NEW FRONTIERS IN MUSCLE RESEARCH

A SymposiumNew Frontiersin Muscle Researctook place on Wednesday Novembef%2000,
during the Meeting of the Society at RMIT University in Melbourflee Symposium contained five
papers, reproduced teein pp.28— 98.

These papers are to appatsoin Clinical and Experimental Pharmacology and Physiooogy.

The Symposium was chaired by Graham Lamb and Opavid Williams

Procedings of he Australian Physiological and Pharmacological Society (2001) 32(1) 27



'CURRENT" ADVANCES IN MECHANICALLY -SKINNED SKELETAL
MUSCLE FIBRES

Giuseppe S. Posterino

Department of Zoology, Faculty of Science and Technology, La Trobe University, 3086, Victoria,
Australia.

Summary

In skeletal muscle, excitatiezontraction (EC) coupling describes a cascade of cellular events
initiated by an action potential (AP) at the surface membrane which ultimately results in muscle
contraction. Being able to specifically manipulate the many processes that co&s@tuteupling as

well asthe many factors that modulate these processes has proved challenging. One of the simplest
methods of gaining access to the intracellular environment of the muscle fibre is to physically remove
(mechanically skin) the surface membrane. In doing so theplasymic environment is opened to
external manipulation. Surprisingly, even though the surface membrane is absent, it is still possible to
activate both twitch and tetanic force responses in a mecharskailyed muscle fibre by generating

an AP in thetransverse tubular system. This proves that all the key sté&p€inoupling are retained

in this preparation. By using this technique, it is now possible to easily manipulate the myoplasmic
environment and observe how altering individual factors affistsnormalE-C coupling sequence.

The effect of important factors, such as the redox state of the cell, parvalbumin, and the sarcoplasmic
reticulum C&'-ATPase, on twitch and tetanic force can now be specifically investigated independent
of other factors.

1. Overview of excitatiorcontraction coupling in skeletal muscle

Given the extensive literature orGEcoupling in skeletal muscle, a detailed examination of each
step in the process is beyond the scope of this article. Instead, recent reviesitedarghere
appropriate and only a brief account e€CEcoupling is given here to help the reader appreciate certain
points raised later in this review. In this article, | will give examples of the recent use and possible
future contributions of mechanibaskinned fibre technique towards the understanding certain parts
of the E-C coupling cascade, namely: a) the spread of excitation within the transverse tupular (t
syst+em; b) the mechanisms of communication between the vskagers in thé-systemand tge
Ca release channels of the terminal cisternae of the sarcoplasmic reticulum (SR); arfd c) Ca
handling by the SR.

In skeletal muscle, the AP at the surface membrane rapidly spreads down irggdieent of the
muscle fibre where the associatéépolarization is sensed by the voltagmsors (dihydropyridine
receptors- DHPRs;Jr(Schneider,1994 Melzer et+al., 1995. The DHPRs of skeletal muscle are
modified L-2t pe Ca channels in which the &4 channel function is virtually redundant because
entry of Ca into the cell is not nexssary to initiate contractiofiRios & Pizzaro,1991, Dulhunty,

1992 Melzer et al., 1995. The DHPR consists of five subunits, with the subunit playing the
primary role inE-C coupling. Thex; of the DHPR is composed of four repeatd\)l, each with six
hydrophobic intramembranous segmentsg@l Thefourth segment (s4) of each repeat contains a
series of positive charges which are thought to be the vetemstive elements that underlie the
voltagedependent asymmetric charge movement observed originally by Schneider & CliEidiBer
Connecting each rept are hydrophilic peptide loops, with the myoplasmic loop joining repeats Il and
lll being essential for signal transmission to the SR in vertebrate skeletal rfiteaddeet al., 1990)
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The DHPRs cdocalize in arrangements of four, termed tetréleck et al., 1988) and are located
immedately adjacent to alternate Taelease channels (ryanodine receptdrRYRs) in the adjacent
SR. Activation of the DHPRs subsequently leads to the azgtivation of the RYRs by a mechanism that is
not fully understood. The RYRs are large homotetrameric €gannels which tightly bind the plant
alkaloid ryanodine. The RYRs specific to skeletal muscle are termed RYR1 and are arranged in
closely packed arrayis vivo (Block et al., 1988) In mammalian muscle, every RYR1 appears to be
functionally identical at the biochemicétvel (Ogawa, 1994) although the properties of DHPR
coupled versus DHPR uncoupled RYRmsvivo may differ. In amphibian muscle, the RYR1s are
composed of two isoforms, andf3, of which the properties of tHeisoform may or may not be differ
from amphibiana and mamalian RYR1(Ogawa, 1994FranzintArmstrong& Protasi, 1997 Ogawa
et al., 1999) A distinct feature of the various RYR1s of both amphibian and mammalian skeletal

. T .. . . 2+
muscle is the strong inhibitign of channel activity by physiological levels of© Mgl mM),
millimolar concentrations of 65, and the ability of ATP to shulate channel activity even in the
absence of G4 (Lamb, 2000). These features are essential for the type-6f coupling observed in
skeletal muscle as opposed to cardiac and smooth muscle cells.

Precisely how the DHPR and the RYRL1 interact has not beenigstahlalthough a direct
interaction between these two channels is thought to ¢btizeret al.,1995;Meissner& Lu, 1995
FranzintArmstrong& Protasj 1997). Activation of the RYR allows 3 stored in the SR to enter the
myoplasm wherezit binds to the contractile apparatus to initiate force prod(Mtdzeret al., 1995.

The release of€a _is tightly controlled by the DHPR®Iios & Pizzaro,1991 Melzeret al., 1999.

The cessation of Carelease upon deactivation of the DHPRs leads to relaxation of force as the ca
initially released is resequestered back into the SR through the activity of thé SRTEases and in
fasttwitch fibres, relaxation may be aided by the binding o "Ga parvalbumir(Rall, 1996)

2. Techniques for investigating EC coupling in skeletal muscle

Many techniques have been used in the study©Gfcoupling and all have both advantages and
disadvantagedi/hole intact cell preparations have the advantage that they retain normal physiological
function. However, the usefulness of these preparations is to some extent limited by difficulties in
controlling and measuring intracellular processes. One way atbismgroblem is to use molecular
biology techniques, such as the knockout of a specific gene. In this way the influence of a specific
protein can be removed and the effect of this studied in the intact system. However, given the complex
interaction betwen many cellular constituents, the removal of a specific component may cause some
unintentional change in the function of other components. In contrast, the biochemical approach
involves the study of key components in well controlled artificial envirospesuch as the isolation
of a single channel in an artificial lipid bilayer. In this way the basic function of a particular
component can be determined in isolation, although the effect of complex interactions with other
cellular components that maymaally occurin vivois lost. Bridging the gap between intact fibre and
biochemical techniques are the skinned muscle fibre preparations. The key advantage of these
preparations is that the myoplasmic environment can be easily manipulated whilstim stentaed
fibre preparations (see below), all the essential elements iB-@eoupling cascade also remains
intact.

3. Types of skinned fibre preparations

There are a two main ways to permeablise a skeletal muscle “fibcbemically and
mechanically However, these differ in the consequences they have on the various structures of the
muscle fibre.
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Figure 1. Intact and mechanicallyskinned portuon or a skeletal muscle fibre Shematic diagram
showing the skinning of a single skeletal muscle fibre by rolling back the surface membrane
(sarcolemma S) with a pair of forceps (F), forming a 'cuff'. The transverse tubular system (T) seals
off to form a closed compartment after skiign SR, sarcoplasmic reticulum; ZJide; C, contractile
apparatus. (Modified from Posterino et,&000)

a) Chemical skinning

This involves the use of a number of chemical reagents that permeablise the various membranes
of the fibore— some are more selive than others. Commonly used reagents are sap®®scin,
glycerol and tritonX 100. The more selective permeablising agents (e.g. saponiffi-escin) are
thought to act primarily on the surface membranes (sarcolemmajtaimgles by binding chekterol
which is largely absent from the SR. However, this selectivity is not as precise as first thought and
significant effects on the SR have been obseflzadnikonis& Stephenson]997 1999) Other non
specific reagents (such as trit¥n100 and glycerol) destroy all the membrasteictures and leave
only the contractile machinery intact. The type of permeablising reagent that is most appropriate
depends on the particular cellular process the investigator wishes to examine. For examination of the
properties of the contractile aguatus, it is often best to remove all membrane structures to ensure that
they do not interfere with the measurements. For example, the presence of a functional SR can greatly
affect the C&"_gradients within the fibre and this may significantly affeetﬁbrce[Ca2+] relationship
unle+ss the [Cza] was buffered very strongly. If on the other hand the purpose is to investigate the
Ca -handling properties of the SR, one needs to use the more selective reagents that leave the SR
intact and functional andthis may not be possible with even the more selective reagentgafised
Launikonis & Stephenson1997 1999. Thus, to avoid any undesired effects of permeablising
reagents it is perhaps best to use mechaniskihned fibres.

b) Mechanicaiskinning

The mechanicalkgkinned fibe technique (originally termed Natdyipe fibres) was first
developed by Natori in 1954.He showed that it was possible to gain access to intracellular
environment by physically rolling back the surface membrane of a single muscle fibre with a pair of
fine needles under paraffin oil (see Fig. 1.). Unlike chemisdigned fibres, in which the surface
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membranet-system and SR are perforated by various chemical agents, in mechaskicalld fibres
thet-system seals off to form an intact, fully fuloctal compartment (see later). The SR also remains
intact and fully functional. There are other variations of this technique, such as splitting the fibre,
however, the-system in this preparation does not seal off which limits its experimental amplicati
The functional integrity of mechanicalgkinned fibres is one of the key advantages of this preparation
and this can be seen by its use in the examination of many aspedtsafupling.

Examination of the contractile apparatu®ne of the earli¢sises of mechanicallskinned fibres was

in the study of the various properties of the contractile apparatus in which a number of models derived
from earlier biochemical studies could be tested in a more physiological prepdoiaonet al.,

2000) These fibres were @fh also treated with membrane permeablising reagents, such as {riton X
1002,+and are thus better termed chemiesitiyned fibres. Nevertheless, the specific role o%+Ca

Mg~ , ATP and other compounds in the regulating contraction has been studiedivektehy
exposing the myofilaments of both mechanicakynned and chemicalgkinned fibres to various
buffered solutiongStephensorl 981 Gordonet al.,2000) Mechanicallyskinned fibres are useful in
understanding the properties of the contractile apparatus as it has been shote tin&rinsic
contractile properties of intact fibres can be observed in mechars&atlyed fibres provided that the
buffering of variqus factors in solution is firmly controll@doisescu,1976. More recently, a study
comparing the 4-activation properties .@. the Ca+-sensitivity and Hill coefficient) of both intact

and mechanicalkgkinned fibres further demonstrate that contractile function remains unchanged
following skinning(Konishi & Watanabe1998.

Examination of SR propertiesBiochemical assays have provided enormous ihsigb the function

of the SR and its key molecules. However, during preparation of these assays, the structure of the SR
and associated proteins may be compromised and no longer representative of theivistate

Furthermore, the normal constraintsdarelationships between RYR1s and other key molecules
presentn vivo are typically los{Faverg 1999) The importance of such constraints and relationships
between molecules for their normal function is becoming clearer. As mentioned earlier, RYR1s are
arranged ina closely packed arrayn vivo and it has been shown recently that RYRs will
spontaneously form these arrangements in sol{on& Lai, 2000) Furthermore, RYRSs in bilayers

have been observed to open and close in synchrony (termed coupledMatigt al.,1998. This
phenomena gigested that there is physical cooperativity between such channels and this could well be
important for normal a release. There is also a close association between RYR1 and DHP
receptors of the-system(Block et al., 1988) and recent studies have suggested that RYRDicah

DHP receptorsn vitro (Murray & Ohlendiek,1997. The close proximity of the DHP receptors and
RYR1 appears to directly influence their individual functiNakaiet al.,1996) Associated proteins

of the RYR1, such as FKBE2, also help to link and control neighbouring chaniélarx et al.,

1998) whilst oher associated molecules, such as calmodulin and calsequestrin, appear to regulate
channel activity at an individual levéFranzini-Armstrong& Protasi,1997). Mechanicallyskinned

fibres retain these relationships and structural constraints and are thus ideal for the examination of the
adivity of the RYR1 and the C4-ATPase in their native state. The endogenouzér Gentent of the

SR, which is reported to regulate the activity of the RY&ilsapesai& Williams, 1997, can also be
assayed and controlled in this preparation. By using a_number of RYR agonistgtaguhists, such

as caffeine and ryanodine, as well as antagonists of t eAd#®ase, such as 2dh(tert-butyl)-1,4-
benzohydroquinone (TBQ), the properties of the SR and related molecules can be examined (see later).

Examination of voltagelependent CA release: Considering the apparent importance of maintaining

normal structural integrity, how do we really know that mechaniskiigned fibres accurately
describe events that occimr vivo given that the surface membrane is removed in this prepaation
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One of the most important features of mechaniestipned fibres is that activation of Carelease

from the SR can be elicited by activation of the voltagesors (DHP receptors) present in the
system just as it is in an intact fibre. That is, mleemal E-C coupling mechanism is retained in this
preparation. What is the evidence for this? The first indication came from experiments conducted by
Natori in the fifties. He showed that small contractlons could be elicited in mechasidaled

fibres when large electrical stimuli (>110 V chwere applied via electrodes to fibres under oll
(Natori, 1954)(see later section). Later, &antin & Podolsky(1967) showed that both electrical
stimulation and raising the [Cin the myoplasm of mechanicaigkinned filses produced contraction.

