis (HA, IID and HA+IID), there were no significant differences 

between the maximum Ca^^-activated specific forces developed by fibre populations 

from SOL, EDL and DPH muscles (Table 4.3). In EDL muscles, pure or hybrid fibres 

contammg the fast MHC isoform Hb (HB and HB+HD fibres) developed consistently 

the highest specific forces recorded in this study. These forces were significantly 

higher than those developed by IIA+HD fibres from EDL. The lowest value for 

CaFmax/CSA was encountered for the DPH fibre expressing MHC Ila+IId+IIb, 

suggesting that, in this fibre, not all expressed myosin may have been fiinctional. 

The ratio CaFmax/SrFmax was close to 1 for all fibre types investigated, which 

suggests that under the conditions used in this study and for all fibre types examined in 

this study, Câ "̂  and Sr̂ ^ were equally effective in activating the contractile-regulatory 

system. 
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Ca2*/Sr^-activation characteristics. The values of pCaio, pSrio, pCaso, pSrso, Aio, Aso, «ca 

and wsr ft)r the ten MHC-based fibre types examined in this study are presented m Table 

4.4a-e. As seen in the Table 4.4a and 4.4b, for each of the three muscles examined, 

there were no significant differences with respect to pCaio, pSrio, pCaso, pSrso between 

fibres expressing only fast MHC isoforms. In EDL only, type IIA+IID fibres displayed 

a value for Aio which was significantly higher (by 0.04 log units) than that for HD, IIB 

and HB+HD fibres. 

More marked inter-fibre type differences related to Ca^VSr^^-activation 

characteristics were found between fibres dissected from SOL muscles. Thus, 

significant differences with respect to pCaio and Aio were found between the two 

SOL type I fibre subgroups Ssiow and COMP. Furthermore, both type I-Sgiow and 

type I-COMP fibres showed a higher sensitivity to Ca^VSr^^-activation than all SOL 

fast-twitch fibre types. For the two groups of fast-twitch fibres for which a statistical 

analysis could be performed (IIA and IIA+IID), this difference was highly statistically 

significant. The only type I fibre obtained from DPH also displayed higher pCaio, 

pSrio, pCaso and pSrso values than the DPH fibres contaimng only fast MHC isoforms. 

It is worth noting that type IIA fibres from SOL and EDL muscles differed 

significantly with respect to pCaio and pCaso; as seen in Table 4.4a and 4.4b, SOL 

fibres appeared to be more sensitive to Ca^^-activation by about 0.14 (for pCaio) and 

0.16 (for pCaso) log units than their EDL counterparts. Since there were no muscle-

specific differences with respect to sensitivity to Sr^^-activation between fibres of the 
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same type, the significant dififerences with respect to pCaio and pCaso between 

homologous SOL and EDL fibres were also translated into significant differences in the 

values of Aio and A50, respectively. 

The nca and wsr values for all fibres examined in this study are presented in Table 

4.4c, 4.4d and 4.4e. As seen in Table 4.4c, both groups of fast-twitch fibres dissected 

from SOL (DA and HA+IID) displayed significantly higher nca and wsr values than pure 

type I fibres. In SOL and DPH muscles, no significant differences with respect to nca 

and «sr were found between fast-twitch fibre types, but in EDL, the contractile 

activation curves for IIA+HD fibres displayed significantly lower slopes (i.e. smaller n 

values) than the curves for pure IIA fibres (significantly so for «ca). The HA+IID 

fibres dissected from EDL and DPH muscles also displayed significantly lower values 

for nca and Aisr than then- counterparts in the SOL muscles. It is important to note that 

the average values for nca and «sr recorded for all fibre groups in Table 4.4c which 

contained more than one fibre, were very similar [index of similarity: 

(«ca - «sr)/(«ca + «sr) <0.1; SCO rcf WUsoH & Stcphcnson, 1990], which suggests that 

molecular events that follow the binding of the activating ion Câ * or Sr̂ "̂  to the 

regulatory system are very similar. Interestingly, the DPH fibre expressing three MHC 

isoforms (Ila, lib and lid) had an index of similarity >0.3, developed very little force 

when maximally activated by Câ "̂  and also produced even lower force when maximally 

activated by Sr̂ "̂ . However, the level of myosin and actin expression in this fibre 

appeared normal as judged from the densitometric analysis of the corresponding bands 
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on gels. Taken together, these results indicate that the Câ ^ regulatory system was 

impaired in this fibre. The fibre population examined comprised also (i) a group of 

eight hybrid and pure fibres with respect to MHC composition that produced 

composite force-pSr curves and (ii) a group of four hybrid fibres that displayed a 

combination of fast and slow MHC isoforms, but behaved as 'simple' fibres in terms of 

Sr^^-activation. In Table 4.4d and 4.4e are presented the Ca^VSr^^-activation 

characteristics and MHC isoform composition of each individual fibre from these two 

groups. 

As shown in Table 4.4d, the two slow/fast MHC hybrids, which co-expressed 

MHC isoforms I and lid, behaved as COMPs.f fibres. However, there appeared to be 

no tight quantitative correlation between the proportion of MHC isoforms (estimated 

densitometrically) and the proportion of the two contractile activation components (see 

section 4.2). For example, DPH (I+IID) fibre 1 contained 1.6-fold more fast MHC 

isoform, yet the proportion of the fast component seen in the force-pSr curve was only 

about half that of the slow component. This numerical discrepancy could be attributed 

either to a genuine lack of correlation between MHC isoform composition and the 

contractile activation parameters under consideration, or to difficulties in calculating 

the correct proportion of the two components from the force-pSr curves, if the two 

components were not operating in parallel (Lynch et al, 1995b). The rather large 

values for «sr in several instances in Table 4.4d could be the result of relatively too few 

data points over the pSr range relevant to the individual components. 
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Each individual fibre from the second group of COMP in Table 4.4d, viz. the 

type I fibres dissected from SOL muscles, appeared to contain only one MHC isoform 

(MHCI), yet displayed either slow-fast characteristics (fibre I: pCaso-pSrso/i =0.28; 

pCa5o-pSr5o/2 = 1.09), or slow-slow characteristics (fibres 2 and 3: pCaso-pSrso/i < 0.3; 

pCa5o-pSr5o/2 < 0.5). The discrepancy between MHC expression and contractile 

activation characteristics for fibre 1 could be due to the inability of the densitometric 

method to detect the presence of a minor fast MHC isoform rather than to its genuine 

absence, while the discrepancies for fibres 2 and 3 may be due to the data fitting 

constraints used in this study (i.e. that no force-pSr data points should lie fiirther than 

0.05 SrFjtax from the computer fitted Hill curve; see section 2.4.6.2). The two fibres 

from the last group in Table 4.4d displayed COMPf.f characteristics and were also 

found to express a combination of MHC Hd and Hb isoforms. 

In Table 4.4e are shown results obtained with four fibres that co-expressed 

MHC isoforms I and Ila, but displayed simple force-pSr characteristics. In fibres 1 

and 4, the fast MHCIIa isoform content was higher than 90% and their Aso values were 

greater than 1, which is a characteristic of fast fibres. Fibres 2 and 3, on the other 

hand, contained 80-90% MHCI and less than 20% MHC Ila and their A50 values were 

less than 0.5, which is characteristic of slow fibres. 
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In summary, the data presented in Table 4.4d and 4.4e do not support a tight 

correlation between MHC composition and contractile activation characteristics as 

such. Nevertheless, lack of correlation between MHC composition and fast or slow 

contractile activation characteristics was encountered only in rare instances and this is 

illustrated in Fig. 4.6 where the relative sensitivity for Câ "̂  and Sr̂ ^ (pCaso-pSrso) 

plotted for all 241 fibres studied as a fiinction of the fast MHC fraction expressed. 

The data points for fibres expressing either only fast MHC isoforms 

(ratio MHCII/MHCtotei = 10) or only MHCI isoform (ratio MHCII/MHCtoui = 0.0) are 

clustered in relatively narrow bands that do not overlap and the data points for the 

12 fibres that expressed both fast and slow MHCs lie somewhere in between. 

4.3.5 Force oscillations of myofibrillar origin 

The presence or absence of oscillations in submaximal force responses was 

assessed in all fibres. Such oscillations can be seen in Fig. 2.8 (Chapter 2) when the 

fibre was activated in a solution of pCa 6.02. In Fig. 4.7 are represented the 

proportions of SOL, EDL and DPH muscle fibres from each MHC-based fibre type 

group that developed force oscillations when submaximally activated. The resolution 

for detection of the minimum amplitude of the force oscillations in this study was 

6.5nN and this corresponds on average to <1% of the maximum force response. It 

should be pointed out that the inability to detect force oscillations does not necessarily 
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Figure 4.6 Correlation between the proportion of fast MHC isoforms expressed 

by single fibres and their relative sensitivity to Câ VSr̂ * expressed as 

pCaso-pSrso. Data shown were obtained with 241 fibres. 
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fibres in each group. 
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indicate absence of such oscillations in the fibre. Since all fibres investigated had the 

sarcoplasmic reticulum rendered non-fiinctional by the Triton treatment, the 

oscillations observed were of myofibrillar origin (Fink et al, 1986). Over 90% of SOL 

fibres developed oscillations, regardless of their MHC composition. EDL and DPH 

fibres also developed force oscillations, but the proportion of oscillation-producing 

fibres dissected from these muscles was much lower and varied markedly between 

groups. 

The frequency of force oscillations of myofibrillar origin was estimated for a 

subpopulation of 62 'simple' fibres (with respect to their force-pCa/pSr characteristics) 

which displayed oscillations and the results are grouped by MHC-based fibre type in 

Fig. 4.8. It is worth noting that in SHR and WKY animals, pure fibres of different 

types, activated submaximally in Câ ^ -buffered solutions, developed oscillations of 

increased frequency, in the order I<IIA<IID=IIB. Surprisingly, hybrid fibres 

containing combinations of two or three fast MHC isoforms did not always develop 

oscillations with frequencies that were intermediate between the frequencies of 

oscillations developed by the appropriate pure fibre types (compare for example the 

groups IID + IIB, IID and IIB). 

Force oscillations could also be recorded in 5 of the 8 COMP fibres examined 

in this study when submaximally activated. Thus, force oscillations were recorded in 

all three type I COMP soleus fibres and in the two IID+IIB COMP fibres from EDL 

muscle. No force oscillations were observed in the composite fibres from the 

diaphragm (I + IIA and I + IID). 
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Figure 4.8 Estimated frequency offeree oscillations developed by different 

MHC-based fibre types. The number of fibres from each group for which the frequency of 

oscillations could be estimated is indicated in brackets. • Significantly different from type I 

fibres (P<0.01). • Significantly different from type IIA fibres (P<0.05). # Significantly 

different from type IID+IIB fibres (P<0.05). 
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4.3.6 Myosin light chain expression in fibres typed according to MHC isoform 

composition 

The correlation between MLC and MHC isoform expression was examined in a 

subpopulation of 155 'simple' fibres and 5 'composite' fibres dissected from SOL and 

DPH muscles. As shown in Table 4.5, there was fiill agreement between MLCl and 

MLC2 isoform expression and MHC isoform composition in most of the fibres with 

'simple' force-pSr curves [83% (105/131) of SOL fibres; 91.7% (22/24) of DPH 

fibres] and in all 'composite' fibres. Isoforms of MLC3 were not included in this 

analysis due to uncertainty regarding their identity on SDS-PA gels. All type I fibres 

displayed fiill correlation between MHC and MLC expression. The pool of fibres 

which showed disagreement between MHC and MLC isoform composition included 

pure IIA fast fibres and various types of hybrid fibres (I+IIA, IIA+IID, IIA+IIB+IID). 

Interestingly, all SOL fibres expressed the slow MLCl isoform even when only fast 

MHC isoforms were expressed (Table 4.5). Also, the DPH fibre that expressed a 

combination of all three fast MHC isoforms (fibre IIA+IID+IIB) expressed the slow 

isoforms of both types of MLC,, MLCl, and MLC2s. The electrophoretograms of 

2 fibres, one showing fiill correlation (MHCI + MLCls + MLCTS, lane 1), the other 

only partial correlation (MHCIIa + MHCIId + MLCls + MLClf + MLC2f; lane 2) 

between the isoform expression of myosin subunits, are presented in Fig. 4.9. 
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Table 4.5 The presence of slow and fast MLC isoform bands on SDS-PA gels of 

myofibrillar proteins from a population of pure and hybrid fibres that produced 

simple and composite force-pSr curves. 

MHC-based fibre type 
and muscle source 

SIMPLE FIBRES 

I (SOL) 

I+IIA (SOL) 

I+nA+nD (DPH) 

IIA (SOL) 

IID(DPH) 

IIA+HD (SOL) 

IIA+IID (DPH) 

IIA+IID+IIB (DPH) 

COMPOSITE FIBRES 

I (SOL) 

I+IIA (DPH) 

I+IID (DPH) 

Number 
of fibres 

105 

1 
1 
2 

2 

10 

20 

11 
1 

1 

1 

3 

1 

1 

MLCls 

+ 

+ 
+ 
+ 

+ 

+ 

-

+ 
+ 

-

+ 

+ 

+ 

+ 

MLClf 

-

+ 
-

+ 

+ 

-1-

+ 

-1-
+ 

+ 

+ 

-

+ 

+ 

MLC2s 

4-

+ 
+ 
+ 

+ 

-

-

-

+ 

-

+ 

+ 

+ 

+ 

MLC2f 

-

+ 
-
+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 

-

+ 

+ 

force-pCa/pSr based 
characteristics 

S-slow 

S-slow 
S-slow 
S-fest 

S-fest 

S-fest 

S-fest 

S-fest 
S-fest 

S-fast 

S-fast 

COMP 

COMP 

COMP 
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Figure 4.9 Electrophoretograms of myofibrillar proteins from two 

single fibres. Upper panel: MHC isoforms; lower panel: MLC isoform. 

Lane 1, fibre type I; lane 2, fibre type IIA+IID. 
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4.4 Discussion 

So far, studies concerned with the Ca^VSr '̂̂ -activation characteristics of single 

muscle fibres, classified according to MHC isoform composition, have been small in 

number and involved only a limited range of animals, fibre type groups and/or 

contractile parameters. For example, Danieli-Betto et al. (1990) determined several 

parameters related to Ca^^-activation (but not Sr '̂̂ -activation) in type I, IIA and IIB 

fibres from rat SOL, EDL and DPH muscles, but deliberately discarded all hybrid fibres 

from their analyses. As this study was undertaken prior to the discovery of the 

MHCnd/x isoform (Termin et al, 1989a), one cannot therefore be certain about the 

true identity of the type II fibres. More recently, Cordonnier et al. (1995) determined 

several Ca^VSr^^-activation parameters of electrophoretically-typed pure and hybrid 

fibres of rhesus monkey SOL muscles, but the fibre population examined by these 

authors contained only type I, IIA and I+IIA fibres. A broader range of human 

MHC-based fibre types, which included slow-fast, fast-fast hybrid fibres as well as pure 

fibres (I, IIA, IIB, I+IIA and IIA+IIB), was investigated with respect to contractile 

activation characteristics by Bottinelli et al. (1999), but this study was conducted at 

12°C and the authors considered only parameters associated with Ca "^-activation of the 

contractile/regulatory system. 

The present work fills in this knowledge gap by considering fibres from ten 

MHC-based fibre type groups (I, IIA, IID, IIB, I+IIA, I+IID, IIA+IID, IID+IIB, 

I+IIA+IID and IIA+IID+IIB) and contractile parameters related to both Ca^ -̂ and 
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Sr̂ -̂ activation, under more physiological conditions with respect to the ionic 

composition and temperature of activating solutions. The fibres, obtained by random 

dissection from fresh SOL, EDL and DPH muscles of aduh rats, were examined 

systematically with respect to size, maximum Ca^VSr̂ -̂activated tension/CSA, 

threshold to Ca^VSr̂ -̂activation (pCaio, pSrio), sensitivity of the contractile/regulatory 

system to Câ VSr̂ ^ (pCaso, pSrso), relative sensitivity of the contractile/regulatory 

system to Câ "̂  and Sr̂ * (Aio and A50), degree of cooperativity (n) between Câ VSr̂ ^ 

binding sites and the presence and frequency offeree oscillations of myofibrillar 

origin. 

Fibre type populations in SOL, EDL and DPH muscles of SHR and WKY rats. As expected 

from published data on the fibre type composition of adult rat SOL muscle (85-93% 

MHC I and 7-15% MHC Ha; Caiozzo et al, 1997; Falempin & In-Albon, 1999; 

(irrossman et al, 1998), the majority of fibres isolated from SOL muscles of WKY and 

SHR contained only the slow MHCI isoform. A small proportion of SOL fibres 

contained MHCHa or a combination of MHC I and Ila isoforms, but most of these 

fibres were obtained from SOL muscles of spontaneously hypertensive rats. The DPH 

muscles of WKY rats produced a very large proportion (more than 70%) of fibres 

expressing only the MHCIId isoform, a sizeable proportion of fibre expressing 

MHCIId in combination with one or two other fast MHC isoforms, and a negUgible 

number of fibres (1/43) expressing only the MHCI isoform. However, 21% of the total 

number of DPH fibres contained the MHCI isoform, which agrees with other published 

data (15-26% MHCI; Powers et al, 1997; Prezant et al, 1997). Taken together, these 
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data provide strong evidence that SOL and DPH muscles of aduU rats, regardless of 

the strain, are rich sources of pure type I and type IID fibres, respectively. 

Random dissection of single fibres from EDL muscles of WKY rats produced 

neither type I fibres nor a large proportion of one particular type of fast fibres. In fact, 

most EDL fibres examined in this study co-expressed two (particularly Ilb+Hd) or 

three fast MHC isoforms, indicating that EDL is a remarkably heterogeneous tissue 

with respect to fibre-type composition. A relatively large number of IID+IIB fibres 

(37%) was also detected by Li and Larsson (1996) in a population of EDL fibres (43) 

randomly dissected from young aduh Wistar rats, which suggests that the relatively 

high proportion of fast-fast hybrid fibres obtained from EDL muscles in the present 

study is related to the type of muscle from which the fibres were dissected rather than 

to the rat strain. 

So far, hybrid muscles fibres have been largely regarded as fibres in transition, 

because their proportion was found to increase in muscles undergoing transformation 

(Pette & Staron, 1997). The possibility that hybrid fibres may also represent stable 

'phenotypes' has been recently discussed to some length by Rivero et al. (1999) and 

Talmadge etal. (1999) who found that skeletal muscles of cUnically healthy, freely 

moving, untrained horses contain a large proportion of hybrid fibres (>80%) (Rivero et 

al, 1999) and that hybrid fibres, whose number increased dramatically after spinal cord 

transection, persisted in high proportion (>80%) a long time (one year) after surgery 

(Talmadge et al, 1999). As already mentioned, a large proportion (67%) of the EDL 

fibres and 25.6% of the DPH fibres examined in the present study contained two or 

three MHC isoforms. If one assumes that these muscles were not undergoing a 
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process of transformation, because they were obtained from fiinctionally normal, aduh 

animals that had not been subjected to intense or reduced mechanical activity, one can 

conclude that the hybrid fibre types described here are also stable rather than transitory 

cellular species. 

Two of the 43 DPH fibres examined in this study expressed a combination of 

MHC isoforms (I + lid), which according to Pette et al (1999) is not compatible with 

the sequential fibre type transition I^^ nA<^IID<->IIB. To date no study has reported 

the presence of fibres displaying 'atypical non-nearest neighbour combination' [(phrase 

introduced by Pette et al. (1999)] of MHC isoforms in normal, non-transforming 

muscles. Hybrid fibres of type I + IID have been detected, however, by others in 

non-weight bearing SOL muscles from hyperthyroid rats (Caiozzo et al, 1998) and 

from rats subjected either to a space flight program or hind-Umb suspension (Tahnadge 

etal, 1996). 

One possible explanation for this finding is that rat diaphragm fibres undergo a 

continuous level of transformation even in adult animals that are not subjected to 

muscle transformation inducing conditions. Alternatively, the two I+IID fibres 

detected by us in the DPH of WKY rats may be stable rather than transitory entities 

and as such do not have to obey the rule of'nearest neighbour' MHC isoform 

combination predicted by Pette et al. (1999) for transforming fibres. Finally, the two 

fibres could be I+IIA+IID fibres, misclassified as I+IID fibres, because they expressed 

only a non-detectable amount of MHCIIa isoform. Based on the high intensities of 

MHC isoform bands I and lid that could be detected on the stained 
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electrophoretograms (indicating that the sample was overloaded rather than 

underioaded), this latter possibility appears to be very unUkely. 

Method for fibre size determination. In the present study, the diameter of a single fibre 

segment, isolated under oil from a freshly dissected muscle, was assumed to be equal 

to the mean value of the fibre width, which was measured with a video camera system 

while the fibre was still under oil (see section 2.3.2). It is important to note that, for a 

given muscle and a given fibre type (e.g. EDL fibre type HA), the mean value of the 

cross-sectional area determined in this manner (962 \m^), agrees very well with that 

(1000 p,m )̂ reported 10 years eariier by Smith et al. (1989), who used a computer 

program specially designed to estimate the size of single fibres dissected from frozen 

muscles. The agreement between the values found in this study and those generated 

from histochemical studies suggests that both methods are equally valid for measuring 

fibre size. This is further supported by the fact that all observations made in this study 

regarding inter-fibre type differences (for fibres dissected from muscles of the same 

type) and inter-muscle differences (for fibres belonging to the same fibre type) with 

respect to fibre size, are in agreement with previously pubUshed data. For example, in 

agreement with Hernandez et al (1996) it was found that type IIA fibres from EDL 

were significantly smaller than type IIA from SOL. Also, in agreement with Hernandez 

et al. (1996) and Smith et al. (1989) who studied EDL muscles and Rivero et al. 

(1998) who studied red medial gastrocnemius muscle, it was found that in the EDL 

muscle, pure and hybrid fibres containing the MHCIIb isoform were significantly larger 

than other pure or hybrid fast-twitch fibres. 
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MHC composition and Ca^/Sr^*-activation characteristics under 'near-physiological' conditions. 

When the temperature and ionic composition of the activating solutions were close to 

physiological conditions, significant inter-fibre type differences were observed with 

respect to the sensitivity of the myofibrillar compartment to Câ V Sr^^-activation, 

degree of cooperativity in development of Ca^VSr '̂̂ -activated force and relative 

sensitivity to Ca VSr ^ (Aio; A50) between fibres expressing the slow MHC I isoform 

and fibres expressing one or several MHC II isoforms. For example, in SOL muscles, 

type I fibres displayed a higher sensitivity to Câ VSr̂ * and lower n values than type HA 

and type HA+IID fibres. A higher sensitivity to Câ VSr̂ "̂  and lower n values were also 

observed when COMP type I fibres from SOL were compared with the two COMP 

type IID+nB fibres from EDL. These results are in agreement with previous data 

reported by us (Fink etal, 1986) and others [for review see Schiaffino & Reggiani 

(1996)] regarding the higher sensitivity to Câ *- and Sr^^-activation in slow-twitch 

compared to fast-twitch fibres. 

No significant differences with respect to threshold for Ca^VSr^^-activation and 

sensitivity of the contractile/regulatory system to Câ "̂  and Sr̂ "̂  were observed between 

fibres belonging to the 5 fibre type groups from EDL muscles that expressed only fast 

MHC isoforms (IIA, IID, IIB, IIA+IID and IIB+IID). Furthermore, with the 

exception of IIA+IID fibres that had a significantly lower nca than IIA fibres, no 

difference between EDL fibre groups expressing only fast MHC isoforms were found 

with respect to the minimum number of cooperating Ca^VSr̂ -̂ binding sites 
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(wca and «sr). Similar observations were made when comparing the three fibre type 

groups expressing fast MHC isoforms m DPH muscles (HD, HA+IID and I+HA+IID). 

These resuhs disagree with previous reports that IIB fibres are more sensitive 

to Câ ^ than HA fibres (Danieh-Betto et al, 1990; Eddinger & Moss, 1987) and that 

the cooperativity between Câ '̂ -bindmg sites in HB fibres is higher than that in 

HA fibres (Danieh-Betto et al, 1990; Eddinger & Moss, 1987). This discrepancy 

cannot be attributed to muscle-related differences, because data reported by Eddinger 

& Moss (1987) and Danieh-Betto etal. (1990) were obtained with rat diaphragm and 

rat EDL, respectively. However, marked differences in the composition and 

temperature of activating solutions were noted between this study and those of 

Eddinger & Moss (1987), Danieh-Betto et al. (1990) and Bottinelh et al. (1999), 

which could be responsible for observed differences between these studies. For 

example, measurements of Ca^VSr̂ -̂activation characteristics were carried out at 

21-23''C in this study, but at 12-15°C in previous studies (Bottinelh et al, 1999; 

Eddinger & Moss, 1987) and it is possible that the temperature dependence of the 

various parameters is different between fibre types. 

An unexpected finding of this study was that IIA+IID and HA fibres from SOL 

displayed significantly higher sensitivity to Câ ^ than IIA+IID fibres from EDL and 

DPH and HA fibres from EDL, respectively. This is the first report of inter-muscle 

differences with respect to Câ ^ sensitivity of isometric tension between fibres of the 

same fast type. Interestingly, most HA SOL fibres (lO/l 1) and HA+IID SOL fibres 

(11/I2) co-expressed MLCls and MLClf isoforms, and the remaining 8% of the 

(IIA+IlD) SOL fibres expressed the slow and fast isoforms of both MLCl and MLC2. 
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In contrast, the type HA+IID fibre from DPH was found to contam only the fast 

isoforms of MLCl and MLC2. These results suggest that the presence of slow MLC 

isoforms in SOL fibres of types IIA and IIA+IID may contribute to the higher 

Ca '̂̂ -sensitivity of isometric force displayed by these fibres when compared with fibres 

of the same type from DPH muscles. 

The presence of slow MLC isoforms in SOL fibres of types IIA and IIA+HD as 

well as in the fast/fast/fast MHC isoform hybrid (HA+IID+IIB) dissected from DPH 

indicates that MHC and MLC isoform expression are not tightly correlated in rat SOL 

and DPH muscles. This conclusion is in agreement with previous reports from other 

laboratories [for review see Pette etal. (1999)]. 

It has been reported earlier that in rat SOL muscles, slow-twitch and 

fast-twitch fibres, submaximally activated by Ca^^and Sr̂ ,̂ display myofibrillar 

oscillations of around 0.3 and 1.0 Hz, respectively (Lynch etal, 1995b). In the 

present study, it was found that such oscillations were developed not only by fibres 

from SOL muscles but also by a proportion of pure and hybrid fast fibres from EDL 

and DPH. It is possible that force oscillations were developed by all EDL and DPH 

fibres examined, but that the amplitude and frequency of oscillations were such that 

they could not be detected with the recording system. 

The frequency offeree oscillations increased markedly in the direction 

type I < IIA < IID, but appeared to be the same in IID and IIB fibres. Moreover, the 

frequency of oscillations varied in a non-consistent pattem between hybrid fibres, such 

that in some hybrids the oscillation frequency was intermediate between those of the 
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corresponding pure fibres, while in others it was lower. The cause of this inconsistency 

is not known. 