At the time, not much was known about the mechanism@fdéupling and these authors could only
conclude that such contractions arose from depolarisation of some internal membrane compartment in
the skinned fibre and favouredetidea that it involved both thesystem and SR. However, from this
point in time electrical stimulation of skeletal muscle was not pursued further. Instead, the focus was
directed towards the mechanism of-dduced activation of mechanicakinnedfibres. This led to

the discovery that theslystem sealed off after skinning to form a separate compartment (see Fig 1). It
was subsequently shown that by forming a separate compartment that is isolated from the myoplasmic
environment of the fibre (as$ is normally in an intact fibre), thiesystem of a mechanicalskinned

fibre could be polarlzed if the flbre was bathed |n a solution that mimics the normal méloplgsm (e
high [K 1 szome N3, 8 mmol ™ ATP, 10 mmoll™ creatine phosphate, 1 mmio free Mg , 0.1

umol 1™ , pH 7.2 (Donaldson 1985 Stephenson] 985 Fill & Best,1988 Lamb & Stephenson

1990. Repolarlzatlon of the sealed;ystem was possible due to the presence of functionakia
pumps that reestablish the normal NG’ gradient(Donaldson,1985 Stephenson] 985 Fill & Best,

1988 Lamb & Stephenson199() Some control of thegystem potential was then possible byl
changing the [K] bathlng the fibrgFill & Best,1988 Lamb & Stephenson199Q Posterino& Lamb,

19983. If all the K* in the bathing solution was rapidly removed, it was possuble to depolarite the
system. The<” ion was often replaced with N,aalthough in some instances, tKé was replaced

with choline chbride, in which the simultaneous increase in the [@llped to further depolarize the t
system (Lamb & Stephenson,1990. Such depolarization led to the activation of force in
mechanicallyskinned fibres which was subsequently shown to involve the activation of both the
DHPRsin the t-system and the RYR1s of the SR because such responses were: a) inhibited by
antagonists of DHP receptors, such as nifedipine and veraffamsilerino & Lamb, 19984;amb &
Stephenson, 1990and b) completely blocked by ryanodine and ruthenium red, specific antagonists of
RYRs (Lamb & Stephenson, 1990 The transiet force responses observed following depolarlzatlon

of the t-system in this manner last a few seconds and are graded by the myoplaﬂmld'lﬂése

results confirm that mechanicakkinned fibres retain functional® coupling and it is clear that such
force responses are analogous tacKntractures generated in intact fibres (i.e. when extraceIIuTar [K

is increased). These results also showed that the essential elements involedaoding must be

very robust as they are retained following medteatskinning and after the normal myoplasmic
constituents are replaced with a minimal physiological sol{tiamb, 2000)

Nevertheless, despite many useful properties mentioned above, the mechsakica#yg fibre
technique does have several limitations. @nehat thet-system membrane potential can not be
directly measured and importantly, can not be accurately controlled. A second, and perhaps the most
important, is the slow depolarization of theystem associated with diffusion of the bathing solution
into the fibre. This prevents the study of rapid vokdgpendent 3 release from the SR.
Depolarizationinduced force responses elicited by solution substitution occur with a rise time of some
500 ms, with the whole response lasting sdhﬁas Consegently, force responses elicited in this
manner may not be as sensitive to changes i @tease as a more rapid physiological response seen
during a single twitch or a tetanus.
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Figure 2. Twitch and tetanic (50 Hz) force responses elicited byyampb0 V cni field stimulation

(2 ms duration) to a segment of a mechanieskiyined EDL muscle fibre of the rat bathed in a
solution mimicking the normal myoplasmic environment (ie. hlglj [Bee Section 3). The applied
stimulus is simultaneous rec®&d below each force response. MaX|mum+€$a:tlvated force (max)
was elicited in the same fibre using a heavily bufferedEGd A solution and is indicated by the solid
bar above the tetanic force response.

4. Electrical stimulation of mechanicallyskinned fibres

As mentioned ader, electrical stimulation of mechanicakkinned fibres has not been-re
examined for some 25 years since the last experiments performed by Costantin. At the time large
electrical stimuli were required to elicit relatively weak force responses.reBsen for this may be
due to the fact that mechanicafiiginned fibres were stimulated under oil which left theabules in a
poorly polarised state. Furthermore, fibres were typically stimulated with a longitudinal electric field
and with very large vethdges that may have damaged the fibre. Recently, Posterino (20@0)
revisited the idea of electricalstimulating mechanicaltgkinned fibres, modifying both the solutions
used to bath mechanicakkinned fibres and the orientation of the electric fielhin platinum wire
electrodes were positioned parallel with the long axis of the muscle fibre at a distance of 4 mm apart
and along the whole length such that a uniform stimulus was applied. Fibres were bathed in a
physiological solution that mimics éhnormal myoplasmic environment ensuring that tthebules
were well polarizedPosterino& Lamb, 1998a Lamb, 2000) A brief 2 ms, 2025 V stimulus was
applied giving a field strength of 880 V cm™. In this manner, Posterino et €2000) were able to
elicit reproducible twitch and tetaniforce responses in mechanicakinned fibres (see Fig 2).
Precise positioning of the fibre between the electrodes was not necessary and twitch and tetanic force
could be elicited in both mammalian fasitch fibres (Pcsterinoet al., 2000) or amphibian twitch
fibres (unpubshed data).

Twitch or tetanic force responses in mechaniesiyined fibres are initiated by the generation
of APs in the sealedttubules and by the activation of voltadependent processes that underlie
normal E-C coupling(Posterincet al.,2000Q. Thus, even the firsdtep inE-C coupling is retained in
mechanicallyskinned fibres- the ability to generate an AP. The evidence for this is threefold. Firstly,
it was noted that the twitch response in fibres was steeply dependent on the applied voltage and
exhibited a sarp threshold in which the transition between zero force and 70% of maximum twitch
size required only a 10% increase in the applied electric field. Secondly, chronic depolarisation of the
t-system prevented any twitch or tetanic response from beingedélibit field stimulation. This is
consistent with the inactivation of voltagependent processes that underlie both the AP and
activation of the voltagsensors of the-system. And thirdly, the presence of g0 TTX in the

Proceedings oftte Australian Physiological and Pharmacological Society (2001) 32(1) 33



sealedt-tubules strongly inlited such responses proving that activation of Maannels (and the
generation of an AP) in thesyystem is essential in triggering further steps in the cascade.

The characteristics of both twitch and tetanic force responses elicited in mechaskioakd
fibres closely resemble the responses observed in intact {(fmg= & Neering,1988 Schwalleret
al., 1999) The peak amplitude of the twitch response infiagth mammalian and twitch amphibian
muscle is between 30% and 60% of maximum &ativated force. Tetani (50 Hz) elicits ferc
responses between -800% of maximum CA-activated force. The twitetetanus ratio in
mammalian fastwitch skinned fibres ranges between 0.40 and 0.60 which is larger than that observed
in intact fibres (~0.30)Schwalleret al., 1999) The larger twitcHetanus ratio andhe ability to
achieve near maximal force during a tetanus, is possibly due at least in part to the loss of parvalbumin
in mechanicallyskinned fibre preparatior{(Stephensoet al., 1999)

The clear functional similarities between intact and mechaniskihned fibres highligt the
potential of the mechanicalgkinned fibre technique in the study of skeletal muscle physiology.
Nevertheless, there are a few differences in the responses observed between meeiamneadly
fibres and intact fibres. One such difference is tetnic force in fastwitch mechanicallskinned
fibres declines much more rapidly during high frequency stimuli than in intact fibres, with force fading
after ~200 ms of stimulation (termed fade; see Fig. 2). The cause of this phenomenon is not certai
Posterino et al(2000) attributed this to a gradual build up if in the sealed-system with repeated
APs leading to depolarization; this would not normally occur in an intact fibre whetesyiseem is
open to the extracellular environment. Howewee have recently observed that this phenomena
appears to be related to the fibre length, as fade was largely eliminated in fibres that were stretched
from between 120% to 140% of their resting length (unpublished results). This is currently being
further examined. Another difference between mechanieskipned fibres and intact fibres is that the
absence of a surface membrane means the intracellufarcGatent of the fibre can vary from the
endogenous level. The comparatively large volume of solutitimingathe mechanicalgkinned fibre
means that a substantial amount of Gzan be gained from (or lost to) the bulk solution. In order to
maintain the normal endogenous level of S “Choth over time and with repeated responses, it is
necessary ensurthat the free [Czé'] of the bathing solution is buffered to the normal resting
myoplasmic concentration (pCa 7.0). This limits the amount 6t ©ading. It is noteworthy that
little variability is observed between successive twitch responses in nadhyaskinned fibres which
suggests that the SR Cacontent remains relatively stable under the conditions used. However, a
more precise determination of changes in the S ’ Cantent during repeated stimulation is still
needed as well as a better wdyclamping the SR &4 content.

5. Recent contributions and future directions

The ability to electrically stimulate mechanicadlyinned fibres helps bridge the gap between
biochemical and whole cell studies. Some recent findings illustrate thetcamcefuture potential of
this technique towards the understanding-& Eoupling in skeletal muscle.

a) Mechanisms and pathways involved in the initial spread of excitation

The first step in EC coupling involves the initiation and spread of Afethroughout the muscle
fibre. It is generally accepted that the spread of excitation intd-glistem in amphibian skeletal
muscle involves an ARCostantin, 1970Bezanillaet al., 1972; Nakajima & Gilal, 1980. In
mammalian skeletal muscle, it was not known if the spread was either passive or activeh athoug
was assumed to involve an AP. As indicated earlier, the ability to generate an AP in mechanically
skinned fibres by electrical stimulation now provides direct evidence that excitation also spreads down
the t-tubules via an active process in mammahauscle(Posterincet al., 2000) This observation is
unambiguous as there is no surface membrane present. Furthermore, it is apparent that other

34 Proceedings ohe Australian Physiological and Pharmacological Society (2001) 32(1)



characteristics of the AP in thesystem can also be determined using this preparation. By using the
twitch response as an inditaneasure of the AP, it is possible to estimate the relative refractory period
of the AP. If two single stimuli are elicited in close succession (less than 6 ms) no summation of the
twitch force response was observed. However, if the second stim@pplied 6 ms (or later) after
the first, the twitch response is potentiated. This indicates that the refractory period of the AP is at
mos+t 6 ms long (unpublished data). Refinement of this measure could be achieved by examining the
Ca  transient rathethan force.

Experiments with electricaltlgtimulated mechanicalgkinned fibres have also revealed the role
of a previously identified structure in skeletal muscle. The observation that contractions (either
spontaneous or elicited electrically) have thbility to propagate over hundreds of sarcomeres in
mechanicallyskinned fibres revealed a mechanism that allows excitation to spread throughout a
skeletal muscle fibre independent of the surface membfdatori, 1954;Caostantin & Podolsky,
1967 Posterincet al., 2000) It was found that an AP(s) could prgp&e along the entire length of
skinned fibre segment (without the presence of a surface membrane) and could cause relatively
synchronous act{vation of a large proportion of the fibre (>70%) travelling with an estimated velocity
of some 13 mm S(Posterincet al.,200). It was suggested that the structure involved in the spread of
the AP must be the longitudinal tubular system (LTS) which has been observed with electron
microscopy (EM) (FranzintArmstrong & Jorgenson,1988 Stephenson& Lamb, 1992 and by
confocal imaging of mechanicalgkinned fibres in which a fluophore was trappedhe t-system
(Peachey, L.D., 1965)These findings in mechanicakkinned fibres revealed a fundamental property
that is likely to be important in the spread of the AP throughout a fibre, in fatigue and during
myogenesis.

. oL 2+
b) Internal transmission of excitation and tah of Ca  release

Data obtained from mechanicakinned fibres in which functiond-C coupling is retained
have also provided strong evidence for and against a number of ideas regarding the mechanism by
which the DHPRs and the RYR1s communicdteis clear from some experiments in mechanieally
skinned fibres that the link between these two channels does not involve a dlffu3|ble second messenger
such as inositol 1,4;BisphosphatéWalkeret al.,1987; Posterinet al., 1998b)or cg (Endo 1985;
Meissneret al., 1986; Lamb & Stephenson, 1B®wenet al.,1997;Lamb & Laver,1998) The link
was also previously thought to invelthe transient formation of disulphide bonds between the DHPRs
and the RYRgSahmaet al., 1992) However, recent experiments in mechanieakiynned fibres
have showed that strong sulphydryl reducing reagents do not interfere with n&r@al
couplingPosterino & Lamb, 1996) Nevertheless, verus sulphydryl oxidants have been shown to
modulate the RYR1 functio(Dulhunty et al., 1996)indicating that the cellular redox state may effect
E-C coupling in a more complex manner that is dependent on the precise ratio of endogenous redox
reagents (ie. ratio of glutathiorte reduced glutathione) both within the myoplasm and the lumen of
the SRFenget al., 2000) Here again we can see the potential advantage of mechasidalhed
fibres in addressing this question which can not readily be observed in an intact fibre preparation.

C) cdt handling

As mentioned earlier, mechanicatiikinned fibres rapidly loose their parvalbumin after skinning
and this may account for some of the dynamic differences between twitch responses observed between
mechanicallyskinned fibres and intact fibresThe absence of parvalbumin in mechanieakinned
fibres allows the examination of the functional role of this protein in indling. Most previous
studies examining the role of parvalbumin have been limited by the inability to remove theadffects
parvalbumin completely. Only one recent study using mice in which the parvalbumin gene has been
knocked out has been able to examine the precise contribution of parvalbumin on twitch and tetanic
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characteristic§Fryer & Neering, 1988) This study showed that twitdktanis ratio was greater in

fibres from parvalbumin knockout mice (PKM) than from wildtype mice. Interestingly, the
characteristics of the twitch response from PKM greatly resemble those from mechakicaibd

fibres. Nevertheless, it is possible that #iesence of arvalbumln in PKM may have effected the
other constituents important iE-C coupling and a handling. The unique properties of
mechanicallyskinned fibres allows the examination of parvalbumin more precisely without the
problem of norspecifc effects that may arise from gene knockout. Parvalbumin can be simply added
to and removed from the bathing solution of mechaniesMigned fibres and the effects on the twitch

and tetanus observed in the same fibre. Apart frgm parvalbumin, meclyaskiahed fibres can

allow the precise examination of the_role of the SR'QwTPase in contraction and relaxation. In
intact fibre studies, the role of the SR*EATPase is often examined by using specific inhibitors such

as TBQ and thapsigarg(iWesterblad & Allen, 1994; Caputt al.,1999. However, it is difficult to

be sure that complete block of the pump has taken place and that there are no complicating effects of
increased resting éh Similarly, the intact fibre studies must also take into account any effects of
parvalbumin. An adv#tage of mechanicalgkinned fibres is that distinct qualities of the S Ca
ATPase can be examined in isolation of parvalbumin and without changes to resting myoplasmic
[ca’™.

Conclusion

To date, mechanicaHlgkinned fibres have been a useful toothie study of many aspects oflE
coupling in skeletal muscle. The controlled nature of the myoplasmic environment of skinned fibres,
the presence of function&C coupling that can be now be activated in the same manner and with a
similar time coursess an intact fibre, and the fact that the key structures involvédGncoupling
obviously remain as they weie vivo, demonstrate the potential of this technique in further aiding our
understanding of ££ coupling in skeletal muscle.
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THE POWER OF SINGLE CHANNEL RECORDING AND ANALYSIS:
Its application to ryanodine receptors in lipid bilayers
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Summary

Sincethe inception of the patetiamp technique, single channel recording has made an enormous
impact on our understanding of ion channel function and its role in membrane transport and cell
physiology. However, the impact of single channel recording methodsuorunderstanding of
intracellular C&" regulation by internal stores is not as broadly recognized. There are several possible
reasons for this. First, ion channels in the membranes of intracellular organelles are not directly
accessible to patch pipettagquiring other methods, which are not as widely known as the-patch
clamp techniques. Secondly, bulk assays for channel activity have proved very successful in advancing
our knowledge of A handling by intracellular stores. These assays includé i@&aging, ryanodine

binding assays and measurements of muscle tension ahde@emse and uptake by vesicles that have
been isolated from internal stores. This review describes methods used for single channel recording
and analysis, as applied to the caicivelease channels in striated muscle, and details some of the
unique contributions that single channel recording and analysis have made to our current
understanding of the release of C&kom the internal stores of muscle. With this in mind, it focuses o
three aspects of channel function and shows how single channel investigations have led to an improved
understanding of physiological processes in muscle. Finally, it describes some of the latest
improvements in membrane technology that will underpinréutlvances in single channel recording.

Regulation of intracellular [Ca*] by internal stores in striated muscle

In many cell types the intracellular free calcium ion concentration is altered by the uptake and
release of calcium from internal storexclsuas the endoplasmic reticulum (ER) and sarcoplasmic
reticulum (SR). In striated muscle, intracellular calcium concentration, and hence muscle force and
cardiac output, is regulated by release of calcium from the SR via ryanodine receptor calcium channels
(RyRs) and uptake via the @da Pase. CH fluxes across the SR often take place in the presence of a
changing cytoplasmic milieu during episodes of metabolic challenge such as that seen during hypoxia,
ischaemia and fatigue. For example, the large changes concentration of cytoplasmic anions such
as inorga2n+ic phosphate, phosphocreatine, and ATP seen during muscle fatigue have profound effects
on SR Ca handling. In striated muscle the depolarization of the surface membrane and transverse
tubular (T)system by an action potential (tliesystem is an invagination of the surface membrane)
triggers calcium release from the SR by a process known as exedatitaction coupling (EC
coupling). Dihydropyridine receptors (DHPRE;type calcium channels ithe T-system) act as
voltagesensors that detect depolarization due to an action potential. Depolarisation induced activation
of BHPRS somehow activates RyRs in the apposing SR membrane. In cardiac muscle the influx of
Ca through DHPRs is believed to aete RyRs(Nabaueret al., 1989)wher2qras in skeletal muscle
DHPRs are mechanically coupled to RyR&nabeet al., 1990) so that Ca influx through the
DHPRs receptors is not a prerequisite for muscle contra¢fiehley et al., 1991) However, the
specific details of EC coupling are not understood, specifically how it is modulated or limited by
various cytoplasmic and luminal factors.
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Figure 1. Formation of lipid bilayers and incorporation of RyRs) gAphotograph of a lipid bilayer
(bottom half of aperture) during its formation from a thick lipid film (top half). The lipid film was
spread across an aperture (~X@0 diameter) in a delrin septum. The thick lipid film strongly reflects

the incident ligh whereas the bilayer, which shows the black background, is totally transparent. The
bilayer portion of the film spreads across the entire aperture in a few seconds leaving a region of thick
film at the periphery. (B) A schematic diagram of the procedipidfbilayer formation showing the

lipid monolayers that the two eiater interfaces. The lengths of the arrows, which are shown in each
agueous phase, indicate the relative strengths of the Van der Waals compressive forces between the
adjacent water phges. This compressive force squeezes the d@lkéme in this case) out from
between the monolayers. (C) The procedure for incorporating ion channels form the SR (RyRs in this
case) into lipid bilayers. Vesicles of SR membrane ( mfhldiameter) are isaked from muscle
tissues using differential centrifugation methods. SR vesicle containing ion channels are added to the
bath near the lipid bilayer. Fusion of the vesicles with the bilayer carries ion channels into the bilayer
membrane.

The RyR is a hontetramer of ~560 kDa subunits containing ~5035 amino acids. Electron
microscope image reconstruction shows RyRs to havefétdisymmetry with a Iarge cytoplasmic
domain (the foot region) and a relatively small transmembrane region that forms Jfrm)@QOrlova
et al., 1996) The trans membrane pore is comprised of the ~MM@minal amino acids (aa 4000
5000) and the remaining amino acids form the foot region. In mammals, three isoforms of RyRs have
been cloned and sequenced: namslyl found in skeletal muscle and brain,-8/most abundantly
found in brain and cardiac muscle and-8ythough originally found in the brain, is the major isoform
in smooth muscléOgawa, 1994)
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The Bilayer method

At the same timeahat Neher and Sakmann were developing the ga&chp techniquéNeher
and Sakmann, 1978Ylller and Racker (1976&Jiscovered that SR vesicles isolated from muscle could
be fused with artificial lipid bilayers and socorporate ion channels from muscle membranes into
artificial membranes. Artificially produced, planar, bimolecular lipid membranes (bilayers) were
originally used as model systems for studying cell membrane structure. Their large area (they can be
producedwith diameters ranging frorh um to 1 cm) and planar geometry made them particularly
convenient membrane models for electrical and mechanical measurements. For the purposes of
studying ion channels, bilayers are usually formed using a modification ofrtheriiinage method
developed byMueller et al.,1962) A solution of lipids in a hydrophobic solvent (usualtgecane) is
smeared across a hole in a plastic septum (eg. Delrin, polycarbonate or Teflon) to produce a thick lipid
film sepaating two baths (Fig. 1A). The bilayer forms spontaneously from this thick lipid film. During
bilayer formation the surfaeactive lipids aggregate into monolayers at thewater interfaces on
each side of the thick film. The solvent drains away fromveeh the two monolayers thus allowing
their apposition and formation of the bilayer structure (Fig. 1B).

Incorporation of ion channels into bilayers is usually simply done by adding ion channel protein
to one of the baths and stirring. lon channel ine@pons occur spontaneously and can be detected by
conductance changes in the bilayer membrane. For studying the SR ion channels, the bilayers are
produced with a diameter of ~1Q@n. SR vesicles are added to a final concentratiotr 1 pg/ml
and the bath is stirred until channel activity indicates vesicle fusion with the bilayer. The side of the
bilayer to which the vesicles are added is usually defined asidisgde (Fig. 1C). Conditions that
promote vesicle fusion are: 1) aadrent in osmotic potential across the membi@mehigh), 2)cis
[Ca ] at mM concentrations and 3) vigorous stirring of ¢cieebath. The cytoplasmic side of the SR
membrane, when fused with the bilayer, facescikdath and the luminal side faces tinens bath.

Stirring of thecis and trans (cytoplasmic and luminglchambers is usually done using magnetic
stirrers.

Cesium methanesulfonate (CsMS) is commonly used as the principal salt in the bathing
solutions. This is to prevent current S|gnalsnfr(mther ion channels from interfering with RyR
recordlngs the RyR is quite permeable t0 Ghereas other ion channels in the SR do not conduct
MS and CS. Experiments also use a [@gradlent across the bilayer (250 ndi$ and 50 mMtrans)
to promote esicle fusion (see above).

When a vesicle has fused with a bilayer the ion channels embedded in the vesicle membrane
become incorporated into the bilayer. Once this happens it is possible to determine the ionic
conductance of a single channel and to woni’'s opening and closing (gating) by measuring the
current through the membrane in response to an applied electrochemical gradient. The bilayer
technique allows considerable flexibility in manipulating the experimental conditions. One can
examine theesponse of channels to a variety of substances in the cytosolic and luminal baths as well
as changes in the composition of the bilayer itself. One can also measure channel function under
steadystate conditions or when solutions are rapidly and transiatityed. With this experimental
technique, like with the patetiamp technique, it is possible to obtained very detailed information
about mechanisms determining channel conductance and gating.

Single channel analysis.

This section is devoted to exarnmg the most commonly used methods for describing the
properties of ion channel signals and inferring their mechanisms of function. Single channel signals
generally appear as a series of stochastic current jumps between stationary current leveld-{g.g. see
2A). For most channel types the jumps are mainly between the closed state and a maximum level (the
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Figure 2. Analysis of single channel parameters. (A) A typical example of a current signal from a
single RyR (left) where channel openings are makikedpward transitions in the current. The dotted

lines indicate the current levels corresponding to the open and closed channel. The dashed line shows
the current threshold, which defines open and closed events in the analysis. (B) An amplitude
histogramof the data in part A which shows a bimodal distribution with peaks corresponding to the
stationary current levels .. Open and Closed). The maximum unitary curremt.iS'he open and

closed dwell times are given by the paramet#gsand "t. respective). The equations show how open
probability, R, mean open dwetime, T, and mean open dwdiime, T, are calculated from the dwell

times.

unitary current,ly,). Intermediate current levels correspond to subconductance (substates) of the
channel.

Chanrel function is broadly characterised by the amplitudes and durations of stationary current
levels. The most popular method for visualizing the different current levels from a channel signal is the
all-points amplitude histogram. This is a histogram ofdalta points grouped according to their
amplitude (Fig. 2B). Peaks in the histogram correspond to sustained current levels in the record. The
width of the peaks is proportional to the size of the background noise and the area under each peak is
proportionalto the total time spent at that level. An overall measure of the channel activity can be
obtained from the open probabilityy, Bnd the fractional, mean currehtp, is the fraction of time the
channel is in a conducting state and is calculated fronratie of the number of data points in
conducting levels and the total number of points in the record (assuming equally spaced data samples).
The fractional, mean current is equal to the tamerage of the current amplitude divided Iy A
value of ondndicates that the channel is never closed and a value of zero indicates that the channel is
never open. For ion channels with only one open conductanceHgwaeld| give the same value.
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Although these parameters provide an overall picture of channeitygctihey do not provide much
more information than what can be obtained from bulk assays of channel activity.

A more detailed and rewarding analysis of channel activity can be derived from the statistics of
amplitudes andlurations(i.e. dwell-times:the times spent at each current level before it jumps to a
new value). An overall picture of channel gating rates is encapsulated in the mean open and closed
dwell-times (T, andT, see Fig. 2). Frequency histograms of open and closed-tilwed graphicajl
show the kinetic signature of the gating mechanism and provide clues to the underlying gating
mechanisms (see below). The frequency distributions of dinedls can be well described by the sum
of decaying exponential functions. There are several graphethods for displaying these
histogramstwo of which are shown in Figu@A. The most useful types of plot is that developed by
Sigworth and Sine (1987%yhich is shown in Figur8B. The data are grouped into bins that are equally
spaced ora log scale. In this leQinned scale the broadening of the bins at longer times increases the
number of counts in each bin which tends to counter the exponential decline seen in uniformly binned
distributions. Distributions that are exponentially disitdd on the linear scale form peaked
distributions in logbinned histograms where each peak corresponds to an exponential component of
the distribution. Probability distributions of dwdilines can be obtained from frequency distributions
by dividing thedata by the total number of events in the distributios. the area under the curve
becomes one). In addition when the square root of the probability is plotted, the statistical scatter on
the data becomes uniform across the entire distribution.
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Figure 3. Frequency histograms of open and closed dtirmks. (A) A fictitious distribution of dwell
times, typical of that obtained from single channel recordings, which is comprised of two exponential
components with distinctly different decay constants (timstaots). (B) The probability distribution
from the same dwelime data is plotted using legpaced bins (¢. they appear equally spaced in the
log-time scale). The wider bins (in absolute terms) at the right end of the scale tend to collect more
data cours than the narrower bins at the left. The probability distribution is calculated by normalizing
the frequency distribution according to the area under the curve (see text). Hence the two exponential
decays in part A assume a double peaked distributipainB. The locations of the peaks on the time
scale approximately correspond to the time constants of each exponential.

From the kinetic signature it is possible to make inferences about the mechanisms underlying
the gating processes of the channélss is illustrated here with a simulated single channel recording
based on a sigtate gating scheme with three open and three closed states (Fig. 4A). The timing of
transitions between states is calculated from the reaction rates using a stochadticralgayire 4B
(circles) shows probability distributions (Kognned) of open and closed dwsthes obtained from the
simulated recording. These open and closed probability distributions show three exponential time
constants, which are manifest as threekpea the distributions. Each peak corresponds to a different
open or closed state of the reaction scheme. In this simple case, each exponential time const@nt in Fig

44 Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)



A B
C3 o Open events

v ® Closed events
0.6
2ms 10ms 1ms

Ol <> 02 e 03

Probability '
i .