A comparison between the MHC isoform based- and Ca^*/Sr^*-activation properties-based 

muscle fibre typing methods. Regarding the identification of the slow-twitch fibres, there 

was almost complete overlap between the MHC isoform-based and the 

Ca^VSr '̂̂ -activation properties-based methods. Thus, 97.5% of the pure MHCI fibres 

have been identified as Ssiow fibre type and 98.3% of the Ssiow fibres have been identified 

as pure MHCI fibres (Table 4.2 and Fig. 4.5). Of the pure type I fibres, 1.7% and 0.8% 

displayed COMPg-s and COMPg.f characteristics, respectively. If one regards the 

COMP.^ fibre type as a subtype of slow-twitch fibres, then 99.2% of MHCI fibres 

displayed slow-twitch Ca^VSr^^-activation characteristics. Conversely, only 1.7% of 

the type Ssiow fibres were hybrid fibres, expressing both MHC isoforms I and Ha. As 

mentioned in the Resuhs section, the small discrepancy between the two methods with 

respect to the classification of slow-twitch fibres could be reduced even fiirther if 

experimental errors in the classification of fibres by two methods are taken into 

account. Therefore, one could reliably use either of the two methods to identify 

slow-twitch fibres in the rat muscle. 

All fibres which expressed only fast MHC isoforms (MHCIIa, MHCIIb, 

MHCIId and combinations thereof) displayed fast Ca^VSr^^-activation characteristics, 

98.2% being classified as Sfast and 1.8% as COMP« (Table 4.2). Fast 

Ca^VSr '̂̂ -activation characteristics were also displayed by a small but significant 

fraction (6.1%) of fibres that contained slow and fast MHC isoforms (4.4% expressing 
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MHCI+MHCHa+MHCnd and 1.7% expressing MHCI+MHCHa), but all these fibres 

expressed predominantly fast MHC isoforms. These data mdicate that one could 

broadly predict the Ca^VSr^^-activation characteristics of a fibre found to contain one, 

several or a majority of fast MHC isoforms, but one could not predict the MHC 

composition of a simple fibre displaying fast Ca^VSr^^-activation characteristics. 

Further rigorous subclassification of type Sfast fibres into groups that could be 

closely related to the expression of specific fast MHC isoforms was not possible, 

although there was a clear tendency for fibres expressing MHCIIb either alone or in 

combination with other fast MHC isoforms to produce larger forces per cross-sectional 

area (CaFmax/CSA) when maximally activated (Table 4.3). Also, a large proportion 

(93.8%) of the pure fibres containing the MHCHa isoform responded with force 

oscillations when submaximally activated, while a much smaller proportion of HB 

(33%) and HD (31%) fibres displayed such oscillations. The frequency of force 

oscillations in fibres expressing pure fast MHC isoforms was also considerably lower in 

IIA fibres than in IID or IIB fibres (Fig. 4.8). These differences were, however, not 

marked or consistent enough to allow prediction of the MHC composition of a 

fast-twitch fibre based on its Ca^VSr '̂̂ -activation characteristics. Significant 

differences were found between pure IIA fibres from SOL and EDL muscles with 

respect to pCaio, pCaso, pCaio-pSrio and pCaso-pSrso, which made it difficuh to 

accurately predict the absolute values of Ca^VSr '̂̂ -activation parameters of a fast fibre 

from its pattem of MHC expression. 

From the group of 12 fibres that expressed both fast and slow MHC isoforms 

only 25% were classified as C0MPs.f(3 fibres) 58.3% were classified as Sfast (7 fibres), 
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and 16.7% were classified as S,iow (2 fibres). Conversely, 75% of the COMPs-f fibres 

were hybrid with respect to fast and slow MHC isoform expression. 

Thus, whilst recognising that there is not 100% correspondence between the 

MHC isoform expression and isometric Ca^VSr '̂̂ -activation characteristics, the overall 

resuhs indicate that in the aduh rat muscles there is more than 90% overlap between 

the two methods of classification of fast and slow fibres. This is also reflected by 

Fig. 4.6, where the fibre type classification based on the pCaso-pSrso value alone is 

closely correlated with the fraction of fast MHC isoforms expressed in the fibre. 

The partial rather than fiiU correlation between the two methods demonstrates 

that MHC expression and isometric Ca^VSr '̂̂ -activation characteristics are not casually 

related. The Ca^VSr '̂̂ -activation characteristics are hkely to depend on the isoform of 

troponin C (Tn C) expressed m the particular fibre (Fmk et al, 1990). As afready 

mentioned in the introduction (see section 1.3.2.2), in skeletal mammahan fibres, TnC 

exists in two isoforms (one slow and one fast) that are known to have distinct 

properties with respect to the relative affinity for Câ ^ and Sr̂ ^ (Ebashi & Endo, 1968) 

and to the number of Câ ^ binding sites. The high level of correlation between the 

expression of fast and slow MHC isoforms and the isometric Ca^VSr^^-activation 

characteristics found in the present study indicates that the expression of fast and slow 

Tn C isoforms and fast and slow MHC isoforms are closely correlated. Unfortunately, 

the Tn C isoforms present in the fibres examined in this study could not be identified 

due to the inability of the SDS-PAGE system used to separate these protems; this 

precluded an examination of the relationship between MHC isoform and Tn C isoform 

expression. 
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There is compelling evidence that TnC is not the only determinant of the 

isometric force-pCa/pSr relationship because it is known that alteration in the structure 

of other myofibrillar components, includmg MHC, MLC, protem C, troponin T, 

tropomyosm can alter the position and the steepness of the isometric force-pCa/pSr 

curves (Moss et al, 1995; Wilson & Stephenson, 1990). This explams the 

considerable variabiUty m the various isometric Ca^VSr̂ '̂ -activation characteristics 

within certain fibres expressing the same MHC isoform or combination of isoforms. 
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Chapter 5 

Fibre-Type Populations and Ca2+-Activation Properties of 

Single Fibres in Soleus Muscles from SHR and WKY Rats 

5.1 Introduction 

The most widely used animal model for exploring the pathophysiology of 

genetic hypertension in man is the spontaneously hypertensive rat (SHR), which was 

originally estabhshed by Okamoto & Aoki (1963) from a colony of normotensive 

Wistar rats (Wistar-Kyoto, WKY). According to Pickar et al (1994), in SHR the 

development of hypertension occurs in three stages: the rising of blood pressure 

(4- to 8-wk), the arrival of blood pressure to peak value (14- to 18-wk) and 

stabiUsation of blood pressure and the appearance of adaptive changes in various 

organs (>24-wk). 

While there is general agreement that skeletal muscles of hypertensive humans 

contain a higher percentage of fast twitch fibres than the normotensive controls 

(Frisk-Holmberg et al, 1983; Juhlin-Dannfeh et al, 1979), the fibre type composition 

of skeletal muscles from SHRs is the subject of an ongoing controversy. Thus, (jray 

and colleagues have reported that soleus muscles from 6-28 wk SHRs, contain more 
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slow-twitch (type I) and fewer fast-twitch (type II) fibres than the homologous muscles 

of age-matched WKY rats (Atrakchi etal, 1994; (jray, 1988). In contrast, Benbachir-

Lamrini et al (1990, 1993) and Lewis et al (1994) have reported that soleus muscles 

from SHRs aged 4- to 17-wk contain fewer type I fibres and more type II fibres than 

the soleus of age-matched WKY rats. 

It is important to note that all three groups cited above determined the fibre 

type composition of soleus muscles from SHR and WKY rats using myosin ATPase-

(Atrakchiera/., 1994; Benbachir-Lamrini e?a/., 1990; Benbachir-Lamrini era/., 1993; 

Gray, 1988; Lewis et al, 1994) and succinate dehydrogenase-based (Atrakchi et al, 

1994; (jray 1988) histochemistry. However, as previously stated, both enzyme-based 

histochemistry (Hamalainen & Pette, 1995) and immunohistochemistry (Bottinelli et 

al, 1991) are strategies of limited suitability for studying fibre type composition in 

transforming muscles, since they cannot convincingly identify fibres co-expressing 

two/three myosin heavy chain (MHC) isoforms (hybrid fibres) (see also section 1.5). 

More recently, analysis of muscle proteins from whole muscles and from single muscle 

fibre segments using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) has 

become the preferred strategy in research concemed with the effect of various 

conditions on myosin isoform expression/fibre type composition in skeletal muscle. 

As stated in section 1.5, the major advantage of this latter strategy is that it can rapidly 

detect and quantitate MHC isoform expression in whole muscles as well as in hybrid 

fibres (Pette & Staron, 1990; Pette & Staron 1997). Furthermore, this strategy allows 

detection, at the whole muscle or single fibre level, of changes in MLC isoform 



182 

expression (Pette & Staron, 1990; Pette & Staron, 1997; Staron & Pette, 1987) which 

can also occur in transforming muscles. 

In the present study, the microelectrophoretic methodology has been used to 

compare the MHC isoform, MLC2 isoform, and fibre type composition of soleus 

muscles from SHRs and WKY rats, at the three stages of development of hypertension 

defined by Pickar et al (1994). A secondary aim of the study has been to assess 

whether the reduced specific tetanic force and contractile kinetics parameters reported 

by Gray and colleagues (Atrakchi etal, 1994; Carisen & Gray, 1987; (jray et al, 

1994a; (jray et al, 1994b) and Lewis et al, (1994) for SHR soleus are due in part to 

functional alterations of the myofibrillar compartment. For this purpose, the muscle 

preparation used was the skinned fibre, which allows direct activation of the 

myofibrillar compartment in solutions of carefully controlled free calcium 

concentrations (Stephenson etal, 1994; Stephenson & WiUiams, 1982; Stephenson &. 

Williams, 1981). 

5.2 Methods 

Animals. The male normotensive WKY rats and SHRs used in this study were bred at 

the Baker Medical Research Institute (Melboume, Victoria) from stock obtained in 

1985 from one of the original breeders of SHR (Y. Yamori) at the Shimane Institute of 

Heahh Science. The rats were stored and killed as described in section 2.1. 

Prior to and on the day of the experiment, systolic blood pressure was 

measured in conscious rats by tail-cuff plethysmography (IITC Life Science 
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Instmments), while the animals were in a restriction chamber at 27 "C (Dilley et al, 

1994; Korner & Bobik, 1995) (details of the apparatus used as shown in Fig. 5.1). The 

animals used for this study belonged to three age groups, representing the three stages 

in the development of hypertension (Pickar et al, 1994): (i) the rising phase of blood 

pressure, before the onset of hypertension (4-wk), (ii) the arrival of blood pressure to 

its peak value at the onset of hypertension (16- to 18-wk), and (iii) the maintenance of 

blood pressure at elevated levels (24-wk). On the day of the experiment the soleus 

muscles were quickly dissected and stored as described in section 2.2. One muscle was 

used for single fibre analyses and the contralateral muscle was used for preparing 

whole muscle homogenate. 

Preparation of single muscle fibre segments. All fibre segments examined in this study 

were isolated and measured as described in section 2.3.1 & 2.3.2 and were analysed for 

myofibrillar protein isoforms by SDS-PAGE as described later in the text. A large 

proportion of the fibres were chemically skinned (as described in section 2.3.3) to 

allow determination of Ca^^-activation characteristics, prior to the electrophoretic 

work. 

Determination of Ca^'-activation characteristics of chemically skinned, single muscle fibres. 

Details related to mounting of single fibre segments to the force measuring system, 

fibre skinning and sarcomere length measurements can be found in sections 2.4.3, 2.3.3 

and 2.4.4. At slack length, the average sarcomere length of the preparation was 
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Figure 5.1 Apparatus used to measure blood pressure of rats. 
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2.65 + 0.02nm (n=45) for fibres from the 16-wk- and 24-wk-old rats. This 

corresponds to the 'optimum' sarcomere length for maximum Câ ^ force development 

in skinned rat muscle fibres from aduh rats (Stephenson & WiUiams, 1982). The 'slack' 

sarcomere length of fibres segments from the 4-wk-old rats was 3.14 ±0.01 |im (n= 12). 

Preliminary experiments showed that at this sarcomere length, the maximum 

Ca ^-activated force developed in two fibre preparations from 4-wk old rats was 

greater than that produced when the fibres were allowed to shorten to a sarcomere 

length of 2.7 |j,m. According to Heslinga et al.(\995), optimum sarcomere length can 

be estimated according to the equation 

optimum sarcomere length = 2lthin + Ibare + Iz 

where luun is the thin filament length, Ibase is the bare zone length and Iz is the Z line 

width. If it is assumed that there are no age-related changes in the length of thin and 

thick filaments, the higher optimum sarcomere length displayed by fibre preparation in 

4-wk old rats could be due to larger Lre and/or Iz. Currently there are no data available 

on the Ibare and Iz in 4-wk old rats. 

Details regarding preparation of Ca^^-activating solutions, measurement of 

force responses and calculation of Ca^^-activation parameters can be found in sections 

2.4.5, 2.4.6.1 and 2.4.6.2. The pCa values are Usted in Table 5.1. It is important to 

note that in this study, the second maximum Ca^^-activated force response was on 

average 8.19 % (± 5.74; mean + SD; range 0.4-21%) less than the first response. 
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Table 5.1 pCa values of activating solutions. 