0 ¢ ¢
0.2 A
C, G, Cs
1ms 100ms 0.1ms 0
-2

Log,, (duration, ms)

Figure 4. (A) A reaction scheme describing some of the aspects of RyR gating intmehiciannel

can adopt three different open and closed states. Rather than showing all the reaction rates just the
mean lifetimes of each state is shown here. (B) A probability (the square root) distribution cdppen (
and closed ®) dwelttimes obtained dm a simulated, single channel recording which was generated
from a gating mechanism given by the Scheme shown in part A (see text). The arrows indicate the
peaks in the distributions that correspond to the various states in the gating scheme. Thaeesolid li
are theoretical probability functions derived from the gating scheme in part A, using the method of
Colquhoun and Hawkes (1981)

4B (arrows) corresponds approximately in value to the average time spent in each statee dhArig
Generdly, the number of exponential components observed in the open and closed dwell time
distributions gives a lower estimate of the number of different statespotein conformations)
associated with channel open and closed events respectively. It [gsdsble to predict theoretical
probability distributions from the reaction rates using methods detailgdolmuhoun and Hawkes
(1981) The theoretical predictions from the gating scheme are shown as solid curvesr@¥Big

Thus by fittingthe data with these predictions it is possible to model the data in terms of rate constants
between different conformational states of the channel.

A Study of Ca&®* and Mg®* regulation of RyRs: An example of single channel analysis

The gating of RyRs g¢eends on cytoplasmic &aand Mg2+ concentrations. RyRs from skeletal
and cardiac muscle (R and ryr2 respectively) are activated i ca" and inhibited by mM A
and Mgz+. Several studies show that Mgis a strong inhibitor of & release in sketal muscle
(Owenet al., 1997)and plays an important role in EC couplifigamb & Stephenson, 1991, Lamb &
Stephenson, 1992350612+ release from skeletal SR vesicles suggests that regulation of RyRszf)y Mg
and C4" is tied to two common mechanisnfMeissneret al., 1986) but it was recognized that
confirmation of that hypothesis awaited detailed single channel experiments. This section will show
how single channel measurements of the*Mand Ca+-depemient gating kinetics in skeletal and
cardiac RyRs identified two mechanisms for VMiphibition. Details of this work can be found in
(Laveret al.,1997a, Laveet al.,1997b, Laveet al.,1995)
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Figure 5. (A) The dependence of thgdh the cytoplsmic [Cd] from three groups of RyR®}-sheep
cardiac RyRs treated with CHAPS or high [CistBiat were insensitive to inhibition by mM cisCa
(O)- native cardiac RyRs which could be inhibited by mM cf$ G®)- rabbit skeletal RyRs.Bj The
[Mg?*]-dependence of the, Bf cardiac RyR in the presence afil C&** (O) or 1 mM C&" (®). The
lines show Hill fits to the data (see below) using the following parameters: (solid Hre)l, Ky, =
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26 mM. TheHill equation used here relates the degree of

channel inhibition by Mg (P/Pscontrol) to its binding affinity (i), Hill coefficient (H) and

concentration:

Analysis of the effects of nphysiological [C&'] and [Mg**] can identify multiple mechanismsath
are difficult to distinguish under physiological conditions

It has long been recognized that tzrlere are two distirict @gulation mechanisms in RyRs: one
that activates them @M cytoplasmic [Ca ] and another that inhibits them at mM fé}a(Meissner,
1994) This case study focuses on three groups of RyRs: Rabbit skeletal(RyRsheep cardiac
RyRs©) and modified cardiac RyRej which have been exposed to 500 mM CsCl or CHAPS
detergent and so have lost their sensitivity t4' Gahibition. An overall picture of the regulation of

. 2% . .
the three types of RyR by cytoplasmic &ds obtained from measurements of ch%nnel open
probability (R) in Figure 5A. The three RyR types were similarly activated by cytoplasmic [©&~
1uM tZ)JtrJt theywere differently inhibited by . cardiac RyRs are, on average, 10 fold less sensitive
to Ca inhibitichQ than skeletal RyRs, fnd cardiac RyR treated with CHAPS were not significantly
inhibited by [C4 ], even at 100 mM. Mzg inhibited the three RyR grps. Once again, measurements
of P, give the overall picture of this inhibition. Increasing concentrations o +l\/lgogressively
reduce theactivity of RyRs (Figsz.+58 and 6). I\ﬁ?jdifferently inhibited the three RyR groups. Eng
7A shows the concentratioffiBlg”™ needed to reduce thg & RyRs by 50%, plotted against the_ Ca

concentration. The data iRigure 7 shows two broad features_in the

adependence of I\/I"\c}r

inhibition. One of these is an ascending limb_where increasing+][@auses the channel tkecome

less sensitive to inhibition by é At low [Ca +] the Ca+-dependence of

g inhibition of the

cardiac RyRs (both native and treated with CHAPS or CsCl) clearl%show this ascending limb. There
is also some indication of this with the skeletal I§y<R+ very low [Ca]. The other feature is the

plateau region, which occurs at higher

t}awhere Mg inhibition is insensitive to [C,zér]. This is

clearly seen in the data from skeletal and cardiac RyRs imd=id\, although this was not apparent in
the data obtained from RyRs treated with CHAPS or CsCIl. A model for explainin@tliata is
shown schematically in FRige 8 in which there ar%+two G4 and Mg2+ dependent gates aciing in
series. One gate opens (activation gate¢n the [Ca ] increases above|dM giving rise to Ca -
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Figure 6. Single channel reedings of sheep cardiac RyRs in lipid bilayers showing the effects of
Mg?*-inhibition on the pattern of channel gating. The cis bath contained 250 mM CsCl and the trans
bath contained 50 mM CsCI. The potential difference across the bilayer is 40 rtharis)sand the
current baseline is at the bottom of each trace (dashed lines). (A)-iMgbition in 1 mM Ca*
appears to increase the duration of channel closures. (B) 10 nfiiv@es added to a RyR initially in

1 mM C&" and this inhibits the channel. This bath was flushed with solutions containing 1mM*Ca

and maximal channel activity was restored. Then 10 mM"Mags added to the cis bath. Gating
pattern of the RyR inhibited by 10 mM f1g- 1 mM C&" appeared to be the same as that inhibited

by 11mM Ca?* alone. M§'-inhibition in 1 mM C4&" also appeared to induce a more flickery gating
pattern than in InM C&*.

200 ms

activationof the RyR. Another gate closes (inhibirtion gate) Whenztpéses to mMIe\J{eIs. Mgz+ at

the activation gate reduceg By competing with Ca %‘gr activation sites. However, I\ﬁgis unable to

open the channel. At the inhibition gate, M@nd Ca can each bind at the inhibition site and cause
channel closure by a common modection. In this model the two gating mechanisms are assumed to
operate concurrently and independently. The combined effect of both gates is such that the open
probability of the channel is equal to the product of the open probabilities of each gatewk that

the gating of the channel will tend to be dominated by the gate that is least open .(3&) Wwigich

explains why different inhibition mechanisms become apparent at low and h|g+[|1 [Ca

Analysis of single channel gating kinetics can providéiagent test for gating models

If29a2+ and Mg2+ do inhibit via a common mode of action then the kinetic signatureszgf Ca
and Mg inhibition should be identical in the plateau region of the data (see Fig. 7). Moreover, the
kinetic signature of M%jr inhibition in the plateau region should be different to that seen in the
ascending limb since it is assumed that these two features arise from different mecg'imisms. Figure 9
shows that this is the case. Single channel recordings of native cardiac Ryikednby Mg in the
presence of low (uM) and high (1 mM [Ca+] are shown in Figre 6 (different inhibition mechanism
shouIdZQe apparent at low and high Tgaee above). Inhibition by 2 mM gin the presence of 1
UM Ca2+ reducedP, to 50% of the contil value ang inhibition byl0 mM Mg in the presence of 1
mM Ca  also reducedP, by 50%. Even though I\/%g produced the same degree of inhibition in both
cases, inspection of thgattern of gating in these records shows that Gand Mg have very
different effects on channglating. Moreover, at high [é“é] addition of either C& or Mg * produced
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Figure 7 (A) The meargt sem) cis [M§'] causing 50% inhibition of RyR&,(Mg**), plotted against

cis [C&*] for three groups of RyR, namel®)-sheep cardiac RyRs treated with CHAPS or 500 mM
[CsCI] that were insensitive to ifibition by mM cis C&, (O)- native cardiac RyRs which could be
inhibited by mM cis Cd. (®)- Rabbit skeletal RyRs. Three model predictions for tHé-Gependence

of Ki(Mg?"), shown in part B, are compared with the data. (B) Model predictionKdg>")
showing the relative contributions of Riginhibition at the activation and inhibition gates of cardiac
(Cd) and skeletal (Sk) RyRs. The solid lines are two of the model fits to the data in Part A. The only
difference between the two fits are due téediinces in the affinity of Eaand Md" at the inhibition
gate. The thick dashed lines show thé‘@ependence of the [M{ required to halve the open
probability of the activation and inhibition gates separately. It can be seen that for the car@iac Ry
(upper solid Iine)K|(MgZ+) at high and low [Cé*] extremes are similar to that expected solely from
each inhibition mechanism separately.

Figure 8. A schematic diagram of a RyR

CHEs 0L eH) 0 which illustrates the main aspects of the
ik T model for Mg*-inhibition of RyRs Gating
C.(Mg?") C.(Ca® Mg mechanisms for Cé-activation and C&'-

inhibition of the RyR are labelled (A) and (I)
respectively. These gates are assumed to
operate independently and such that both
gates must be open for the channel to conduct.
At the activation gate inhibiin occurs when
Mg?* binds and prevents opening of the
activation gate by competing with €&or the
activation site. However, unlike €abinding

(~1 mM affinity) the binding of Mg at this
site (~1 mM affinity) does not open the
channel. At the inhibitin gate, inhibition
occurs with the binding of Mg or C&* (~
mM affinity) at a common set of sites.

Cytoplasm

i

Membrane
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Figure 9. Probability distributions of open and closed dwell times obtained from the same records as
shown in Figire 6. (A&C) The effect of Mg on theprobability distributions closed (A) and open (C)
dwelttimes of cardiac RyRs in the presence a@iM. cis [C&']. The probabilities were calculated

from number of events/ bin divided by the total number of events (~1500 events in each record). The
histograns were extracted from single channel recordings of ~15 second duration. Theinhesl

are “log binned” and displayed using the approach of Sigworth and Sine (1987). The distributions of
open and closed dwelimes could be fit by the sum of three exptinenshown separately by the

three curves in part C. (B&D) The effect of Ngn the probability distributions of channel closed (B)

and open (D) dwellimes of cardiac RyRs in the presence of 1 mM{[CaThe gating of a single
cardiac RyR was initiallymeasured when the cis bath contained 1 mM gd&lxe ). The
measurement was repeated after 10 mM ¢a@k added to the bath (open circles). The cis bath was
then flushed with solution containing 1 mM CaQlhe cis [M§"] was increased to 10 mM before the

final measurement was made (closed circles). In both experiments a 50% inhibition of the RyR, by the
addition of either 10mM C4 or Mg?*, had identical effects on channel gating.

inhibitionz\J/rvith a similar gating pattern. Probability histograms of open and closeqrtdmml quantify
these M@ -inhibition effects on the channel gating. Inhibition by %\/I@t low [C& ] significantly
increased the probability of long closed dweties (Fig. 9A) but produced no significant change in
the open dweltime distribution (Fig. 9C). In contrast, I\albinhibition a high [C%Jr] both increased
the probability of long closed dwelimes (Fig. 9B) and increased the probability of short open dwell
times (Fig. 9D). Thus Mzd' inhibition clearly has a different kinetic signature at highzfq:man at

Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 49



low [Ca2+]. However, the kinetic signatures of Caand Mg2+ inhibition at high [szf] are identical
indi2c+ating that C3 and

Mg~ inhibit RyRs by modwting the same gating mechanism. It is highly unlikely that different
mechanisms as complex as these (complex meaning that they are described by 6 exponentials and11
independent parameters) could, by coincidence, produce the same gating pattern.

Biophystal characterization of RyR regulation mechanisms has physiological relevance.

The fact that Ca and Mg2+ share a common inhibitory mechanism provides an answer to the
guestion of why RyRs are inhibited by mM cytoplasmi(:2+O&hen [C§+] never reach tB level in
muscle. Once it is realized that ﬁ/Tgnhibition shares a common mechanism with Cand that M§"
is present at mM concentrations the answer becomes apparent. Thus it is likely that inhibitioﬁr by Mg
is the physiologically relevant mechanigas suggested by Lamb, 199)d by focusing on Ca
inhibition of RyRs one misses the physiologically important process. This interpretation sheds a new
light on the molecular basis of Malignant Hyperthermia. Malignant hyperthermia i@/t) inherited
skeletal muscle disorder of humans and pigs that can be triggered in susceptible individuals by
anesthetics, such as halothane, and by certain other agents and even [fMiskelson & Louis,

1996) The disorder is due tbnormal regulation of intracellular [&*@in the muscle cells due to over
active RyRs. If an MH episode is initiated, it results in muscle rigidity, severe metabolic changes and
excessive heat production, often leading to death if untreated. PorcimgndmalHyperthermia is
associated with the Arg615Cys mutation in the RyR, which alleviates RyR inhibition at m2|\+4 [Ca
(Mickelson & Louis, 1996)Because cytoplasmic [&J?i never reaches mM levels it was not clear how
the RyR mutation caesl Malignant Hyperthermia. However, once it is realized th&t &ad Mg ¥
share the same inhibitory mechanism then alleviation 0F+Mghibition becomes a plausible
mechanism for altered Carelease by RyRs. At physiological [l€/|+g (~1 mM) RyRs from Magnant
Hyperthermia susceptible muscle are less depressed bythan nogfmal RyRs. Therefore MH RyRs
are more readily activated by any stimulus because cytoplasmic ddgs not hold them as tightly
shut as normal RyRs and this is a likely cause of bheranally high Ca’ release associated with this
myopathy(Laveret al.,1997b)

Variations between individual RyRs and different RyR types provide additional information about
regulation mechanisms