Solution number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

pCa 
>9 
>8 

6.68 
6.51 
6.21 
6.02 
5.81 
5.55 
5.34 
5.15 
4.96 
4.27 

SDS-PAGE analysis of MHC and MLC isoforms. MHC isoform analyses were performed 

on whole muscle homogenates and single muscle fibre segments, while MLC isoform 

analyses were performed on whole muscle homogenates only. Muscle homogenisation 

and protein determination were described in section 2.2. Details related to the set up 

of the gel apparatus and to basic electrophoretic procedures, such as gel preparation, 

sample preparation, gel staining and densitometry can be found in the appropriate 

sections within Chapter 2. The gel systems used for MHC isoform analysis is 

described in Appendix 2 (gelF 3.15A and gelF 3.17A). An intemal standard was 

included in each gel (Fig. 5.2, lane 1) to ensure that the gel resolved all four MHC 

isoforms and enabled for correct identification of MHC bands in single muscle fibres. 

The gel system used for MLC2 isoform analysis is described in section 4.2. 

Details regarding the estimation of MHC isoforms in whole muscle homogenate 

is described in section 2.5.5. The strategy described in section 2.5.5 was also used to 

estimate the relative proportion of MLC2 isoforms in a given muscle homogenate, 
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since A0DlMLC2s-i was also found to be lineariy related to the total protein 

concentration in the sample over the range of sample protein concentrations used (data 

not shown). 

Statistics. Unless stated otherwise, all data are expressed as means + SE and statistical 

comparisons were performed on groups with at least 3 data points using a two-way 

analysis of variance foUowed by the Bonferroni test. Statistical significance was 

accepted at P<0.05. 

5.3 Results 

5.3.1 Physical Characteristics 

In Table 5.2 are shown the average systolic blood pressure (BP) readings for 

the WKY rats and SHRs examined in this study. The 4-wk-old SHRs had a mean BP 

value of 105.6mmHg, which was 25% higher than that of the age-matched WKY 

(84.8mmHg), but was 28% lower than the mean BP value for the 24-wk-old 

normotensive rats (146.0mm Hg). In contrast, the more mature SHRs (16 and 24 

weeks old) had BP values which were 43-56% higher than the BP values for the 

age-matched WKY and markedly higher than the upper limit for normotensive animals. 

The highest average BP value for normotensive WKY rats was 146 mmHg for the 

24-wk-old animals which is in full agreement with the highest average BP value of 
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150 mmHg reported for WKY rats aged 4-52 weeks (Benbachir-Lamrini et al, 1990). 

Since the highest BP value recorded in WKY rats in this study was 165 mmHg, aU rats 

which had a BP reading < 165mmHg were regarded as normotensive. 

The body weight (wt) of SHRs at 4 and 24 weeks of age was not significantly 

different from that of age matched WKY rats, while the 16-wk-old SHRs were slightly 

(8%), but significantly heavier (P<0.05) than the age matched normotensive rats 

(Table 5.2). The mean soleus muscle wet wt^ody wt values did not change with age 

in either of the two strains examined. The mean muscle wet wt/body wt values were, 

however, significantly higher in SHR than in WKY at all 3 ages examined. 

Table 5.2 Physical characteristics of SHR and WKY rats. 

WKY Sim 

4-wk-old 16-wk-old 24-wk-old 4-wk-oId 16-wk-old 24-wk-old 
(7) (8) (7) (7) (6) (7) 

Systolic BP 84.8 ±3.2 138.1 + 4.8 146.0 + 6.1 105.6 + 3.7* 204.2 ±4.6* 208.7 + 4.5* 

(mmHg) 

Bodywt(g) 65 ±3 331 ±9 379 ±9 68 ±3 358 ±5* 384 ±8 

soleus wet 0.44 + 0.02 0.44 ±0.01 0.42 ±0.01 0.51 ±0.02* 0.49 ±0.01* 0.51 ±0.01* 

wt̂ ody wt 

(mg/g) 

Values shown are means + SE. The number of animals is indicated in brackets. 

*Significantly different (/'<0.05) from age-matched WKY. 
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5.3.2 MHC isoform composition of whole muscles 

Electrophoretic analyses of whole tissue homogenates prepared from WKY and 

SHR soleus muscles revealed three high molecular weight protein bands of decreasing 

electrophoretic mobility, corresponding to slow MHCI, fast MHCIId and fast MHCHa 

(Fig. 5.2). It is important to note for the same amount of protem appUed, the SHR 

soleus sample displayed MHCI, MHCIIa and MHCIId bands while the WKY soleus 

sample displayed only MHCI and MHCIIa. The percentages of the MHC isoforms in 

muscle homogenates of 4-wk-, 16-wk-, and 24-wk-old SHRs and WKY rats are shown 

in Table 5.3. 

Table 5.3 MHC isoform composition of soleus muscles from SHR and WKY rats. 

WKY SHR 

MHC 

isoform 4-wk-old 16-wk-old 24-wk-old 4-wk-old 16-wk-old 24-wk-old 

(7) (8) (7) (7) (6) (7) 

MHCI 70.7±3.2'' 90.8±3.1 89.1±0.8 56.5±2.5** 71.5±3.6* 74.6+1.3* 

MHCIIa 27.8±2.2* 9.2±3.1 10.9±0.8 29.5±1.7 26.2±2.5* 22.7±1.9* 

MHCIId 1.5±1.5 nd nd 14.0±1.4''* 2.4±2.4* 2.7±1.3* 

The data are expressed as relative band density (% total MHC content). Values are means ± 

SE. The number of animals is indicated in brackets. "Significantly different (P<0.05) from 

16-wk- and 24-wk-old animals of the same strain. *Significantly different (i'<0.05) from 

age-matched WKY. nd, not detectable. 
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Figure 5.2 Representative electrophoretic profile of MHC isoforms 

detected in soleus muscles from 24-wk-old WKY rats (lane 2) and 

SHRs (lane 3). Whole tissue homogenates were prepared from WKY and SHR 

soleus muscles and the proteins were analysed by SDS-PAGE as described in 

Methods. Lane 1: laboratory MHC isoform marker containing the 4 MHC 

isoforms known to be expressed by adult rat hindlimb skeletal muscles: MHCI, 

MHCIIb, MHCIId and MHCIIa. Amount of protein applied per electrophoretic 

weU: 0.3 |ag. 
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At 4 weeks of age, the soleus muscle from SHRs contained a lower proportion 

of MHCI (-14.2%) and a higher proportion of MHCIId (+12.5%) than the soleus 

muscle from the age-matched WKY rats. The proportion of MHCHa isoform was, 

however, similar in SHRs and WKY rats. 

An increase in age from 4- to 24-wk, was accompanied by clear changes in the 

relative proportion of MHC isoforms in the soleus muscles of both SHRs and WKY 

rats. The direction of these changes was MHC isoform dependent, with the percentage 

of MHCI isoform increasing and the percentage of MHCII isoforms decreasing with 

age in both strains. For all MHC isoforms, the major age-related changes occurred 

during the rat development from 4- to 16-wks. Thus, the proportion of MHCI isoform 

increased between 4 and 16 weeks, by 20.1% in WKY and 15.0% in SHR, but it did 

not change significantly between 16- and 24-wks of age in either strain. The proportion 

of MHCIIa decreased significantly (by 18.6%) in WKY between 4- and 16-wks, but 

did not change in SHR. Between 16- and 24-wks no significant change was detected in 

the proportion of MHCIIa in either strain. 

Finally, the proportion of MHCIId in WKY rats decreased from low (1.5% at 

4-wks) to non-detectable levels at 16- and 24-wks, while in the SHR it decreased from 

14.0% at 4-wks to ca 2.4% at 16-wks and this level remained unchanged in 24-wk-old 

rats. In summary, at all ages examined, the SOL muscle from SHRs contained a 

statistically significant higher proportion of fast MHC isoforms (comprising both 

MHCIIa and MHCIId) and a lower proportion of slow MHC isoform than SOL muscle 

from age-matched WKY rats. 
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5.3.3 MLC2 isoform composition of whole muscles 

In agreement with the MHC isoform data, soleus muscles from SHRs were 

found to contain a statistically significant lower proportion of MLC2s and a higher 

proportion of MLC2f than their WKY counterparts at aU ages examined (see Fig. 5.3). 

In Fig. 5.3 A are shown, side-by-side, two representative electrophoretograms of low 

molecular weight proteins produced by SDS-PAGE analyses of SHR and WKY soleus 

muscle homogenates from 24-wk-old rats, and the bar graph in Fig. 5.3B illustrates the 

differences between the calculated values for the ratio MLC2s/MLC2st (where 

MLC2st =MLC2s + MLC2f) in soleus muscles of 4-wk-, 16-wk-, and 24-wk-old SHRs 

and WKY rats. 

5.3.4 Fibre type populations yielded by random dissection 

Electrophoretic analyses of MHC isoform composition in muscle homogenates 

prepared from soleus muscles of SHRs and WKY rats provide very useful information 

on strain-related differences in MHC expression at the whole muscle level, but give no 

indication on the types of fibres which make up the muscles compared. In order to 

obtain this information, microelectrophoretic analyses of MHC isoform expression 

were performed in segments of single fibres, randomly dissected from soleus muscles 

of SHRs and WKY rats. These analyses showed that soleus muscles from 4-wk-, 
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Figure 5.3 A. Representative electrophoretogram of low molecular 

weight (<45 kDa) muscle proteins from 24-wk-old WKY (lane 1) and 

SHR (lane 2) soleus muscles. Arrows indicate the bands corresponding to 

actin, slow MLC2 isoform (MLC2s) and fast MLC2 isoform (MLC2f). 

B. Bar chart for the ratio MLC2s/MLC2St (where MLCls^ = 

MLC2s + MLClf) in soleus muscles of 4-wk-, 16-wk-, and 24 -wk-old 

SHRs (filled bars) and WKY (open bars) rats. #, Statistically significant 

difference between 4-wk-old and adult (16-wk and 24-wk) rats of the same strain. 

*, Statistically significant difference between SHR soleus and age-matched WKY 

soleus. Amount of protein applied per electrophoretic well: 3 |ag. 
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16-wk-, and 24-wk-old WKY rats and age matched SHRs contain four fibre types: 

I (pure slow; containing MHCI), I+IIA (hybrid slow/fast, containing different 

proportions of MHCI a«^ MHCIIa), IIA (pure fast, containing MHCHa), and HA+IID 

(hybrid fast/fast containing different proportions of MHCIIa awe/MHCIId) (Fig. 5.4). 

In agreement with the MHC isoform composition data shown in Table 5.3, no fibres 

containing the MHCIIb isoform were detected in any of the muscles examined. 

In Table 5.4 are shown, for each strain- and age- group examined, the 

proportions of each fibre type, expressed as percent of the number of fibres examined 

per rat (%fR), the actual number of fibres, and percent of the total number of fibres 

examined per age group (%fT). The data presented in the table were generated by 

analyses of 472 randomly dissected fibres (minimum 10 fibres/rat and 73 fibres/age 

group). It is important to note that a relatively large number of hybrid fibres were 

detected among the fibre segments dissected from the soleus muscle of SHRs of all 

ages and from soleus muscles of 4-wk-old WKY rats. 

The proportions of type I and type I+IIA fibres isolated from the soleus 

muscles of 4 wk-old SHR were, on average, 1.4 and 1.9 times lower than those for 

4-wk-old WKY rats. However, the proportion of type IIA fibres isolated from 

4-wk-old SHR soleus muscle was 4.9 times greater than that for soleus muscle of 

age-matched WKY. Moreover, about 13% of the fibres dissected from the 4-wk SHR 

soleus muscles were type IIA+IID fibres, while no such fibres were found among the 

fibres dissected from the age matched WKY soleus. 
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Figure 5.4 Representative electrophoretograms of MHC isoform 

composition of the fibre types yielded, upon random dissection, by 

soleus muscles of SHR and WKY rats. Lane 1: laboratory marker 

containing the 4 MHC isoforms known to be expressed by adult rat 

hmdiimb skeletal muscles: MHCI, MHCIIb, MHCIId and MHCIIa. 

Lane 2: fast fibre (type I). Lane 3: hybrid slow/fast fibre (type I+IIA). 

Lane 4: fast fibre (type IIA). Lane 5: hybrid fast/fast fibre 

(type IIA+IID). Sample size: 0.3 nl fibre per elecfrophoretic well. 

Details regarding the preparation of single fibres, their solubilisation in 

SDS-PAGE solubilising buffer and their microelectrophoretic analysis 

by SDS-PAGE are described in section 5.2. 
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Table 5.4 Fibre type populations in soleus muscles from WKY and SHR 

Fibre type 

I (slow) 

I+IIA(slow/fast) 

HA (fast) 

IIA+lID(fast/fast) 

4-wk-oId (7; 73) 

%fR 

85.0+4.9 

11.1+4.0 

3.9+1.9 

0 

No of 

fibres 

62 

8 

3 

0 

%fT 

84.9 

11.0 

4.1 

0 

WKY 

16-wk-old (8; 85) 

%fR 

91.4+4.2 

2.8+1.8 

4.8+2.8 

1.0+1.0 

No of %fT 

fibres 

78 91.8 

2 2.4 

4 4.7 

1 1.1 

24-wk-old (7; 79) 

%fR 

97.5+1.7* 

0* 

2.5+1.7 

0 

No of "/ofr 

fibres 

77 97.5* 

0 0* 

2 2.5 

0 0 

Fibre type 

SHR 

4-wk-old (7; 75) 

%fR 

60.0+8.4* 

5.8+2.2 

19.2+5.8* 

15.0+8.4* 

No of 

fibres 

46 

4 

15 

10 

%fT 

61.4* 

5.3 

20.0* 

13.3* 

16-wk-old (6; 73) 

%fR 

75.3+6.8 

5.4+2.5 

8.7+3.8 

10.6+5.7 

No of 

fibres 

56 

3 

7 

7 

%fT 

76.4* 

4.2 

9.7 

9.7* 

24-wk-old (7; 87) 

%fR 

74.1+2.8* 

4.9+2.6* 

12.9+3.9* 

8.1+3.8* 

No of %fT 

fibres 

65 74.7* 

3 3.4* 

12 13.8* 

7 8.1* 

I (slow) 

I+IIA(slow/fast) 

IIA (fast) 

IIA+IID(fast/fast) 

Data are expressed as percent of the number of fibres examined per rat (%fR), as actual number 

of fibres, and as percent of the total number of fibres examined per age group ("/ofr). About 

10-12 single fibres were examined for each rat. The two numbers given in brackets for each 

group represent the number of rats and the total number of fibres analysed. Values are 

means ± SE. *' ^ Significantly different (P<0.05) from the 4-wk-old rats of the same strain 

(#, t-test; t , chi-square test for differences between proportions). * ' * Significantly different 

(P<0.05) from age-matched WKY (*, ANOVA with Bonferroni post-test; J , chi-square test 

for differences between proportions). 
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An increase in age was found to be accompanied, in the two strains, by an 

increase in the proportion of slow (type I) fibres and a general decrease in the 

proportion of fast (type IIA I+HA and HA+IID) fibres. It is important to note, 

however, that the proportion of IIA fibres found in the soleus muscle of 24-wk-old 

SHRs was significantly greater than that in the age-matched WKY rats. Moreover, the 

24-wk SHR soleus produced a sizeable proportion of hybrid fibres (8.1% type IIA+HD 

and 4.9% I+IIA), while no fibres of these two types were detected among the fibres 

sampled from the soleus muscle of 24-wk-old WKY rats. As seen in Table 5.4, the 

most striking difference with respect to the proportion of fibre types produced by 

soleus muscles from SHRs and WKY rats relates to the significantly larger proportion 

of fast fibres (pure type IIA and hybrid fast/fast type IIA+IID) and hybrid fibres (types 

I+IIA and IIA+IID) detected among the fibres sampled from soleus muscles of SHR of 

all ages examined. 

5.3.5 Correlation between MHC isoform composition, MLC2 composition and fibre 

type populations 

As shown in Fig. 5.5A, the MHCI composition (%MHCI) of aU muscles 

examined in this study was directly proportional to their relative content of MLC2s 

(MLC2s/MLC2t). Furthermore, for all muscles analysed, there was a tight correlation 

between the relative content of each MHC isoform detected (%MHCi) in the muscle 
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Figure 5,5 A. The relationship between the proportion of MLC2s isoform 

(MLC2s/MLC2t) and MHCI isoform (% MHCI) in soleus muscles from SHRs 

and WKY rats. The data points, representing mean values for 6-8 rats, were obtained from 

Table 5.3 and Fig. 5.3B. B. The correlation between the relative content of each 

MHC isoform detected (%MHCi) in the soleus muscle and the proportion of 

corresponding fibre type derived from the analysis of single fibre segments 

obtained by random microdissection of the contralateral soleus muscle. When 

calculating the proportion of fibres corresponding to each MHC isoform (i.e. MHCI, MHCIIa 

and MHCIId) represented in the muscles examined, the hybrid fibres which expressed two 

MHC isoforms (i.e. fibre types I+IIA and IIA+IID) were apportioned with equal weights to 

each of the two respective MHCi pools. 
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and the proportion of corresponding fibre type derived from the analysis of smgle fibre 

segments obtained by random microdissection of the contralateral soleus muscle 

(Fig. 5.5B). When calculating the proportion of fibres corresponding to each MHC 

isoform (i.e. MHCI, MHCIIa and MHCIId) represented in the muscles examined, the 

hybrid fibres which expressed two MHC isoforms (i.e. fibre types I+IIA and IIA+IID) 

were apportioned with equal weights to each of the two respective MHCi pools. The 

good correlation found in this study between the MHC isoform composition of the 

whole soleus muscle and the proportion of fibre types produced by single fibre 

dissection indicates that, when the sample size is sufficiently large, the proportion of 

fibre types in the sample of dissected fibres is a reasonable approximation of the fibre 

type composition of the whole muscle. 

5.3.6. Calcium activation characteristics of single fibres 

Fibre diameter, maximum Ca^^-activated force per cross sectional area 

(CaFmax/CSA), sensitivity to Câ ^ of the isometric force response (pCaso) and the 

degree of cooperativity within the myofibrillar compartment with respect to calcium 

regulation of the contractile response («ca) were determined as described in the 

methods for individual fibre segments isolated from soleus muscles of 4-wk-, 16-wk-

and 24-wk-old WKY and age-matched SHR, prior to electrophoretic analyses. The 

results are summarised in Tables 5.5-5.7. 
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As seen in Table 5.5, for each strain and each fibre type group that aUowed a 

meaningfiil statistical analysis (at least 3 data points per sample), an increase in rat age 

was accompanied by a statisticaUy significant increase in fibre diameter. Also, the 

diameter of type I and type IIA fibres from 16-wk-old SHRs appeared to be sUghtly, 

but significantly larger than that of age-matched controls. The lack of statistically 

significant differences between diameter values of other groups of fibres may be due to 

the low number of fibres in the respective groups. 

The increase in age from 4- to 16-wk was accompanied by a statistically 

significant increase in the maximum Ca^^-activated specific force (CaFmax/CSA) 

developed by type I fibres from the soleus muscle of WKY (+35%) and SHR (+57%) 

(see Table 5.5). No fiirther significant increase in average CaFmax/CSA was observed 

for either strain when the rat age increased from 16- to 24-wk. A similar trend was 

observed for all other fibre type groups. For each fibre type group, CaFmax/CSA 

developed by SHR soleus muscle fibres were not significantly different from those 

recorded for the age-matched WKY at all three ages examined. Assuming that the 

force per cross-bridge does not change this suggests that there were no differences in 

the number of cross-bridges per half sarcomere length per cross-sectional area. 

Since SHR soleus contained a larger percentage of MHCIIa than MHCI and 

yielded a larger proportion of type IIA fibres than the WKY soleus (see Table 5.3 and 

5.4), it was of interest to examine whether type IIA fibres developed a lower 

CaFmax/CSA than the type I fibres, which may explain in part the lower specific tetanic 

force reported in the literature (Atrakchi et al, 1994; Carisen & Gray, 1987; Gray et 

al, 1994a; Gray et al, 1994b; Lewis et al, 1994) for SHR soleus. 
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Û  
et 
ii 
\. 
es 

"es 
S 

_o 
u 
4̂  
Vi 
I 

sn 
O 
u 

~« 

•o 

'S u 
+ 

es 
U 
s 
3 

s 

s 
•o e 
es 
u 
ii 

a 
u 

Xi 

Jm 
es 
H 

ffl 

es 

B 
I 
es 
•V s 
85 

o 

4̂  

3 

3 
Jm 
"o 

'so 

a 4^ 

s 
.2 >. 

o 
JS a o 
U 

a. 

X i 

± 
a. 
a 
u 

S 

a 
a. 
;. 

X i 

< 
in 
U 

E 
tu 
ca 

O 

v> 
<u 
>.» ii 

a 
s 
<: 
m 
O 

1 
CJ 

V H 

<u 
<L> 

a 
03 

5 

<: 
m 
U 

e 
tu 
C3 

o 

I i 
1 ) 

4-» 

a 
p 

<: 
0 0 

O 

E 

o 

VH 

<u 
•Jr; 

a 
03 

Q 

/—V 

s i 
—̂̂  

r—s 

g 

1 

/-̂  
''^ 

—̂̂  

1 

^—V 

Ŝ 
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The comparison of the pooled data for type I and type IIA fibres from SHR and WKY 

soleus showed that type IIA fibres developed a statisticaUy significantly lower 

CaFmax/CSA (P<0.02; Mann Whitney test) than type I fibres for 4-wk-old rats, but not 

for the other age groups. 

Table 5.6 shows the summary of the Ca^^-sensitivity data. Types IIA and 

IIA+IED fibres showed a significantly lower sensitivity to Câ "" by a factor of 1.3 (lower 

pCaso values by about 0.1 pCa units) than type I fibres. Interestingly, hybrid (I+IIA) 

fibres exhibited either pCaso values characteristic of type I fibres (4-wk- and 16-wk-old 

WKYs) or of type IIA (4-wk-old SHR rats) fibres. The hybrid fast fibres 

(type IIA+IID) displayed Ca^^-sensitivities similar to those of pure type IIA fibres. For 

all fibre type groups, no significant dififerences were observed between the average 

pCaso values recorded for single fibres of the same type from soleus muscles of WKY 

rats and age-matched SHRs. Assuming that the length of the myosin and actin 

filaments does not change with age, the consistently higher pCajo values by 

0.1 log units noted for all fibre types from 4 wk-old animals of both strains may be 

related to differences in sarcomere length or interfilament distance (Stephenson & 

WiUiams, 1982). 
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Table 5.6 Sensitivity to calcium of the myofibrillar compartment (pCaso) in 

chemically skinned, electrophoretically-typed, single soleus muscle fibres from 

WKY and age-matched SHR. 

WKY SHR 

Fibre type 4-wk-old 16-wk-old 24-wk-old 4-wk-old 16-wk-old 24-wk-old 

6.04+0.02 

(3) 

6.19+0.02 

(3) 

5.95 
6.02 

5.98 
6.07 

(32) 

5.96 
6.04 

(22) 

6.07+0.02* 

(10) 

6.01 
6.02 

(30) 

5.92 
6.06 

5.91 
6.08 

(31) 

5.99+0.02 

(8) 

I 6.18+0.02* 6.07+0.02 6.10+0.01 6.20+0.02* 6.10+0.02 6.09±0.01 
(27) (43) 

IIA 

I+IIA 

IIA+IID 5.93 6.08+0.02* 5.95+0.02 5.95+0.04 
(5) (7) (5) 

Values are means + SE for groups containing >3 fibres and individual values are given for 

groups contaimng <3 fibres. For groups containing >3 fibres, the number of fibres examined is 

indicated in brackets. *Significantly different (P<0.05) from 16 wk- and 24 wk- old animals of 

the same strain. 

As stated in section 2.4.6.2, the degree of cooperativity within the myofibriUar 

compartment with respect to contractile activation is indicated by the value of the Hill 

coefiBcient («ca). As shown in Table 5.7, type I fibres have a lower Hill coefiBcient than 

the fibres containing fast MHC isoforms (type IIA and IIA+IID). The hybrid type 

(I+IIA) fibres displayed Hill coeflBcients that were characteristic of either type I or 

type IIA fibres. No significant age-related dififerences were detected between the «ca 

values for soleus fibres from either strain or between the «ca values for soleus fibres 

from SHRs and WKY rats. 
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Table 5.7. The degree of cooperativity within the myofibrillar system with 

respect to calcium regulation of the contractile response (nca) in chemically 

skinned, electrophoretically-typed, single soleus muscle fibres from WKY and 

age-matched SHR 

Fibre type 

I 

IIA 

I+IIA 

4-wk-old 

3.79+0.30 
(27) 

5.33+1.39 

(3) 

4.06+0.88 

(3) 

WKY 

16-wk-old 

3.18+0.15 
(43) 

5.83 
6.20 

3.96 
5.51 

24-wk-old 

3.36+0.14 
(32) 

5.14 
6.17 

4-wk-old 

3.15+0.24 
(22) 

4.88+0.40 

(10) 

2.88 
3.86 

SHR 

16-wk-old 

3.59+0.18 
(30) 

4.62 
4.77 

3.55 
5.58 

24-wk-old 

3.73+0.21 
(31) 

5.06+0.54 

(8) 

IIA+IID 5.04 6.45+0.61 5.24+0.48 5.64+0.31 
(5) (7) (5) 

Values are means + SE for groups containing >3 fibres and individual values are given for 

groups containing <3 fibres. For groups containing >3 fibres, the number of fibres examined is 

indicated in brackets. 

5.4 Discussion 

This is the first study in which soleus muscles from SHRs and normotensive 

(WKY) rats, at three stages in the development of high blood pressure, were examined 

with respect to MHC isoform expression (%MHCi), MLC2 isoform expression 

(MLC2s/MLC2t) and fibre type populations ("/ofr), using electrophoretic analyses of 

muscle proteins from whole muscle homogenates and segments of randomly dissected 

single muscle fibres. For aU muscles examined, the data produced by these three 

9-1- • * 

independent electrophoretic methods were closely correlated (Fig. 5.5). Ca -activation 

properties of the contractUe apparatus in electrophoretically-typed fibres from SOL 
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muscles of the two strains were also determined using permeabilized single fibre 

preparations. 

There was good agreement between the MHC composition of SOL muscle 

from WKY rats found in this study by SDS-PAGE and the MHC/fibre type 

composition of SOL muscle from normotensive rats of similar age, determined by 

others using histochemical techniques. For example, the MHC composition of SOL 

muscles from 24-wk-old WKY rats found in this study (MHCI: 89%; MHCHa: 11%), 

(Table 5.3) is in close agreement with the fibre type composition reported by 

Armstrong & Phelps (1984) for 25- to 26-wk-old Sprague-Dawley rats (87% type I 

fibres, 13%type IIA fibres), by Kovanen (1989) for 25-wk-old Wistar rats (90% type I 

fibres, 10% type IIA fibres) and by Lewis et al, (1994) for 12- to 17-wk-old WKY 

rats (93% type I fibres, 7% type IIA fibres). 

A major conclusion from this study is that at all stages in the development of 

hypertension, soleus muscles of SHRs contain a statistically significantly higher 

proportion of MHCII and MLC2f isoforms than soleus muscles from age-matched 

WKY rats. This conclusion was fiirther supported by the data obtained from the fibre 

type population study which showed that random sampling of single fibre segments 

from the SHR soleus produced a higher proportion of fibres expressing MHCII 

isoforms (type IIA; type I + IIA and type IIA+IID) than from soleus of age-matched 

WKY rats. As calculated from the data in Table 5.4, the average percentages of type I 

and type I+IIA fibres sampled from the soleus muscle of 4 wk-old SHRs were 

1.4 times and 1.9 times lower than those from the age-matched WKY soleus. 