It is commonly found in single chaal studies that the gating properties of ion channels differ
to some extent from one channel to the next and RyRs are no exception to this. Several studies have
focused on the heterogeneity of RyRs in bilayers Laveret al., 1995, Copho et al., 1997) While
RyRs of one type all share common regulation mechanisms, thezrf: are substantial variaticz)ps in RyR
sensitivity to regulatory ligands such as AflRaver et al., 2000b) Ca (Laveret al., 1995) Mg
(Laver et al., 1997b, Laveret al., 1997a)and pH(Laver et al., 2000a) This variability provides an
opportunity to examine correlations between different properties of the RyR that would suggest
common underlying mech&ams. For example, if a and Mg+ do inhibit RyRs by a common
mechanism then their sensitivity to Cahould be correlated with their sensitivity to %\/IgThe Mg2+
sensitivity of cgidiac RyRs varied by an +order of magnitude between individual chaHZaJrEfIs.
inhibition by Mg ' in the presence of high [& (in the plateau region, see Fig) occurred at [MQ ]
ranging from 2 to 10 mM. The sensitivity to Tand Mg+inhibition in the variable RyR population
were compared in the same RyR as shown inrEitjQ, which shows a good correlation and equality
between half inhibiting concentrations of Cand Mg *. In addition to variations between individual
RyRs 9f one group there are systematic differences in the mean sensitivity of different groups of RyRs
to Ca and Mg inhibition. In this regard, cardiac RyRs are less sensitive than skeletal RyR and
skeletal RyRs with the MH mutation are less sensitive than normal skeletal RyRs. When the sensitivity
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1000 - 3 Figure 10. Correlation between the sensitivity to
: inhibition by C&* and M@" in individual RyRs. Half
inhibition by Md*, K,(Mg?"), and by C&', K,(Ca&"),
was determined on the same RyRs. The correlation
between K,(Mg*") and K,(Ca’*, is also shown for
E different groups of RyR which have, on average,
o 0 different sensitivities to C& and Md"* inhibition.
Within each group there is significant variation in these
f x % properties. Unless otherwise stated cis 250 mM;
(O)- cardiac RyRs in the presence of 1mM Gahere
014 they showed normal Gainhibition, (®)-cardiac RyRs
% ; in the presence of 1mM &avhere they showed reduced
oo ; . . ~ C& -inhibition because they had been exposed to cis
ool 0 1 10 100 1000 500 mM CsCl or CHAPS for one minute prior to
measurements of divalent ion inhibitiofL]l)- normal
pig skeletal RyRs in the presence ofC&** and 100 mM CsCI)-MHS RyRs in the presence of
50 mM Ca* and 100 mM CsCKA)-normal pig skeletal RyRs in the presence off#0Ca", (A)-
MHS pig skeletal RyRs in the presence off80C&"*. (X) cardiac RyR in the presence of less than
100mM Ca™*.

of individual RyRs to C% and Mg2+ inhibition are compared across a range of RyR+types there is a
tight correlation and equality between the half inhibiting concentrations “of &al Mg gver three
orders of magnitude (correlation coefficient, r = 0.96coefficient gf determ[rnationr =0.9). In
conztiast to this was the lack of any correlation (r = 9.17) between &@a Mg inhibition+wh2e+n
Mg~ inhibition was measured in the presence of low rq“,érhis clearly shows that the I\glgCa

. + . . + . 2+
equivalence doesot apply under Iovg [Cza] conditions suggesting that I\%lglnhlbltlon at low [Ca ]
are due to a different mechanism td Cimhibition.

100 4 e
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Functional interactions between RyRs and other endogenous proteins.

Several proteins are now known to have effeotshe activity of the RyR in muscle. The most
notable of these is the DHPR (see above). In addition there is also calmodulin, calsequestrin, triadin,
junctin and the FK506 binding protein (FKBP). These proteins are believed to form part of a large
complexthat is the machinery for EC coupling in muscle. With bilayer methods it has been possible to
dismantle the E@€oupling machine to gain clues as to how the individual components contribute to its
overall function. With the likely exception of the DHPR, imatRyRs in lipid bilayers appear to
remain associated with the abewentioned ceproteins. The effects of these-pmteins on RyR
activity have been studied in lipid bilayers by dissociating these proteins while simultaneously
recording channel activityBiochemical methods such as SBAGE, Western blots and radio active
labeling have been used to confirm that the treatments used to dissociate -BydRerts in lipid
bilayer experiments are specific to the protein of interest. This approach has bdeto wsudy
interactions between RyRs and calmodylinipathy et al., 1995) calsequestrifBeardet al., 2000,
Beardet al., 1999)and FKBP(Ahernet al.,1997) So far this approach has not proved sssite for
studying the effect of DHPRs on RyRs in lipid bilayers. However, inroads into this area have been
made using less direct means. The DHPR and RyR in skeletal muscle are believed to interact via the
cytoplasmic loop region between transmembraneatspll and Il of the DHPRi; subunit(aa 666
791, Tanabest al., 1990) The isolated skeletal-Ill loop has been added to single RyRs in bilayers
and was found to activate thdiru et al.,1994) Also, synthetic peptis, encompassing regions of the
skeletal IHII loop have been applied to RyRs and were found to regulate RyR a¢buithunty et
al., 1999)
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An example of how single channel experiments have been used to study the functional
interadions between RyRs and other proteins is the investigation of calsequestrin. Calsequestrln is a
protein found in the lumen of the SR, which acts as a moderate affijtyl(K 10~ M) Ca blndlng
protein that buffers the luminal free [Ch (MacLennan & Wong, 1971)Two other proteins, triadin
and junctin, span the SR membrane and these proteins bind to both calsequestrin and the RyR
(Knudsonet al., 1993, Kanno & Takishima, 1990, Zhaagal., 1997, Jonest al., 1995, Gucet al.,

1996) SDSPAGE and Western Blotting techniques have shown that calsequestrin can be dissociated
from the RyR complex by exposing SR membranes to raised ionic strength (ie 500 mM as apposed to
250 mM), or by exposing them to higher than usua t]:(a?, mM as apposed to 1 mM). By applying
similar solutions changes to RyRs in bilayers it was possible to see the effects (Z)f a calsequestrin
dissociation event during recordings of RyR activity. To do this the ionic strength oﬂ [@ahe

luminal bah in bilayer experiments was increased like that in the-BBRSE experiments. This
caused an increase in RyR activity that could only be reversed by addition of purified calsequestrin to
the luminal bath. The presence or absence of calsquestrin on thie Ry&ers was confirmed using

an anticalsequestrin antibody that inhibits channel activity when it binds to the calseg&®y®Rrin
complex. The data were consistent with an overall picture in which calsequestrin dissociation
enhanced native RyR activignd calsequestrin binding suppressed channel opening. The next step
would be to assess the combined effects of triadin, junctin and calsequestrin on RyR activity. Junctin
and triadin can be dissociated from the RyR by solublising the SR membranes wiBSQidfergent

and purifying the RyR. Thus by applying triadin, junctin and calsequestrin, in various combinations, to
purified RyRs in bilayer experiments it will be possible to systematically piece together these
components of the EC coupling machinery amehsure their effects on RyR activity.

RyR function and its relationship to its tetrameric structure

Electron microscope image reconstruction shows RyRs to hawdofdusymmetry(Orlova et
al., 1996) This fourfold symmetry means & each of the four subunits must somehow contribute
equally to ligand binding and channel gating. Therefore the mechanisms regulating channel gating are
likely to be complex. Single channel studies are now starting to give an insight into how
homotetramec structures like the RyR control channel activity.

Four-fold structure inferred from channel conductance.

Telltale signs of the contribution of four subunits to channel conductance appeared not long
after the discovery of the RylRMa et al., 1988, Smithet al., 1988) RyRs displayed multiple
conductance levels with subconductances near 25%, 50% and 75% of the maximum (ie equally spaced
levels) conductance level. These were interpreted a current flow through pores formed by the
activation of different numbers of subunits; 25% corresponding to one, 50% to two subunits etc. Very
clear and sustained substate activity at approximately equally spaced levels has been observed in RyRs
that were modified either by the binding of ryanodiiMa & Zhao, 1994)or the stripping of the
FKBP, a co protein to the Ryhernet al.,1997) Amplitude histograms of channel activity revealed
that the spacing of substates was not exactly equal. Nonetheless, thesendtrgresed the substates
as the opening of four separate conducting pathways in the channel. These must gate cooperatively and
simultaneously in order to produce the observed gating of the RyR complex between closed and
maximum conductance levels in a dengransition. More recently mutations in the RyR have been
discovered that alter channel conductance and experiments with hybrid RyRs containing these
mutations have shed more light on subunit contributions to channel conductance. A highly conserved
10 amno acid segment within the peferming region about aa4824 was found to be the determinant
of channel conductand€haoet al.,1999) Single channel studies showed that the glycine to alanine
substitution, G4824A, reduced channel condace by 97%. Gexpression of mutant and witgipe
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subunits produced a range of hybrid channel types with six different maximal conductance levels that
lie between those of the homozygous mutant and-typgd RyRs. The number of different
conductance leVe corresponds to the number of subunit combinations that are possible with two types
of subunits in a tetramer. The fact that six conductance levels could be observed suggest that the four
subunits somehow contribute to a single conduction pathway thtbegRyR as apposed to the idea

that each subunit possesses a separate pathway.

Four-fold structure inferred from steady state channel gating.

The gating of RyRs has exhibited phenomena that suggest mechanisms stemming from a
tetrameric structure. Th&rg615Cys mutation (MH mutation in pigs, see above) in the RyR alleviates
RyR inhibition at mM [Ca] and [Mgz] Shomeret al. (1995) found that RyRs expressed in
heterozygous pigs gave rise to hybrid RyRs with gating properties intatmedithose of the wild
type and mutant. This indicated that each subunit in the RyR tetramer has an influence ovar the Ca
sensitivity of the channel. More recentlighen et al. (1998) discovered an alanine to glutamate
substitution,E3885A, which decreased the senS|t|V|ty of RyR t& ‘Cactivation by four orders of
magnitude such that mM levels of cytoplasmic Cavere required to activate the channel.- Co
expression of subunits containing altered sites for -@ativation with wildtype subunits produced
five or six types of RyRs with sensitivities to Laactivation ranging between those seen for the
mutant and wild type homotetrame@henet al. (1998)suggested that all four subunits contribute to
each C&" activatbn site. A more detailed interpretation of these experiments awaits the development
of methods for linking the stoichiometry of the hybrid channels with the observed channel function.

Four-fold structure inferred from nesteady state channel gating.

Aspects of the tetrametric structure of RyRs may also show up in the response of RyRs to rapid
changes in the concentration of regulatory Ilgands It is recognized that durlng muscle contraction the
RyRs respond to rapid (~ms) step increases in ||C@sut|ng from C&" flow through nearby
dihydropyridine and ryanodine receptors. Consequently there has been considerable interest in the
effects of rapid [ a] transients on the activity of RyRs in bilayésgee perspectives by Sitsapesan &
Williams, 2000, Lamiet al.,2000, Fillet al.,2000) Now there is also a growing interest in the effects
of rapid application of other regulatory ligands such a protbaser et al., 2000a) The effect of
steady cytoplasmic pH on RyRsshheen addressed in several stugiRsusseau & Pinkos, 1990,
Shomeret al., 1994, Maet al.,1988) which show acid pH inhibits RyRs; with half inhibition at pH6.5
and with near total inhibition below pH6. However, rapid changes in pealeew characteristics of
RyR gating not apparent in steady state recordings. The pH was increased from ~5.5 (inhibiting pH)
to above 7 (activating pH) over a 500 ms period by squirting solutions from a perfusion tube placed in
the vicinity of the bilaye Rather than activating in a graded manner reflecting the continuous change
of pH over this period, the RyRs activate in a stepwise manner. As the RyRs activate their open
probability RyRs increases in what appears to be different gating modes witdiagégn(see Fig.
11A). Amplitude histograms of RyR, (Fig. 11B) show four of these gating modes as four distinct
peaks. The four gating modes correspond in number to what would be expected if RyR subunits
activated separately in response to proton diggon. Thus the first, lowed$t, mode would be when
one subunit is active and higheg modes would occur as more of the four subunits activated. If this
hypothesis were correct then the stability of ligand mediated channel openings would depend on the
number of subunits that have bound ligand molecules. This phenomenon has been seen in the cyclic
nucleotide gated chann@uiz & Karpen, 1997)
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Figure 11. (A) Recording of a single RyR showing recovery from inhibition at low pH. The
cytogasmic pH was rapidly raised (~1s) from 5.3 to 7 by moving a solution stream from a tube onto
and away from the bilayer. The onset of solution change occurred at the beginning of the trace. In the
first 200 ms the channel showed slight activatiog-(P01)that jumped to a Pof 0.3 at 200ms, 0.6 at

400 ms and 1.0 at 800 ms into the record. The heavy line shows a running average of the current
record, which rises in a stepwise manner as the channel activates. (B) The amplitude histogram of the
running averge showing peaks, which correspond to relatively stationary segments of activity in part
A. The weakest activation seen in the first 200 ms produced the peak at zero current and the other
three modes of activity give rise to peaks at 6pA, 20pA and 34 pA.

Future directions in single channel recording

The rate at which single channel recording techniques have advanced our knowledge is
generally limited by the rate at which good recordings can be obtained from either membrane patches
or artificial bilayers Single channel recording is a slow and tedious process where progress is
constrained by a range of technical limitations. First, the techniques are notoriously hit and miss in that
they do not provide control over the number and types of channels abselvés common for
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experiments to be confounded by the appearance of more than a single channel, the appearance of the
wrong channel type or the n@ppearance of any channel. Secondly, these membrane systems are
extremely fragile and rupture of membragrsches and bilayers terminate experiments within minutes.
This severely restricts the range of experimental protocols that can be used for single channel
recordings. Any way of overcoming these problems would provide a major advance in single channel
recording techniques. This section describes a number of new methods for producing robust, long
lived membrane systems that could be applied to studying individual ion channels.