A similar difiference in the proportion of type I and type Ilc/IntI (probably type I+IIA) 
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fibres was reported for soleus muscles from 4-wk-old SHRs and WKY rats by 

Benbachir-Lamrini et al (1990, 1993). By comparison, in the present study it was 

found that soleus muscles from 4-wk-old SHRs produced about 8 tunes more fast 

fibres than the soleus from the age-matched WKY rats. A major contributor to this 

difiference was the subpopulation of hybrid fast/fast (IIA+IID) fibres which amounted 

to 13.3%) of the total number of fibres examined for this SHR age group, but was not 

detected in the fibre population dissected from WKY muscle. In the studies of 

Benbachir-Lamrini et al (1990, 1993) the 4-wk SHR soleus contained only 1.7-

2 tunes more type IIA fibres than the age matched WKY soleus and displayed no 

IIA+IID fibres. This difiference between the results from this study and Benbachir-

Lamrini's results are attributed to the higher sensitivity and resolving power of the 

microelectrophoretic method particularly with respect to hybrid fibres (Bottinelli et al, 

1991). An increase in age from 4 to 24 weeks, was accompanied by an increase in the 

proportion of type I fibres and a decrease in the proportion of type II fibres produced 

by soleus muscles from both rat strains. As a result of the decrease in fast fibres, the 

24-wk-old WKY soleus yielded only 2.5% fast fibres (type IIA), while the 24-wk-old 

SHR soleus yielded about 21% fast fibres (comprising both IIA and IIA+IID fibre 

types) (Table 5.4). The higher proportion of fast fibres sampled from SHR soleus 

throughout maturation observed in this study is in agreement wrth the data obtained by 

Benbachir-Lamrini et al for 8- to 10-wk-old (1993) and 12-wk-old (1990) animals and 

by Lewis et al (1994) for 12- to 17-wk-old rats, but strongly disagrees with the data 

of Atrakchi et al for 16- to 18-wk-old rats (1994) and Gray for 24- to 28-wk-old rats 

(1988). 
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The microelectrophoretic analyses of single muscle fibres in this study have 

provided valuable new information concerning the presence and the percentage of 

hybrid fibres (I+IIA and EA+IID) in soleus muscles from SHRs and WKY rats. As 

indicated by Hamalainen & Pette (1995) and Bottinelh et al (1991), identification of 

these fibres can be achieved by microelectrophoretic methodology but not by 

histochemical or immunohistochemical techniques (see section 1.5). In this study it 

was found that at 4 weeks of age, the WKY soleus yielded almost twice as many 

hybrid slow/fast (I+IIA) as the SHR soleus; however, this population of hybrid fibres 

decreased quite dramatically to non-detectable levels with rat maturation. In contrast, 

maturation in SHRs was accompanied by only a slight decrease in the percentage of 

type I+IIA fibres sampled from soleus muscle. Furthermore, according to data from 

this study, soleus muscles from SHR of aU ages produced a sizeable proportion of 

hybrid fast/fast fibres (IIA+IID), ranging from about 13%) at 4-wk to about 8% at 

24-wk, while only a very smaU proportion of such fibres (ca 1%) was yielded by soleus 

of 16-wk-old WKY rats. The presence of hybrid fibres is regarded by Pette & Staron 

(1997) as indicator of muscle transformation and their MHC composition as indicator 

of the direction of fibre-type transition. Seen in this context, the size of the hybrid fibre 

population and the combination of MHC isoforms detected in soleus muscles from 

SHRs at the three ages examined, suggest that in SHR soleus, there is an active 

process of fibre type transition in the direction IID-^IIA-^I. This process takes place 

not only in the very young rats but also persists in mature animals. In contrast, the 

WKY soleus appears to undergo fibre transition (in the direction IIA->I) only in young 

rats (from 4 to 16 weeks of age). Thus, with respect to fibre transformation, the aduh 
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SHR soleus resembles more the soleus from 4-wk-old WKY than that of the aduh 

WKY, suggesting that many fibres of the aduh SHR soleus muscle are still subjected to 

a process of transition. 

The higher percentage of fast fibres and hybrid fibres in SHR than in WKY 

soleus muscle is in fiiU agreement with previous reports that skeletal muscles of 

hypertensive humans contain a higher percentage of fast-twitch fibres than the 

normotensive controls (Frisk-Holmberg etal, 1983; Juhlin-Dannfeh etal, 1979). 

One can argue that this characteristic may not be related to high blood pressure, but to 

rat strain dififerences with respect to fibre type composition, since it occurred in 4-wk-

old SHRs before the onset of hypertension. However, one cannot rule out a casual 

relationship between hypertension and MHC expression in the soleus muscle as it is 

clear from the present study that the blood pressure of the 4-wk-old SHR was 

significantly elevated compared with the age-matched controls (Table 5.2). To fiirther 

explore the relationship between hypertension and the fibre type composition of SHR 

soleus muscles, one could extend this study to include several other normotensive and 

hypertensive rat strains. 

In this study no statistically significant difiference was found between single 

muscle fibres of the same type from SHR and WKY soleus muscles with respect to the 

maximum Ca^^-activated isometric force response/cross sectional area and the 

sensitivity to Câ "̂  of the contractile machinery. Furthermore, the degree of 

cooperativity of the contractUe apparatus and Ca^^-regulatory system with respect to 

Ca^^-regulation of the contractile response, expressed by the HiU coefiBcient, was 

similar in single fibres of the same type from soleus muscles of SHRs and WKY rats. 
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Nevertheless, the pooled data for type I and type IIA fibres from SHR and WKY 

soleus showed that, in soleus muscles of 4-wk-old animals, there was a clear tendency 

for the type IIA fibres to develop lower CaF^ax/CS A compared with the type I fibres 

(69.2 ± 15.0 kN/m^ n= 12 vs. 100.6 ± 7.6 kN/m\ n= 57; P< 0.02, Mann Whitney). 

The higher percentage of type IIA fibres and the lower percentage of type I fibres in 

SHR soleus may explain in part previously reported observations with intact soleus 

muscles from young SHR rats (less than 10-wk-old), which developed 15% lower 

tetanic forces compared with their counterparts from WKY rats (Atrakchi et al, 1994; 

Benbachir-Lamrini et al, 1990). The difiference in the maximal Ca^^-activated specific 

force between type I and type IIA fibres was not statistically significant for the older 

rats of either strain. 

In summary, the present study demonstrates that whilst for a given fibre type, 

there are no significant differences between SHR and WKY soleus muscles with 

respect to any of the Ca^^-activation properties examined, the soleus muscles from 

SHRs and WKY rats are at different states of transformation as reflected by major 

differences in MHC composition and fibre type populations. 



210 

Chapter 6 

A Study of Caffeine Threshold for Contraction in 

Electrophoretically-Typed Single Muscle Fibres from SHR 

and WKY Rats 

6.1 Introduction 

As already mentioned in section 5.1, several laboratories have reported that 

SOL muscles from SHRs display reduced specific tetanic force and lower kinetic 

parameters than control muscles from normotensive rats (Carisen & Gray, 1987; (jray 

etal, 1994a; GraY etal, 1994b; Atrakchi e?a/., 1994; Lewis er a/., 1994). However, 

the ceUular mechanisms underlying these fiinctional characteristics are stiU unclear. 

In the study described in Chapter 5 it was shown that for a given 

electrophoretically-defined fibre type, there are no significant differences between SHR 

and WKY SOL muscle fibres with respect to maximum Ca^^-activated specific tension, 

sensitivity to Câ ^ of the myofibrillar compartment and degree of cooperativity within 

the myofibriUar system with respect to Ca^^-regulation of the contractUe response. This 



211 

finding suggests that fiinctional differences between SOL muscles from SHR and WKY 

rats cannot be attributed to alterations in the contractile and/or regulatory systems. 

In an earUer study, Carisen & Gray (1987) suggested the possibility that the 

ability of SOL muscles from hypertensive rats to release and sequester Câ ^ may be 

impaired; however, the possibility that SOL muscles from SHR and WKY rats may 

differ with respect to SR properties has not been explored so far. Therefore, the main 

aim of the work presented in this chapter was to determine and compare SR properties 

in mechanically skinned single fibres dissected from soleus muscles of SHR at the onset 

of hypertension (for details regarding the three stages in the development of 

hypertension see section 5.1) and of age matched WKY rats. 

The experimental strategy chosen to achieve this aim involved the use of 

caffeine, the value of which as a chemical tool for probing SR fiinction in normal and 

impaired skeletal muscles has been discussed in detail in a recent review by Herrmaim-

Frank etal (1999) (see also section 1.3.1.1). 

6.2 Materials and methods 

Animals. The animals used for this study were male normotensive WKY rats and SHRs 

(aged 14-16 weeks) supplied by the Baker Medical Research Institute (Melboume, 

Victoria, Australia). The rats were handled as in section 5.2 and muscles (SOL and 

EDL) were dissected and stored as described in section 2.2. 
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Skinned fibre preparation. Single fibres were isolated, measured and mechanically 

skinned, under oU, as described in sections 2.3.1, 2.3.2 and 2.3.3, respectively. 

Solutions and force measurements. The solutions used for this series of experiments 

were as foUows: 

(i) a weakly Ca^^-buffered solution (solution E) in which the fibre was equUibrated 

prior to each exposure to caffeine, 

(ii) solution E containing caffeine in the concentration range 0.3-7.5mM (solution 

Th-caffx, where x represents the caffeine concentration), 

(iii) a high caffeine (30mM), low Mg^^ (0.02mM), SR-Câ "" release solution 

(solution R), 

(iv) SR-Ca^^ loading solution (solution L) 

(v) solution W-caff/Ca, in which a fibre was washed after being exposed to 

solutions Ror L 

(vi) a strongly Câ ^ buffered solution in which the fibre was relaxed (solution rlx) 

and 

(vii) a maximally Ca '̂̂ -activating solution (solution maxCa). 

The compositions of these solutions, which were prepared as described in section 

2.4.5.1, are shown in Table 6.1. 
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Table 6.1. Compositions of solutions used to determine caffeine threshold for 

contraction. 

Solutions Mgtotei Mĝ * EGTAtotai HDTAtotai Caffeine pCa 

(mM) (mM) (mM) (mM) (mM) 

E 1.1 0.6 0.2 49.8 - 7.1 

n-caff^* 7.2 0.6 0.2 49.8 0.3-7.5 7.1 

R 0.9 0.02 0.5 49.5 30 8.2 

W-cajf/Ca 1.1 0.6 0.5 49.5 - 8.2 

L 8.8 1 50 - - 6.2 

rlx 10.3 1 50 - . >9 

maxCa 8.1 1 50 - - 4.3 

All solutions contained (mM): Na"̂ , 36; K ,̂ 126; HEPES, 90; ATPtotai, 8; creatine phosphate, 

10; NaNs, 1. The pH of aU solutions was 7.10+0.01 (at 22°C) and the ionic strengdi was 

234+2 mM. The osmolality of all solutions (not including caffeine) was 295±2 mosmol/kg. 

* The subscript (x) in Th-caffx stands for the concentration of caffeine in solution. 

Caffeine-induced force responses (expressed as percent of the maximum 

Ca^'^-activated force) were estimated from the height of the response peak (for caffeine 

concentrations < 7.5 mM), or the area under the peak (for force responses developed 

in solution R) divided by the maximum Ca^^-activated force response (developed by 

the fibre preparation in solution maxCa). 

SDS-PAGE analysis of MHC isoforms in single muscle fibre segments. After determination 

of caffeine thresholds for contraction, the MHC isoform composition of single fibre 
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segments was determined using the gel system, gel F3.17B (Appendix 2) and the 

procedures described in section 2.5. 

Statistical analyses. Unless stated otherwise, all data are expressed as means ± SE. 

Statistical comparisons were performed on groups with at least three data points using 

either a two-way analysis of variance followed by the Bonferroni test or a r-test. 

Statistical significance was accepted atP<0.05. 

6.3 Results 

6.3.1 Types of fibres examined and strategy used for determining caffeine threshold 

for contraction 

In this study, 'caffeine threshold' for contraction (cqff-th) is defined as the 

concentration of caffeine that produces in a skinned fibre preparation a mechanical 

response corresponding to 10% of the maximum Ca^^-activated force. Three 

parameters related to caffeine threshold were determined for each fibre: (i) the caffeine 

threshold at endogenous SR-Câ "̂  load (caff-thE), when the fibre segment was 

maintained at pCa 7.1 throughout the experiment, (ii) the caffeine threshold at maximal 

load (caff-thM)^vA\Qn the fibre segment was exposed to pCa 6.2 where, under the 

conditions described, the SR-Câ "" load is near maximal and the contraction-induced 

damage to the fibre is minimised (Fryer & Stephenson, 1996), and (iii) the ratio 
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caff-thM/cqff-thE (Rcaff-th). As will be argued later in this section and in the Discussion 

(section 6.4), R,aff.th provides information on the slow/fast characteristics of the SR 

compartment. 

Caffeine thresholds for contraction were determined in three fibre populations: 

24 SOL fibres from WKY rats (controls), 32 SOL fibres from SHR (experimental) and 

12 EDL fibres from WKY rats (reference type II fibres). The proportions of different 

fibre types detected in these fibre populations are given in Table 6.2. 

Table 6.2 Fibre types of randomly dissected single fibres in SOL and EDL 

muscles from SHR and WKY. Values are expressed as percentage of the total number of 

fibres dissected (shown in brackets). 

Fibre type 

I (slow) 

IIA (fast) 

IID (fast) 

I+IIA (slow/fast) 

I+nA (slow/fast) 

IIA+IID (fast/fast) 

nD+im (fast/fast) 

IID+nB (fast/fast) 

SHR-SOL 

(n=32) 

59.4% 

21.9% 

6.3% 

9.4% 

3.0% 

WKY-SOL 

(n=24) 

87.5% 

4.2% 

8.3% 

WKY-EDL 

(n=12) 

8.3% 

8.3% 

50.0% 

33.4% 

Note: Holding was used to indicate the predominant MHC isoform in given hybrid fibre. 

As shown in Fig. 6.1 A, the strategy used to determine caff-thg involved 

incubating a fibre segment, freshly dissected and mechanically skinned, in solution E, 

for 2 min, and then exposing it, for 30 sec on each occasion, to a succession of 
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Th-caffx solutions containing an increasing concentration of caffeine. Each fibre 

preparation was exposed to caffeine untU it developed a force equivalent to at least 16 

times the minimum measurable response (where the minimum measurable response was 

equal to 2.5|aN). All fibres were exposed to at least three Th-caff solutions (covering 

the concentration range 0.3-0.9 mM). To minimise the depletion of SR-Ca^^ store, the 

fibre was incubated for 30 sec in solution E, between exposures to caffeine. To 

determine the value oVcaff- thu' (Fig. 6.IB), the SR, emptied in solutioni?, was 

loaded to almost maximal capacity, by incubating the fibre for 2 min in solution L, and 

then the fibre was exposed in a sequential manner to increasing [caffeine], as described 

for caff- thg. 

To correct for the potential effects of caffeine on the myofibrillar compartment, 

at the end of the experiment described above, each fibre was treated with 2% Triton 

(which renders the SR non-fianctional), and then was exposed to another set of 

Th-caffx solutions identical to the set used for determining the caffeine threshold for 

contraction. Although the force responses elicited by caffeine in the Triton treated fibre 

preparation were very small (see Fig. 6. IC), they were nevertheless subtracted from 

the corresponding responses recorded when the SR was intact. The resuhs expressed 

as a fraction of the maximum Ca-activated force were plotted as shown in Fig. 6. ID, 

the data points were best fitted with the Graph Pad prism software to a polynomial 

third order curve described by the equation y = ax^ + bx^ + ex + d (where y = % max. 

force, X = [caffeine] and d = 0). The value of caffeine threshold for contraction (i.e. 

the [caffeine] that produced 10% max. force) was generated by the software package. 
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Solution E • 

J L J L 
Solution Th-caffo,, Solution Th^aff„,, Solution Th-caff,,, Solution 77i-cq^,, 

B 
Solution Th-cqff'2.5 

Solution L 
Solution E 

Solution 77J-C<#„, Solution Th-cqff„, Solution Th-cqffo, Solution Th-cqff,.^ Solution 77i-c^^, 

r/x + 2% Triton 

U I I 
rlx rlx L J L i L J L 

maxCa 
Solution 77i-ca#„ J Solution TA-cf̂ â  Solution 7>i-ca#o 9 Solution 77j-a#^^ Solution 77i-ca#̂ _, 

D 100-, 

3 4 5 6 7 8 

[caffeine] (mM) 

Figure 6.1 Representative chart recordings of force responses and the data 

plot used when determining caff-th^ and caff- thf^ of a single muscle fibre. 
A. Representative chart recording offeree responses produced by a fibre subjected to increasing 

[caffeine] at endogenous SR-Câ ^ load B. Representative chart recording of force responses 

produced by a fibre subjected to increasing [caffeine] at maximal SR-Câ ^ load. C. Representative 

chart recording of force responses produced by a Triton-treated fibre when exposed to increasing 

[caffeine]. D. Data points were fitted to a polynomial third-order curve to determine 

caff-th^ (•; 1.66 mM) and caff- th^C; 1.36 mM). Data were produced with a type I WKY fibre. 

Time scale: 2 s during incubation in caffeine solutions and 30s elsewhere. 
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6.3.2 Low caffeine induced force responses are related to SR Câ -̂  release 

As seen in Fig. 6.1, low concentrations of caffeine produced very low force 

responses. To ensure that these responses were related to SR-Ca^* release, the 

mechanically skirmed muscle fibre preparation was (i) incubated in solution R to 

deplete the SR, (ii) washed for 30 sec in solution W-Caff/Ca, (iU) loaded for 2 min in 

solution Z, (iv) washed for 15 sec in solution W-Caff/Ca, (v) exposed to solution 

Th-caff0.3 and (vi) exposed again to solution R to release the SR-Ca^^ remaining after 

the caffeine exposure. Steps (ii)-(vi) were then repeated for different low caffeine 

containing Th-caffx solutions. If low force responses were due to caffeine induced 

SR-Ca^^ release, this strategy was expected to show a caffeine concentration related-

decrease in the SR-Ca^^ content after each exposure of the fibre to low [caffeine] 

solutions. 

In Fig. 6.2 are shown results obtained with the fibre used in the experiments 

described in Fig. 6.1, before it was treated with Triton. One can see that the area under 

the force responses, which is directly related to the SR-Ca^* content, decreased by 

about 19%) after the fibre exposure to solution Th-caffo.g, suggesting that the value of 

caff- thu would be in the vicinity of 0.9 mM. Note that in this fibre, caff- thu was 

estimated to be 1.36 mM (see legend for Fig. 6. ID). 

The results obtained with 19 SHR type I fibres are summarised in Fig. 6.3. In 

order to compare resuhs obtained with aU fibres, the data were normaUsed by dividing 

the areas under the force responses developed by each preparation in solution R after 

exposure to Th-caffx solutions containing 0.6-2.5 mM caffeine by the force response 
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Figure 6.3 Graph showing the gradual decrease in SR-Ca^* content after 

exposure of skinned fibre preparation to solutions containing the cafTeine 

concentrations indicated on x-axis. Data shown here obtained from 19 SHR type I fibres. 
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developed by the preparation in solution R after exposure to solution Th-caffo.3. As 

shown in Fig. 6.3, the data were fitted by a straight Ime with a slope that was 

significantiy different from 0 (P< 0.05), which clearly demonstrates that under the 

conditions used in this study, low concentrations of caffeine released smaU but 

significant amounts of calcium from the SR compartment in mechanically skinned fibre 

preparations. 

6.3.3 Strain-related and fibre type-related differences in caffeine threshold for 

contraction at endogenous SR-Ca^-" load 

The caff-thE values (means ± SE; range; coefficient of variation) obtained for 

SHR-SOL, WKY-SOL and WKY-EDL muscle fibres are presented in Table 6.3; the 

values are organised according to MHC-based fibre type. As stated in section 6.2, 

statistical analyses were performed only on groups containing at least three fibres. 

As shown by the data in Table 6.3, at endogenous SR-Ca^^ load, the average 

caff-thE values for type I fibres in SHR-SOL and type I fibres in WKY-SOL did not 

differ significantly. Also, no significant differences were observed with respect to this 

parameter between type I fibres and type II fibres in SHR-SOL, where type II fibres 

included type IIA and type I+nA fibres (fibres in which MHC isoform Ila was 

predominant]. 
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The correlation between MHC-based fibre type and caffeme threshold at 

endogenous SR-Ca ^ load was fiirther examined usmg the fibre populations dissected 

from SOL and EDL muscles of WKY rats. Under the experimental conditions used in 

this study, the caff-thE value obtained for the SOL type I fibres (1.53 ± 0.06; n = 21; 

range: 0.98 - 2.04; CV = 18.7%) was about 23% lower than that for the EDL type II 

fibres (1.99 ± 0.36; n = 12; range: 0.8-4.71; CV = 64%), but this difference was not 

statistically significant. However, when comparing caff-thE values for type I fibres in 

SOL and fast-twitch subtypes in EDL muscles, it was found that type I fibres displayed 

caff-thE values that were significantly lower (-36%) than those of type HD+IIB fibres 

(in which MHC isoform lid was predominant). No statistically significant differences 

were found between type I and type IID+IIB fibres (in which MHC isoform Hb was 

predominant), or between the fast-twitch fibre subtypes HD+IIB and IID+IIB. 

6.3.4 Strain-related and fibre type-related differences in caffeine threshold for 

contraction at maximal SR-Ca^-" load 

As seen in Table 6.4, at maximal SR-Ca^^ load, the caffeine thresholds for 

contraction recorded for type I fibres from SHR-SOL were significantly lower (-17%) 

than those displayed by type I fibres from WKY-SOL. At this SR-Ca^^ load, as at 

endogenous SR-Ca^^ load, SHR-SOL fibre types I, IIA and I+HA displayed no 

significant differences with respect to caff-thM values. 
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2+ 
At maximal SR-Ca ^ load, type I fibres from SOL-WKY displayed an average 

caff-thM value (1.18 ± 0.09; n = 19; range: 0.65-2.03; CV = 33.3%) which was about 

20% higher than the corresponding value for type H EDL-WKY fibres (0.94 + 0.18; 

n = 12; range: 0.07-2.05; CV = 67%). Further comparison oi caff-thM values for fibres 

of type I (from SOL) and fast-twitch subtypes (from EDL) in WKY rats revealed that 

IID+nB fibres displayed significantly lower caff-thM values than type IID+IIB fibres 

and both type IID+IIB and type IID+IIB fibres displayed significantly lower caff-thM 

values than type I fibres (SOL). 

6.3.5 Strain-related and fibre type-related differences in the relative caffeine thresholds 

for maximal and endogenous SR- Ca^* loads 

R caff-th was calculated for all fibres examined in this study and the values are 

presented in Table 6.5. An examination of the data reveals a large (49%), statistically 

significant difference between the average values of/? caff-th for type I (0.93 + 0.03; 

n = 21; range: 0.60-1.16; CV = 15.6%) and type II fibres (0.47 + 0.07; n = 12; range: 

0.08-1.00 ; CV = 53.5%) in WKY muscles. This difference is fiirther highlighted when 

the data are represented as frequency distribution plots (see Fig. 6.4). If one assumes 

that the SR in type I fibres from SOL-WKY has slow characteristics (SR''"") and in 

type II fibres from EDL-WKY has fast characteristics (SR^"''), one can conclude from 

these resuhs that the R caff-th value is a good indicator of slow/fast characteristics of the 

SR in a given skeletal muscle fibre. 
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The median R CA/JĈA values for the slow-twitch and fast-twitch fibre populations 

presented in Fig. 6.4 were 1.00 and 0.46, respectively, and 0.73 was the midpomt 

between the two values. Based on the data obtamed here it was decided to use this 

value of/? caff-th as a means ("R-0.73 criterion') for distinguishing between skeletal 

fibres containing a SRwith slow characteristics (R caff-th> 0.73) and fibres contaming a 

SR with fast characteristics (R caff-th < 0.73). 

Table 6.5 Relative caffeine threshold at maximal and endogenous SR-Ca^* loads 

(Rcaff-th = caff-thM/caff-thE). 

Rcaff-th 

Fibre type SHR-SOL WKY-SOL WKY-EDL 

I (slow) 0.82+0.05 (19) 0.93+0.03 (21) ~-

IIA (fast) 0.71+0.06(7) 0.94 

IID (fast) 0.88; 0.34 0.56 

I+IIA (slow/fast) 2.31; 0.66 

I+nA (slow/fast) 0.82+0.08 (3) 

IIA+IID (fast/fast) 0.50 0.52 

IID+IIB (fast/fast) 0.53+0.13 (6) * 

IID+nB (fast/fast) 0.35+0.10 (4)* 

Values are means ± SE for groups containing >3 fibres and individual values are given for 

groups containing <3 fibres. For groups containing >3 fibres, the number of fibres examined is 

indicated in parentheses. * Significantly different (P<0.001) from WKY-SOL type I (ANOVA 

with Bonferroni post-test). 
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Figure 6.4 The frequency distribution of R cafrth values for WKY type I fibres 

from the SOL muscle (panel A) and WKY type U fibres from the EDL muscle 

(panel B). 
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The R-0.73 criterion was subsequently used to examine and compare the 

populations of type I SOL fibres, dissected from SHR and WKY rats, with respect to 

the relative proportions of fibres with slow-twitch and fast-twitch SR characteristics. 

As seen in Fig. 6.5, the proportion of SR*̂ ''' detected among the type I fibres from 

SHR-SOL was 5.3 times higher than that in the population of type I fibres from 

WKY-SOL. 

The low number of fibres (<3) contained in most of the type II groups 

obtained from each type of muscle used in this study (SHR-SOL, WKY-SOL or 

WKY-EDL) precluded analyses SR characteristics in groups of fast twitch (type II) 

fibres from a given muscle type or from different muscles of a given strain. The only 

possible comparison was that between the type IIA fibre group (10 fibres) from 

SHR-SOL and the type II hybrid fibre population (comprising two type IIA + IID and 

ten type IID + IIB fibres) from WKY-EDL. This comparison revealed that the two 

fibre groups contained markedly different proportions of fibres with slow and fast SR 

characteristics (SHR-SOL : 40%-SR''°" and 60%-SR^"'; WKY-EDL: 17%-SR''°" and 

83%-SR^'''). 

6.4 Discussion 

At a given Ca^^-buffering capacity of the bathing solution, the caffeine 

threshold for contraction in a skinned muscle preparation is negatively correlated with 

both the sensitivity of the SR to caffeine and the sensitivity of the contractile apparatus 
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Figure 6.5 The percentage of type I soleus fibres from SHR (panel A) and WKY 

(panel B) rats that displayed SR"'*"* or SR''^* properties. 
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to Ca . In turn, the sensitivity (and therefore the caffeine threshold for contraction) of 

the SR to caffeine depends on the intrinsic properties of the SR-Ca^^ release channels, 

the fiinctional state of the channels as determined by various modulators (hsted ui 

section 1.3.1.1), the density of SR-Ca^^ release channels, the SR volume and the total 

releasable SR-Ca^^ content (see Stephenson et al, 1998). 