As described above, the most commonly used method of making planar bilayfeesfilsn
drainage method, which was developed (Mueller et al., 1962) Tien, one of the authors on the
original bilayer paper, has published several new methods for forming robust lipid bilayers using solid
supportqOttova & Tien, 1997) As before, bilayers are formed from solutions of lipids in hydrophobic
solvents such as-decane. However, instead of producing lipid films that are suspended across an
aperture, bilayer membranes are formed from lipid films spreadsasa®l or gel surfaces. The
viscous support offered by a nearby solid surface boosts enormously the stability of the bilayer.
Doping these stable membranes with various substances has been shown to endow these membranes
with a range of useful propertiesich as ion selectivity (by incorporation of ionophors such as
gramicidin), immunologic reactivity (with antibodies), electron transporters @ggfullerenes) and
photosensitivity (with Zrphthalocyanine)Ottova & Tien, 1997, Tieret al, 1991) However, the
advantages of supported bilayer systems have not yet been realised in single channel studies. If one
could incorporate RyRs, for example, into bilayers on agar supports then conventional
electrophysiology experiments could be carwed on a single channel over extended periods of time
(hours). Moreover, because the supported bilayers are robust and usually made on the end of
electrodes, they are remarkably manoeuvrable. Hence, these bilayers could be aligned within complex
measuringapparatus such as those using confocal microscopy or rapid perfusion. The rate and quality
of data acquired this way would be far superior to that obtained using conventional bilayer methods.

More recently solid substrate bilayer methods were furth@rawed by developing bilayer
structures that could be chemically anchored to a gold suf@oeell et al., 1997) These were
developed for the purpose of making a new generation of biosensors. These systems are remarkably
robust: being lale to be stored dehydrated for periods of many months. In principle, ion channels could
be embedded in these membranes though no successful attempts to do this have been published.
Future developments of this system could revolutionise bilagsed meibds of single channel
recording. In the future one might purchase bilayers off the shelf and perform weeks of experiments on
a single ion channel. Moreover, the hit and miss aspect of single channel methods (see above) may
soon be a thing of the past.strecognised in the biosensor industry that biosensors based on arrays of
detectors can offer vastly superior combination of detection sensitivity and speed. Once these bilayer
array platforms are produced then the scope for single channel recordingyiseriormous.
Incorporation of ion channels onto arrays of 10,000 or more electrically isolated bilayers will allow an
experimenter to select bilayers in the array that contain the desired number and type of ion channels.
One could easily work with mixturesf ion channels as found, for example, in SR membranes because
one could choose particular bilayers that contained only the ion channels of interest. It will also be
possible to get information from individual ion channels at the same time as obtairsgrements
of the average response of many channels by averaging signals from many bilayers. In fact, a highly
parallel solidstate electrode array has been developed for jotdofping that makes possible
multiple, simultaneous, singleell electrical reordings (Axon instruments press release). Thus by
layering cells onto these arrays one can simultaneously obtain-siragieel and whoteell currents.
So it appears that even now the former limits to data acquisition are giving way to new frontiers in
which the ratdimiting factor will be the rate at which data can be acquired with massively parallel
detection systems.
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Concluding remarks

The regulation of RyR channels by intracellular metabolites such as A%JE’,MQ?J' and pH is
a complex interplay ofseveral regulation processes. Overlayed on this is the fact that these
mechanisms are modulated by oxidation and phosphorylation mediated modifications of the RyR and
by RyR interactions with a variety of gwoteins. Consequently, in order to understaod RyRs are
regulated by normal metabolism or during muscle fatigue and myocardial ischemia it is necessary to
deal with the very complex problem of understanding RyR function. Single channel recording and
analysis methods are powerful enough to exariyRs in sufficient detail to dissect the complex
regulation mechanisms operating in RyRs. The enormous scope with the bilayer method for
manipulating the quaternary structure of the-&Qpling machinery have allowed us to probe the
effects of DHPRs, calmadin, calsequestrin, triadin and the FKBP on RyR function. Three examples
of fé)rays into these areas by single channel studies have been described here. First, the analysis of
[Ca ] and [Mg ] regulation of RyRs showed how it is possible to identify ematacterise multiple
mechanisms by which a single ligand can regulate RyRs and how this leads to an improved
understudying of physiological processes in muscle. Secondly, experiments with RyRs in which co
proteins such as calsequestrin and triadin wertesyaically removed and replaced show how it is
possible to understand the functional importance interactions between RyRs@motects. Finally,
investigations of the relationship between structure and function of native and mutated RyRs showed
severalaspects of RyR that reflects the fdald symmetry of the RyRs structure. However, this area
is still at an early stage and it is not yet clear how the four identical subunits of the RyR cooperate in
regulating RyR gating.

In spite of the power of sitg channel recording the bilayer method has an Achilles heel. The
fact that RyRs are studied in isolation means that it is not possible to examine their function in the
physiological context. Hence one cannot directly apply RyR phenomena in bilayers to the
physiological situation. However, the underlying mechanisms for RyR regulation identified from
bilayer measurements are likely to apply toitheivo situation and so contribute to our understanding
of EC-coupling. On the other hand, studies of morecintauscle preparations such as suspensions of
SR vesicles and mechanically skinned fibres are well suited for addressing the physiological situation.
However, these systems are complex and it is difficult to identifying underlying mechanisms from the
expeimental data. Parallel experiments on lipid bilayers and muscle preparations in which the
machlnery for EC coupling is still intact have proved to be a powerful tool for elucidating mechanisms
of c&" regulation in muscle. In this collaboration of techeigjuhe bilayer studies identify the basic
mechanisms of channel function and the experiments on intact systems show the outworking of these
mechanisms in the physiological situation.
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Summary

1. The ectopic expression of genes has proved to be an extremely valuable tool for biologests. Th
most widely used systems involve electrically or chemically mediated transfer of genes to
immortalized cell lines and, at the other end of the spectrum, transgenic animal models. As would be
expected, there are compromises to be made when employing @ithieese broad approaches.
Immortalised cell lines have limited "physiological relevance" and transgenic approaches are costly
and out of the reach of many laboratories. There is also significant time required @& tioeo
generation of a transgeranimal.

2. As a viable alternative to these approaches we describe the use of recombinant adenovirus and
Sindbis virus to deliver genes to cells and tissues. ot

3. We exemplify this approach with studies from our laboratories. i) An investigation ‘of Ca
handling deficits in cardiac myocytes of hypertrophied hearts using infection with recombinant
adenovirus encoding either green fluorescent protein (GFP) or the sarcoplasmic/endoplasmic reticulum
calciumATPase (Serca2a). ii) A study of the mechanism of macregmigroglial migration by
infection of embryonic phagocytes with a GFP encoding virus arwdiltare with brain slices to then

track the movement of labelled cells. ii) We are also exploiting the natural tropism of the Sindbis virus
to label neurones inigpocampal brain slices in culture to resolve higholution structure and to map
neuronal connectivity.

4. Further development of these approaches should open new avenues of investigation for the study of
physiology in a range of cells and tissues.

Introdu ction

Gene transfer, a simple and attractive concept, involves the transfer of DNA to cells of interest.
Progress in gene transfer technology has made it a potentially powerful tool for the treatment of a wide
variety of diseases (Romaebal.,2000). Early gene transfer techniques using chemical methods such
as calcium phosphate or liposomes and physical methods such as electroporation were successfully
exploited for basic research but had limited use for gene therapy. Gene transfer technologg for ge
therapy approaches is based on the ability to efficiently deliver the therapeutic gene to relevant target
cells. Efficient delivery in turn is dependent upon type of gene delivery vehicles. Recent advances in
gene therapy research and vector techryolaye led to the development of variety of viral and-non
viral vector systems to efficiently deliver genes to cells, tissues and orgags \oyoand in vivo
strategies (Mountain, 2000). Efficient gene transfer systems represent useful tools foedeasich
and provide new opportunities to study gene function at the cellular and molecular level in a wide
variety of cells, tissues, organotypic cultures and whole animals. At this stage integration of gene
transfer technology with physiological genomiosstudy the function of gene products in context of
the whole organism and its environment or in a particular cell type at a specific stage of development
will play a major role in physiology and medicine.
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Gene Transfer Systems

An important challengé gene transfer technology is the development of a single gene delivery
system that can adequately satisfy all of the following criteria: 1) Efficient and targetsgeamfic
delivery 2) High levels and long term expression of the transgene 3) Lasitytd®r in vivo delivery
with minimal side effects 4) Neimmunogenicity. Although existing viral and nwiral vector
systems can fulfii some of these criteria, none can simgbeledly provide all of the necessary
functions. Control of gene expressiand targeting to specific cells or tissues is currently an intensive
area of gene transfer research. Some of the genetic elements that are being incorporated into the
design of new and improved vectors include promoters that artypelbpecific, celtycle regulated
or tumor selective promoters as well as promoters that respond to radiation, chemotherapy or are heat
induced (Nettelbeckt al.,2000).

Non Viral Delivery Systems

Nonrviral vectors using mechanical or chemical approaches can effjcieansfect cellsin
vitro. Mechanical methods involve direct injection or the use of “gene gun technology” to introduce
the plasmid DNA (Yanget al., 1996). Low levels of gene expression and inability to use these
methods for systemic administration eduo the presence of serum nucleases has limited their
applications to tissues that are easily accessible such as skin and muscle cells. Electroporation using
electrical mediated disruption of cell membranes to effect transfection is used maimny vito
applications. Chemical methods are divided into two classes: different formulations of cationic
liposomes and cationic polymers such as polylysine, protamine, DEAE dextran or polyethyleneimine
(PEI). Classical liposomes (positively charged) have hessd to deliver encapsulated drugs and
transfer genes into cells in culture (Gao & Huang, 1995). Problems with encapsulation of DNA have
led to the development of different formulations of cationic liposomes that are able to interact
spontaneously witmegatively charged DNA. The transfection efficiency of the liposome/DNA
complexesin vivo is very low and can sometimes be cytotoxicvitro. New and improved
formulations of cationic lipids that have enhanced the cellular internalization and tramsfectio
efficiency are being used for human gene therapy. The success-afaiatelivery will be greatly
dependent on the ability to design systems that can transfect cells with high efficiency, increased
stability in presence of serum proteins and reduoggtity to cells bothin vitro andin vivo. One
advantage of this system is they have no constraints on size of the gene that can be delivered.

Viral Delivery Systems

Viruses are naturally evolved vehicles that efficiently transfer their genes irtecdilss This
ability has made them attractive as tools for gene delivery purposes. Viral vectors that have been
extensively studied and genetically manipulated for safety concerns in laboratory researchirand for
vivo gene transfer protocols includermviruses, adenoviruses, herpes simplex viruses, lentiviruses,
adeno associated viruses and Sindbis viruses. Each of the viral vectors has their own individual
advantages, problems, and specific applications. Choice of viral vectors is dependenttcangtare
efficiency, capacity to carry foreign genes, tropism, toxicity, stability, immune responses towards viral
antigens and potential viral recombination. For functional studies of different transgenes our
laboratory is using recombinant adeno analdBis viruses for gene transfer purposes and this paper
will discuss and review literature related to only these viral gene delivery systems.
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Adenoviral Mediated Gene Transfer

Adenoviral genome consists of double stranded linear DNA of ~36 kb ithl¢@Ggaham &
Prevec, 1995). Adenoviral vectors can infect a wide variety of cells and tissues. They can transfer
genes to both proliferating and quiescent cells and express the transgene at very high levels.
Transgene expression is transient, as thigsses do not integrate into the host genome. To generate
replication defective viruses early genes such as E1A, E1B, E2, E3 and E4 involved in adenoviral gene
transcription, DNA replication and host cell immune suppression can be deleted. TFgen@ation
recombinant adenoviruses were constructed using eplasmid system. The “shuttle” plasmid
contains part of the viral genome where the E1A and E1B genes are replaced by a transgene driven by
its own regulatory system. The “helper” plasmid corga@rcomplete but unpackageable viral genome.
On cotransfection of the two plasmids, homologous recombination takes place to generate a
recombinant adenovirus encoding the transgene. Infectious viral particles can be generated in
permissive host cells sa@s HEK293 in which E1A proteins are providedrans

First generation recombinant adenoviral vectors have several drawbacks. Transgenes-5f only 4
kb can be packaged. They cause significant cytotoxicity in infected cells and immunological
respoises in the infected animal. Low efficiency of homologous recombination in HEK293 cells made
the process of generating recombinant adenovirus very tedious. To increase the packaging capacity of
the foreign gene (~ 7 kb), viral vectors in which E1A antEB4 are deleted were developed (Bett
al., 1995; Gacet al.,1996). To reduce the cytotoxiciity vivo and prolong the transgene expression, a
second generation of adenoviral vector with E1 and E2 deletions/mutations was developed (Engelhardt
et al.,1994a,b). To simplify the process of generating recombinant viruses, Vogelstein and group (He
et al., 1998) developed the AdEasy method that has the significant advantage in that homologous
recombination is carried out i&. coli bacterial cells. This nd@ the process of screening for
recombinants less cumbersome. Successful recombinants are isolated and then transfected into
HEK293 cells to generate replication deficient infectious viral particles. These recent advances in
adenoviral technology have dwthem attractive tools for physiological studies, functional genomics
and gene therapy purposes (Wang & Huang, 2000).

Figure 1. Laser scanning confocal microscopy image of ADSEREAZEP infected myocyte from

rat right ventricle. Expression of EGFP apparent throughout the cytosol of the cell which exhibits a
longitudinal banding pattern reflecting exclusion of expressed protein from the mitochondria,
sarcoplasmic reticulum and-ftibules (cell length 120 mm).

ca®t Handling In Cardiac Hypertrophy

In our laboratory recombinant adenoviruses were generated using the AdEasy system. Within 24
hrs of infection with a recombinant adenovirus carrying GFP, high levels of GFP expression (as
evidenced by specific fluorescence emission), was observed in tmwd@BPo) of adult rat cardiac
myocytes possessing the fskdaped morphology characteristic of healtg "Qalerant cardiac
myocytes (Fig. 1). This gene transfer method was then used to manipulaté thar@@ing system
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Figure 2. Brain slices froma postnatal day 4 rat pup cultured for 6 days with Gk®elled
embryonic haemopoietic tissues. A) Aagtsnadmesonephros, AGM. B) The yolk sac, YS. These
tissues where placed in the ventricles of the brain slice. In both cases cells from the hasmopoie
tissues have migrated into the brain slice forming a dense distribution.

of isolated cardiac myocytes from rats suffering cardiac hypertrophy and heart failure éReilly

2001). The rate of & sequestration of the sarcoplasmic reticulum (SR Al€pendent apump

is a major determinant of cardiac relaxation and it is clear that reductions in the expression of pumps
underlie the prolonged calcium (Catransients and consequent reduced contractile performance seen
in human cardiac hypertroptaynd heart failure. As such, modulation of intracellular Gavels, C&"

kinetics or C&" sensitivity is the focus of many current therapeutic approaches to improve contractile
performance in the hypertrophic or failing heart. While there are threeyhigithologous genes
encoding SR a pumps, SERCA2a is the specific isoform found in cardiac (and-tsWteh
skeletal) muscle, and is abundantly expressed in both atrial and ventricular compartments of
mammalian myocardium (Kiriazis & Kranias, 2000).

In freshly isolated cardiac myocytes from rats with monocrotatidaced right ventricular
hypertrophy, Serca2a gene transfer resulted in a marked restora%ign of Serca2a protein expression
levels and completely normalised the timecourse of the stimulated rEsponses in these cells
without altering diastolic 4 values or CA transient amplitudes. These results highlight the
importance of Serca2a deficiencies in the hypertrophic phenotype of cardiac muscle and outline a
simple, effective viral approachrfaanipulation and improvement of complex cardiac functions.

Origins Of Microglia

We have used adenovirus modified to express GFP to label cells in organotyquittuce
experiments which were designed to establish the developmental potential of mmbagmopoietic
cells in rats. Before the bone marrow develops to become the source of all blood cells a number of
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transient haemopoietic sites exist at different times in the developing embryo. To determine whether
haemopoietic cells of the yolk sacdathe aortsgonadmesonephros region had the potential to
develop into the ramified phagocytic cells in the brain (the microglia) these embryonic tissues were
isolated and caultured with organotypic brain slices taken from neonatal rats.

Microglia areconsidered to be the macrophages of the central nervous system and are seen in the
developing brain before bone marrow haemopoiesis. Because the neonatal brain slice is known to
provide an environment that supports the differentiation of microglia froonaplaageike precursors
it was anticipated that the -@ulture conditions would allow the potential of the transient embryonic
sites to generate microglia cells to be examined. To identify any cells in the brain slice that are derived
from the cecultured yolk sac and AGM, these haemopoietic tissues were infected with GFP
expressing adenovirus after their removal from embryos (but prior¢altaing with brain slices).

We examined brain slices after 1 week ofcatture and typically found vast nunmiseof cells
derived from the haemopoietic tissues had invaded the brain slice (Fig. 2). Depending on the age of the
embryos from which the tissues were taken, both of the embryonic haemopoietic tissues examined had
the capacity to populate brain slices lwihumerous cells of microglial morphology (numerous
ramified processes).

&

Figure 3. Detail of a region of slice invasion by the GFP labelled cells from the embryonic
haemopoietic tissues showing a ramified phenotype typical of microglia.

The adenovirusnediated GFP labelling allowed detailed examination of the morphology of
these cells, enabling us to confirm their ramified state indicative of microglia3Figlthough we
have not confirmed by experiment, our finding of very large numbers of dosoe tiferived cells in
the slice suggests that considerable proliferation of the GFP labelled population had occurred. If this
was the case it would appear that the GFP fluorescence was retained in daughter cells after division.
AdencGFP infection of heaopoietic tissues provided intense and apparently robust GFP
fluorescence in cells derived from these tissues, allowing the details of the cell morphology to be
established. The ease of use and efficacy of this cell labelling method makes it an attppctaeh
to use in other cell tracking experiments in organ culture vivo.
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Figure 4. Generation of recombinant Sindbis virus. pSinRep5 (nsps2S) is the recombinant plasmid
containing the viral nonstructural genes (ns®Pland the subgenomic promotersd® that controls

the transcription of the gene of interest. The defective helper plasmid (DH26S) contains the viral
structural genes under the control of thegPpromoter. In vitro transcription of linearized pSinRep5

and DH26S plasmids results in RN#at has a Cap at the 5’ end and poly A tail at the 3’ end. The
transcripts are cotransfected into BHK cells. Translation of the nonstructural genes produces
replication enzymes that replicate the recombinant RNA. Capsid protein and E1 and E2 glye®protei
translated from the structural genes of the helper viral RNA, package the recombinant RNA and cause
release of the pseudovirions into the medium.

Sindbis Virus mediated Gene Transfer

Sindbis virus isan alphavirus containing a b singlestranded, positive sense, capped and
polyadenylated RNA genome. Introduction of the RNA genome into cells produces infectious virus
that is cytopathic. This virus causes encephalitis in mice and rash and arthritreans. In mice its
primary target is the neurons of the central nervous system (laissilg, 1988) and causes neuronal
death by inducing apoptosis (Griffin & Hardwick, 1997). Neural infection is dependent on the age of
mice and the strain of the vgu The ability to infect a broad range of host cells, small genome size
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and to amplify and transcribe their genome exclusively in the cytoplasm without affecting host
chromosomal machinery are some of the properties that have made Sindbis virusegdticdstior
reengineering purposes and gene transfer. Genetic manipulation of the viral genome, use of two vector
system and development of packaging cell lines stably transformed with inducible structural protein
expression cassette (Pao al., 1999) has resulted in new Sindbis vectors that are noncytopathic in
mammalian cells, express the transgene at very high levels and reduced the generation of
contaminating replication competent virus.

We generated recombinant Sindbis virus using theveator system (Fig 4). Briefly, the
plasmid pSinRep5 (nsP2S) is used to generate recombinant RNA molecules for transfection and
infection. This plasmid contains the viral nonstructural protein genes-@)seduired for replicating
RNA transcriptan vivo (in the cell), the SP6 promoter for in vitro transcription, packaging signal and
subgenomic promoter §Q) for transcription of the subgenomic RNA containing the gene of interest.

To reduce the cytopathic effects of the Sindbis virus a single mutation (P7@68een introduced in

the nsP2 gene (Drygt al.,1997). The defective helper plasmid DH(26S) that provides the structural
proteins in trans contains the SP6 promoter for in vitro transcription anésgheromoter for
transcription of the viral capsiand E1 and E2 genes. Both the pSinRep5 (nsp2S) and DH(26S)
plasmids are linearized and thienvitro transcribed to generate corresponding mRNA that has a Cap

at the 5’end and a poly A tail at the 3'end. The transcripts are cotransfected into BHKdk#scell
cytoplasm, the recombinant RNA is translated to produce the replication enzymes that synthesize the
recombinant RNA. Translation of the structural genes from the defective helper RNA produce the
capsid protein and E1 and E2 glycoproteing theckage the recombinant RNA and subsequently
cause release of the viral particles into the medium.

Neuronal structure revealed by sindbisGFP.

Recombinant Sindbis virus carrying the GFP gene efficiently infects neuronal cells from
hippocampus of neots rat brain (Fig. 5). Brain slices were grown on cell culture inserts (Millipore)
for 1-2 days and then microinjected with the Sindbis virus. Abott8.4ours following infection
GFP fluorescence was visualised in the cell body and the dendriticspescef the neurons. In many
cases nerve processes could be traced for several millimetres suggesting that this technique can be
used for tracing longange nerve projections in whole brain. Further support for this approach comes
from a recent report (@net al., 2000), that employeth vivo injection of SindbisEGFP to obtain
high-resolution images of neurones both in slicesiandvo. These studies thus suggest the potential
use of this virus for studying dynamic changes and neural connectivityg dlavelopment.

Viral Transfer For Physiological Studies- The Future

A number of other exciting possibilities are currently under exploration in our own laboratories
including the use oin vivo viral infection to deliver genes to organs and tissneshole animals.
Using this approach our goal is to create genetically modified animals to study the physiological
consequences of gene expression. The use of antisense genes may delete endogenous gene expression,
akin to a "knockout" animal. Dominantutant genes that cause disease in humans can be expressed in
animals and the phenotype assessed, similar to the approach employed by transgenic and knockin
models. Such studies are not only less expensive and more rapid to develop but may also be used as a
screening method for the creation wdeful genetically modified animal models. Furthena the
infection with multiple dominant mutant genes may be used to examine the more difficult polygenic
disorders such as hypertension and mental disease.
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Figure 5. Hippocampal neurones infected with Sindbis encoding GFP. Tissue slices were made from
a post natal day 7 rat brain and cultured overnight. Recombinant Sindbis (50 nl of pseudovirions) was
injected into the slice using a Drummond nanoject Il and the slices examined on a Zeiss confocal
LSM510 after 24 hrs in culture. For this image 20 coafplanes were projected onto tHeaxis.

Scale bar is 5@M.

A final application under study in our laboratories is the use of viral vectors fan thigo
delivery of genetically encoded reporter genes. We have employed two such sensors in our own
studies, cameleons (Miyawadt al., 1997, 1999) and camgaroos (Ba@tdal., 1999). Both these are
GFRbased sensors that convert Céevels into readily measaipble fluorescence light signals. We
have modified them for targeting to organelles or cellular compartments of interest (Etetiqu
2000) that obviates the need for high spatial resolution and results in a commensurate gain in temporal
resolution.

The completion of the first draft of the human genome sequence heralded a new era in genomics
and for physiology, opened new vistas. While the sequence and basic function of many genes will
soon be resolved, elucidation of the physiological role of thesesge a major new challenge facing
modern physiologists. The science of Physiological Genomics is ultimately concerned with solving
this challenge and we envisage that viral mediated gene transfer provides physiologist with an
important tool for this enrging discipline.
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HYBRID SKELETAL MUSC LE FIBRES: A RARE OR COMMON
PHENOMENON?

Gabriela M.M. Stephenson

Muscle Cell Biochemistry Laborator$chool of Life Sciences and Technology, Victoria University,
PO Box 14428, MCMC, Melbourne, Victoria 8001

Summary

1. The main aim otthis review is to raise awareness of the molecular complexity of single skeletal
muscle fibres from ‘normal’ and ‘transforming’ muscles, in recognition of the many types of hybrids
that have been observed in vertebrate skeletal muscle. The data ukedradelvarious points made

in the review were taken from studies on mammalian (mostly rat) and amphibian muscles.

2. The review provides a brief overview of the pattern and extent of molecular heterogeneity in hybrid
muscle fibres and of the methodolodiqgaoblems encountered when attempting to identify and
characterise such fibres. Particular attention is given to four types of skeletal muscle hybrids: myosin
heavy chain (MHC) hybrids, mismatched MH@/osin light chains (MLC) hybrids, mismatched
MHC-reguatory protein hybrids and hybrids containing mismatched Midfoplasmic reticulum
protein isoforms.

3. Some of the current ideas regarding the functional significance, origin and cognitive value of hybrid
fibres are critically examined.

Introduction

Skeletal muscle contraction is the net result of a series of cellular events known collectively as
the excitatiorcontractionrelaxation (EC-R) cycle. The major events in the(ER cycle were
summarised by Stephensenal (1998).

Major events in the ££-R cycle in the vertebrate skeletal muscle include: (i) initiation and
propagation of an actigmotentialalong the sarcolemma and transversetbular system, (ii)
transmission of the-Bystem depolarisation signal from theubule to the sarcoplasmietrculum
(SR) membrane, (iii) release of calcium ionsz(@érom the SR, (iv) transient rise of myoplasmic
[Ca2+], (v) binding of CA&" to the regulatory protein troponin C (Tn C), (vi) transient activation of the
regulatory system and contractile appasafui) dissociation of C4 from Tn C and (vii) Ca
reuptake by SR mediated by SERCA.

The key roles in these events are played by Qhe activation ion) and by a large number of
proteins/protein complexes located in several subcellular compartritestsow widely accepted that
many of the proteins involved in events of #€-R cycle exist as multiple forms (isoforms), which
can be distinguished and identified by biochemical methods such as gel electrophoresis and
immunochemistry (Mos®t al, 195). Polymorphous skeletal muscle proteins of ER€-R cycle
include: the a-subunit of the dyhydropyridine receptor (DHPR), ryanodine receptor/SR calcium
release channel (RyR), sarco (endoplasmic) reticulum-GaPase (SERCA), calsequestrin, myosin
heavychain (MHC), myosin light chain (MLC) and the regulatory proteins troponin C (TnC), troponin
I (Tnl), troponin T (TnT) and tropomyosin (Tm) (Pette & Staron, 2000, 1997, 1990). It is important to
point out that the list of isoforms of skeletal muscle pnstéparticularly myofibrillar proteins) has
been increasing in parallel with the development/refinement of protein separation/identification
techniques and with the application of these techniques to a wider range of muscles and animal
species. Updated x&ons of this list can be found in reviews produced regularly by major contributors
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to the field ( Pette & Staron, 2000; Schiaffino & Salviati, 1998; Pette & Staron, 1997; Schiaffino &
Reggiani, 1996; Pette & Staron, 1990; Swynghedauw, 1986).

It is noeworthy that the number of isoforms varies markedly between various skeletal muscle
proteins. For example, according to a recent count, mammalian skeletal muscle expresses as many as
ten MHC isoforms, but only two TnC isoforms [one typical of 4astch muscle (TnGf), the other of
slow-twitch muscle (Tn&s) (Pette & Staron, 2000; 1997). The ten MHC isoforms* include four
isoforms present in adult mammalian muscle (stevtch isoform MHCI or MH@/slow and fast
twitch isoforms MHCIla, MHCIld/x and MHCIIQ) two isoforms present in developing and
regenerating muscles (MHé&nb, MHGneo), and four isoforms present in some highly specialized
muscles [extraocular and jaw closing muscles (MgXGc). Currently it is not known whether there is
any relationship beteen the number of isoforms of a muscle protein, its cellular function and/or the
molecular mechanisms responsible for its molecular diversity.