As reported in the Chapter 5 of this thesis, there are no obvious differences 

between SHR and WKY muscle fibres of the same electrophoretically defined fibre 

type with respect to the sensitivity of the contractile apparatus to the activator Câ "̂ . 

Therefore, any differences found between the caffeine thresholds for contraction in 

such fibres will reflect differences with respect to the aforementioned SR-related 

properties. 

In the present study, the caffeine threshold for contraction was measured, for 

each fibre, at endogenous SR-Ca^^ loading (in a pCa 7.1 solution) and after the SR was 

loaded at pCa 6.2 (equivalent to maximal SR-Ca^^ load). At pCa 6.2, the 

SR-Ca^^ content has been shown to be substantially higher than the endogenous level 

in typically fast-twitch (type II) fibres but not in typically slow-twitch (type I) fibres 

(Fryer & Stephenson, 1996). Thus, based on the negative correlation between caffeine 

threshold for contraction and SR-Ca^^ content, one would expect that if a fibre 

contained a significant fraction of SR with fast-twitch characteristics, its caffeine 

threshold for contraction would be considerably lower when the SR was loaded at pCa 

6.2 than at endogenous SR-Ca^^ level. Conversely, if a fibre contained a significant 

fraction of SR with slow-twitch characteristics one would expect that the caffeine 

threshold for contraction would be almost the same at endogenous and maximal 
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SR-Ca^^ loads. Consistent with this view, the relative caffeine threshold for maximal 

and endogenous SR-Ca^^ loads (Roaff-th; Table 6.5) was close to 0.5 in all fast-twitch 

fibres (type II) from the WKY-EDL muscle whilst it approached unity in all slow-

twitch fibres (type I) from the WKY-SOL muscles. 

When the SR Ca ^ content was maintained close to the endogenous level, 

there were no obvious differences with respect to caffeine thresholds for contraction 

between the type I fibres from the SHR and WKY soleus muscles of the rat. However, 

when the SR was loaded at pCa 6.2, the caffeine threshold for contraction decreased 

more in type I fibres from SHR than from the WKY rat. In view of the comments made 

above, this resuh could be directly explained if the SR in some of the type I SHR-SOL 

fibres had acquired fast-twitch SR characteristics. Further analysis of the type I fibre 

populations from SHR and WKY soleus muscles using the R-0.73 criterion (which 

under the experimental conditions of this study was deemed to distinguish between 

slow and fast SR properties) confirmed that almost half of the type I fibres from SHR 

soleus displayed fast-twitch SR characteristics. This observation suggests that the 

faster contractile kinetics reported for the soleus muscle in SHRs than in the WKY rats 

are due to its high proportion of type I fibres containing SR with fast-twitch 

characteristics. 

Another interesting finding of this study is that normal rat fast-twitch fibres 

are not homogeneous with respect to SR-properties, as evidenced by the significantly 

different caffeine thresholds at maximal load between type IID+IIB and type IID and 

n B fibres in WKY-EDL (Table 6.4). Such differences could be explained by different 

fiinctional states of the SR Ca^^-release channels, which in turn could be attributed to 
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varying degrees of channel phosphorylation (see Stephenson et al, 1995). 

It is noteworthy that, at endogenous SR-Ca^^ load, the largest population of 

rat fast-twitch fibres (type IID+IIB) dissected from the WKY-EDL muscles, exhibited 

a significantly greater caffeine threshold for contraction than the type I fibres from the 

soleus muscle. This is in agreement with resuhs obtained in several previous studies 

using intact (Fryer & Neering, 1989; Pagala & Taylor; 1998) or skinned rat muscle 

fibres (Danieli-Betto et al, 1995), which showed that fibres from the EDL muscle 

display a significantly higher threshold for contraction than those from the SOL 

muscle. These inter-fibre type differences cannot be related only to differences between 

the SR properties of the two types of fibres because, type I and type II fibres differ 

significantly with respect to the Ca^^-sensitivity of the contractile apparatus and to the 

intracellular content of parvalbumin (a myoplasmic calcium binding protein and a 

potential contributor to differences in the sensitivity to caffeine in intact fibre studies). 

The average values for caff-thE determined in the present study for SOL and 

EDL fibres were lower than those reported for rat fibres by Danieli-Betto et al (1995). 

This could be due to differences in the ionic composition of solutions used and to 

differences in the skinning protocol (mechanical versus chemical) and to differences in 

the protocol employed to determine caffeine thresholds for contraction. 

As already mentioned, almost half (9/19) of pure type I SHR-SOL fibres 

displayed fast-twitch SR characteristics. Furthermore, several (3/7) of pure type IIA 

SHR-SOL fibres displayed slow-twitch SR characteristics. Taken together these 

findings suggest that in rat skeletal muscles there is no tight relationship between MHC 

isoform expression and SR properties. A lack of correlation between the expression of 
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thick filament protein isoforms and various SR properties was also noted by several 

laboratories which monitored cellular events associated with low-frequency 

stimulation-induced muscle transformation (for review see Pette & Staron, 1990). 

In conclusion, results presented in this section of the thesis demonstrate that 

SR in SOL fibres from SHR and WKY rats display significant functional differences 

which may explain the previously reported differences between the contraction kinetics 

of the SOL muscles from these two rat strains. 
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Concluding remarks 

Please note: The research question (rq) or methodological question (mq) 

addressed by each contribution listed in this section is identified in a bracket at the end 

of the contribution. 

By using a combination of biochemical and physiological methods and 

perspectives, this study has contributed a large amount of novel information to the 

following areas of striated muscle research: (i) SDS-PAGE analysis of MHC isoforms 

in whole muscle homogenate and single muscle fibre preparations (Chapter 3), (ii) the 

correlation between MHC isoform expression and contractile activation characteristics 

of single, skinned fibres from SOL, EDL and DPH muscles of adult rat (Chapter 4), 

(iii) the correlation between caffeine thresholds for contraction and MHC isoform 

expression in single, skinned fibres from SOL and EDL muscles of adult rat (Chapter 

6), (iv) the extent of overlap between the biochemical fibre typing technique based on 

MHC isoform composition and the physiological fibre typing technique based on 

contractile activation characteristics (Chapter 4), (v) cellular mechanisms underlying 

fiinctional differences between SOL muscles from spontaneously hypertensive and 

normotensive rats (Chapters 5 and 6) and (vi) the heterogeneity and plasticity of rat 

skeletal and respiratory muscles (Chapters 4, 5 and 6). Notable contributions made by 

this study include: 
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• A tabulated survey of 72 studies involving electrophoretic analyses of MHC 

expression was generated. The table, which contams also details of the 

methodological protocols used in these studies, has been formatted to allow rapid 

identification of the electrophoretic parameters most frequently modified and the 

range of values employed by various researchers concemed with the separation of 

MHC isoforms by SDS-PAGE. As it is, this table can, therefore, serve as a 

practical guide for trouble shooting m studies requiring electrophoretic separation 

of MHC isoforms on SDS-PA gels (see mq-1). 

• Several lines of evidence were generated showing that the reproducibility of the 

SDS-PA gel systems currently used to separate MHC isoforms is related to the 

pair of MHC isoforms to be separated, being high for MHCI-MHCIIb, average for 

MHCnb-MHCIId and very low for MHCHa-MHCnd. The low reproducibihty of 

MHC separation by SDS-PAGE, an issue not explicitly addressed so far in any of 

the relevant research articles or reviews surveyed as part of this study, has been 

attributed - at least in part - to the close correlation found to exist between the 

identity of the MHC isoforms under consideration and the direction and magnitude 

of the effects of different electrophoretic parameters on the separation of MHC 

isoforms (see mq-2 and mq-3). 

• Convincing evidence was produced that non-transforming muscles obtained from 

functionally normal, aduh animals, not previously subjected to intense or reduced 

mechanical activity, contain a large proportion of hybrid fibres. This finding lends 

fiirther support to the previously stated possibility that some hybrid fibre types may 

be-stable rather than transUory cellular species (see rq-1). 
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• Evidence was produced -for the first time - that aduh rat DPH contains a small 

proportion of fibres expressing an 'atypical' combination of MHC isoforms 

(see rq-2). 

• Evidence was produced that, in order to obtain subdural and functional 

information on fast type fibres (pure or hybrid), both MHC isoform composition-

based and Cd^^/ Sr^^-activation characteristics-based fibre typing methods have 

to be used. This is because for such fibres MHC isoform expression and Ca^VSr̂ -̂

activation characteristics are not tightly correlated (see rq-3 and rq-4). 

• Evidence was produced that in SOL and DPH muscles of the rat the expression of 

MHC and MLC isoforms are not tightly correlated (see rq-5). 

• A comparative study was carried out on the MHC composition and the functional 

status of the contractile apparatus on SOL muscles from spontaneously 

hypertensive rats and their normotensive controls at three different stages of 

hypertension. The novel data produced by this study lends very strong support to 

the case for a shift in MHC expression, from slow to fast (rather than fast to slow) 

in SOL muscles from SHR rats. The evidence generated in this study brings the 

controversy regarding the fibre type composition of SHR and WKY rats practical 

to a close (rq-7 and rq-8). 

• A study was carried out on the contractile activation characteristics of single SOL 

muscle fibres from SHR and age-matched WKY rats, at three different stages of 

hypertension. The data showed, for the first time, that fiinctional differences 

between SOL muscles from age-matched SHR and WKY rats cannot be attributed 
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to Statistically significant differences between Ca '̂̂ -activation characteristics of 

single fibres, when the fibres compared are of the same type (rq-9). 

Using a population of type I (slow-twitch) SOL fibres and type II (fast-twitch) 

EDL fibres from aduh rat, a protocol based on the SR sensitivity to caffeine was 

designed for identification of slow-twitch/fast-twitch SR characteristics in 

electi-ophoretically-defmed fibres. The protocol involves (i) the use of the ratio of 

two caffeine thresholds for contraction, measured at two SR-Câ "̂  loads 

(endogenous and maximal), in a mechanically skinned muscle fibre preparations, as 

a criterion for distinguishing slow-twitch/fast-twitch SR characteristics, and (ii) the 

use of SDS-PAGE to analyse MHC isoform composition (rq-6). 

Evidence was produced that in rat aduh muscles there is no tight correlation 

between MHC isoform composition and slow/fast SR characteristics. A direct 

imphcation of this finding is that knowledge of the MHC isoform composition of a 

given rat skeletal muscle fibre cannot be used to predict its characteristics with 

respect to SR fiinction (see rq-6). 

Evidence was produced that the population of type I fibres dissected from 

SHR-SOL contain a higher proportion of fibres with fast SR characteristics than 

the population of fibres from WKY-SOL. This finding suggests a SR-related 

cellular mechanism for the lower kinetic parameters displayed by SHR-SOL 

muscles (see rq-9). 
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Appendix 1 

Table Al Composition of separating gels in the Laemmli (L) and in the 

Talmadge & Roy (T-R) gel systems. 

Component 

Acrylamide (%>, w/v) 

Bis (%, w/v) 

%C value 

Tris (pH 8.8) (mM) 

Glycerol (%, v/v) 

Glycine (mM) 

SDS (%, w/v) 

AP (%, w/v) 

TEMED (%, v/v) 

L 

(Laemmli, 1970) 

8 or 10 

0.267 or 0.213 

2.6 

375 

-

-

0.1 

0.025 

0.025 

T-R 

(Talmadge & Roy, 1993) 

7.84 

0.157 

2.0 

200 

30 

100 

0.4 

0.10 

0.05 

Table A2 Composition of the stacking gels in four gel systems. Note: L i s a 

modified version of the original stacker used by Laemmli (1970). 'M' is a modified version 

of the Modzdiak et al (1999) stacker. The modification in the Modzdiak stacker was the 

substitution of methylenebisacrylamide (Bis) for N,N' diaUyltartardiamide as the cross-linker. 

Component 

Acrylamide (%, w/v) 

Bis (%, w/v) 

%C value 

Tris (pH 6.7) (mM) 

Glycerol (%, v/v) 

EDTA (mM) 

SDS (%, w/v) 

AP (%, w/v) 

TEMED (%, v/v) 

L 

(Laemmli, 

1970) 

3.00 

0.08 

2.6 

125 

-

-

0.1 

0.025 

0.025 

'L ' 

(modified 

Laemmli, 1970) 

4.00 

0.107 

2.6 

125 

-

-

0.1 

0.1 

0.05 

' L ^ ' 

('L' + 40% 

glycerol) 

4.00 

0.107 

2.6 

125 

40 

-

0.1 

0.1 

0.05 

T-R 

(Talmadge & 

Roy, 1993) 

3.92 

0.08 

2.0 

70 

30 

4 
0.4 

0.1 

0.05 

' M ' 

(Mozdziak 

etal, 1999) 

2.56 

0.45 

15 

100 

10 

0.1 

0.05 

0.5 
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Table A3. Composition of running buffers in three gel systems. Laemmh (L), 

DanieU-Betto (D-B) and Talmadge & Roy (T-R). 

L B-B T^R 

(Laemmli, 1970) (Danieli-Betto et al.. (Talmadge and Roy, 1993) 

Component ^̂ ^̂ ^ Upper Lower 

Tris (mM) 

Glycine (mM) 

SDS (%, w/v) 

25 

192 

0.1 

32.5 

288 

0.1 

100 

150 

0.1 

50 

75 

0.05 
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