So far, the terms ‘hybrid muscle fibFes‘ponmorphic fibres’, or ‘MHC hybrids’ have been
used interchangefbto define fibres that cexpress more than one MHC isoform. However, there is
now compelling evidence to suggest that this meaning of the term *hybrid fibres’ is highly inadequate
because it does not apply to fibres displaying patterns of moleculaodeztieity with respect to other
proteins. A population of such fibres, expressing only one MHC isoform (MHClla) and bothrfdst
slow-twitch isoforms of the MLC subunits has been detected in rat soleus (SOL) in an early study by
Mizusawaet al. (1982) awl in a very recent study by Bortolotét al. (2000a). Based only on MHC
composition, these fibres would be classified as ‘pure’, but such classification would be incorrect
because it would not provide information on the molecular heterogeneity of teg Wiih respect to
MLC composition. Two other major groups of hybrids not covered by the traditional meaning of the
term ‘hybrid fibres’ include fibres in which two or several proteins are expressed as isoforms (e.g.
fibres containing several isoforms BILC and several isoforms of tropomyosin) and fibres in which
one isoform is expressed as a protein and another as a mRNA species. It is important to note that the
sets of isoforms detected so far in fibresegpressing isoforms of two or more muscle pgrstdnave
been found to be either of the same type (matched) or of different types (mismatched). Matched sets of
MHC and MLC isoforms would comprise, for example, fagtch MHC isoforms MHClla and
MLCIIb and fasttwitch MLC isoforms MLC%, MLC2; and MLC3,while mismatched sets would
comprise fastwitch MHC isoforms MHClla and MHClIbglow-twitch MLC isoform MLCX and
fasttwitch MLC isoforms MLC1, MLC2; and MLC3. In recognition of the many kinds of hybrids that
have been observed so far in vertebrkédesal muscles, the hybrid fibres discussed in this review will
be described by terms that indicate both the muscle protein(s) whose isoforms are being considered
(e.g. MHGMLC ) and the relationship (matched or mismatched) between the sets of isoferms co
expressed in the fibre.

It is worth pointing out that hybrid fibres were once regarded as a rare phenomenon and often
discarded from studies concerned with the functional characteristics of single fibre preparations
(DanieliBetto et al., 1990). Morerecently, however, hybrid muscle fibres have started to attract
considerable interest from a broad range of cell biologists. This can be explained, in part, by the
finding that MHC hybrids represent the dominant biochemical phenotype even in skeletaisntaicl
were previously thought to be ‘pure’ in terms of fibre type composition (Bort@otb, 2000a).

*In this review afibre type is identified by a roman numeral and a capital letter (e.g. lIA), whiléVitHE

isoform expressed in the fibre is idiified by a roman numeral and the corresponding lower case letter

(i.e. MHCIla). This nomenclature, which has been introduced by Pette’s laboratory (e.g. Haméladinen & Pette,
1995), has not been adopted consistently by other laboratories working igldhedusing a certain degree of
confusion among readers of articles and reviews on MHC isoforms andlbdbizl fibre types.

TTerm coined by Pette’s laboratory about a decade ago to describe fibres expressing more than one MHC
isoform and to distinguish ¢&m from fibres expressing only one MHC isoform (‘pure fibres’).
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Moreover, hybrid muscle fibres are now seen as valuable experimental tools for gaining further
insights into two major areas of research: (i) the physiological role of muscle protein isafatig
the regulation of gene expression in multinucleated cells (see last section).

This is the first review to focus on skeletal muscle hybrid fibres. Its main aim is to raise
awareness of the molecular complexity of single muscle fibres, parycalmong physiologists
concerned with basic and applied aspects of skeletal muscle function. The data used to illustrate
various points made in the review were taken from studies of mammalian (mostly rat) and amphibian
muscle. The general background et provide a brief overview of the pattern and extent of
molecular heterogeneity in hybrid muscle fibres from ‘normal’ and ‘transforming’ muscles and of the
methodological problems encountered when attempting to identify and characterise such fibres.
Paticular attention is given to four types of skeletal muscle hybrids: MHC hybrids, mismatched MHC
MLC hybrids, mismatched MH@egulatory protein hybrids and mismatched MBR protein
hybrids. The last section of the review comprises a critical examinaitisome of the current ideas
regarding the functional significance, origin and cognitive value of hybrid fibres.

MHC Hybrids
Methods used for the detection and characterisation of MHC hybrids.

It is now quite clear that neither of the three methodstiwadlly employed to distinguish fibre
types in skeletal muscles [light microscopy, myosin/myofibrillar ATPase (mAT#®ased or
metabolic enzymdased histochemistry] can be used effectively for the identification and
characterisation of MHC hybrids (Héldinen & Pette, 1995; Schiaffino & Reggiani, 1996). The most
suitable methods for detecting MHC polymorphism in individual muscle fibres, at protein or mRNA
level, include MHGbased immunohistochemistry (MHTHChem), single fibre polyacrylamide gel
microelectrophoresis under denaturing conditions (FBSE ), pyrophosphate gel electrophoresis
of myosin isoenzymes in single fibre segments, reverse transcigaipmerase chain reaction (RT
PCR) andn situ hybridisation (for review see Pette & Star@000; Petteet al, 1999; Schiaffino &
Salviati, 1998; Hamalainen & Pette, 1995). This methodological point is well illustrated by the bar
graph shown in Figure 1, which allows a quick comparison of the fibre type composition of rat
extensor digitorum legus (EDL) (A,B) and SOL (C,D) muscles reported by Armstrong and Phelps
(1984), on the basis of mATPabkased histochemistry (A, C) and that found in more recent studies
using SDSPAGEss only (EDL; Bortolottoet al, 2000a) (B) or a combination of SEFAGE;; and
MHC-IHChem (SOL, Bottinellet al.,1994a) (D). A significant conclusion emerging from these data
is that the largest proportion (~70%) of fibres in rat EDL are hybrid [IB+1ID fibres, rather than IIA or
IIB fibres, as previously thought. The newdiscovered heterogeneity of rat EDL muscle and muscle
fibres has important theoretical and methodological implications because rat EDL has been for many
years the preferred experimental model in physiological investigations of mammalidwitiast
musclecontractility.

It is important to note that even methods such as NvE§ed IHChem and SEPAGEss have
intrinsic limitations when used for the detection and characterisation of MHC hybrids. Some of these
limitations have been pointed out by Pedteal(1999) and Schiaffino & Salviati (1998). For example,
MHC-based IHChem is limited by the availability and specificity of-MHC isoform antibodies and
it does not always detect fibres containing both MHCIId and MHCIlIb isoforms (IID + 1IB hybrids;
Rivero et al., 1998). Furthermore, while MHBased IHChem can provide considerable information
about the proportion and intramuscular distribution of hybrid fibres and about the intracellular
distribution of the ceexpressed MHC isoforms (Dix & Eisenberg, 1988)Joes not allow for the
quantification of MHC isoforms cexpressed in individual hybrid fibres. By comparison, SDS
PAGE;; combined with scanning densitometry, enables the researcher to separate and quantify the
relative proportion of MHC isoforms eexpressed in a single fibre, and to relate these results to other
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Figure 1. The fibre type composition of rat EDL (A,B) and SOL (C,D) muscles, as determined by
mATPase histochemistry (A, C) and single fibre $BS&E (B, D). The graphs were plotted usihg

data reported by Armstrong & Phelps (1984) (A, C), Bortolotto et al. (2000a) (B) and Botinelli et al.
(1994) (D). FOG, fast oxidative glycolytic; FG, fast oxidative; SO, slow oxidative.

physiological or biochemical parameters determined in the fib to incubation in the sample
solubilising buffer. However, a notable limitation of SPBGE; is that it does not provide
information on the intramuscular distribution of hybrid fibres. Also, it has to be stressed that when
applied to MHC isoform angses, SDSPAGE;; displays a high degree of variability with respect to

the effectiveness of separation of MHC isoform bands, a problem which has not been eliminated
despite intense efforts made in several laboratories. In practice, this means thahtfiareeaample

has to be electrophoresed, at the same time with a MHC isoform marker (a reference sample
containing all MHC isoforms), on several gels, until the separation of MHC isoform bands allows
meaningful densitometric analyses to be carried outedar, a SDFAGE;s protocol that separates

well MHC isoforms in one species may not be so effective when applied to another species (Nguyen &
Stephenson, 1999). The low specificity of aritiC isoform antibodies and the difficulties related to

the electophoretic resolution of MHC isoform bands are probably due to the high degree of molecular
homology (7898% aminoacid identity in striated muscles; Weiss & Leinwand, 1996) displayed by
MHC isoforms and therefore cannot be eliminated in a simple manner.

Since many functional parameters of a hybrid fibre are not tightly correlated to its MHC isoform
expression, neither MHBased IHChem nor SBDBAGE;; analyses of MHC isoform composition can
accurately predict/characterise the functional phenotype of hijbrés (e.g. Bortolottet al, 2000a).

Thus, in order to gain further insights into the structural and functional complexity of MHC hybrids,
one needs to combine creatively existing microanalytical, microphysiological and microhistochemical
methods and/odevelop new methods for single fibre analysis (Pettta., 1999). For example, by
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TABLE |. EVIDENCE THAT COEXISTENCE OF MULTIPLEMHC ISOFORMS IN A SINGLEFIBRE IS A COMMON
MOTIF ACROSS A BROADSPECTRUM OF NORMALVERTEBRATE SKELETALMUSCLES AND THAT THE

PATTERN OFMHC POLYMORPHISM IS MUSCE AND ANIMAL SPECIES SPECIFIC

Proport-  Number
MuscIeT Species ion of of MHC Pattern of MHC isoform Reference
hybrids  isoforms co-expression in hybrid fibres  |method usecit]
detected

EDL rat 67% 2o0r3 lla+lid; lld+1Ib (majority); lla+lld+Ilb  Bortolotto et al.,

DPH 30% 2or3 I+lla; 1+11d; la+lld; Ha+lld+lIb; (2000)[a]
I+lla+lid

Plantaris rat ~50% 2o0r3 lla+1ld; 1lb+11d (majority); lla+lIb+Ild  Bottinelli et al.,

TA-superficial ~30% 2 Ild+IIb (1994a)[a,b]

SOL 11% 2 I+lla

MG rat 12% 2 I+lla; lla+lld (majority); llb+Iid Rivero et al.,

(1998)[b]

PCA* rat ~ 35% 2,3,0r4 lld+llb (majority); llib+exoc; Wu et al., (2000a)
I+lla+11d; lla+lld+lIb; [a]
lla+llb+exoc; lld+1lb+exoc;

I+lla+lld+11b; lla+lld+lIb+exoc
ThA* rat ~90% 2or3 Ild+11b; Ilb+exoc; Ild+IIb+exoc
AM rabbit not 2 IIb+11d; lld+1la; lla+l Aigner et al.,
available 1993(mATPase
& SDS-PAGEy)
LC* dog 2o0r3 lla+ld; I+lla; [+lla+lid Wu et al.,1998
41% (SDSPAGE)
PCA* dog 2,30r4 llatlld (majority); lla+llib; Wu et al.,2000b
~20% Ild+11b;I+lla+ld; lla+lld+lIb; (SDSPAGEy)
I+lla+l1d+llb
CT* 2,30r4 [I+lla; lla+lld; lId+11b;1+1a+ld+11b
<10%
ThA* 2,3o0r4 lla+tlld and lld+llb (majority);
30-40% I+la+lid;[+lId+11b; lla+1ld+1Ib;
I+lla+lld+IIb

Rectus cane 2o0r3 HCT+HC1; HCT+HC3; HC1+HC2; Nguyen &

abdominis toad ~65% HC2+HC3; HCT+HC1+HCS; Stephenson, (in
HCT+HC2+HC3; HC1+HC2+HC3 preparationja]

"Muscles: abbreviations as in text except *laryngeal muscles: PCA, posterior cricoarytenoid; LC,
lateral cricoarytenoid; CT, cricothyroid; ThA, thyroarytenoid

iMethods: [a], single filr SDSPAGE: [b], Immunohistochemistry: [c], mATPase histochemistry.
[+11d, atypical combination of MHC isoforms; HCT, HC1, HC2 and HC3, MHC isoforms associated
with tonic, type 1, type 2 and type 3 fibres in cane toad skeletal muscles (see Nguyen &s8tephe
1999).
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applying three different biochemical metho@i® situ hybridization, MHGbased IHChem and
mATPase histochemistry) to serial cryosections from human vastus lateralis muscles (prior-and post
37 day period of bed rest), Andersetnal. (1999)discovered a novel population of MHC hybrids, in
which the protein of one MHC isoform (MHCI) coexisted with the mRNA of another (MHCIId). The
discovery of MHC hybrids with mismatched protemMRNA species adds a new meaning to the
concept of skeletal musckell heterogeneity and prompts the obvious question whether vertebrate
skeletal muscles contain any fibres that are genuinely ‘pure’.

MHC hybrids detected in ‘normal’* muscles

Fibres ceexpressing the slowwitch and fastwitch MHC isoforms MHCI andvHClla (I+11A
or I/lIA fibres) are the earliest examples of MHC hybrids reported to occur in normal mammalian
skeletal muscle. These fibres, previously referred to as IC or IIC fibres on the basis of the most
abundant MHC isoform expressed (MHCI or MHClitespectively) (PierobeBormioli et al., 1981),
are still the easiest to identify and characterise both by M&ggd IHChem and SBRAGE;:. This is
because the currently available monoclonal antibodies (Mabs) against MHCI and MHClla have a high
degree ofspecificity and the electrophoretic bands corresponding to the MHCI and MHClIla proteins
are separated quite effectively and reproducibly by all-8BB&E;s protocols developed and/or used
in different laboratories. As described in detail in a recent shydBortolotto et al. (2000a), type
[+1IA hybrid fibres can also be identified by the physiological fibre typing method of &indl.

(1986), because they produce characteristic statid@strcepSr curves (‘composite’ curves).

A large number of datgenerated over the last two decades by M#dSed IHChem and/or
SDSPAGEss, strongly suggest that normal muscles from mammals and amphibians contain a sizeable
proportion of MHC hybrids, which eexpress, at the protein level, two, three and even four MHC
isoforms. A small sample of these data (Table I) shows that the pattern of MHC polymorphism (as
indicated by the proportion of hybrids, the number of isoformexgwessed and the combination of
MHC isoforms detected in individual fibres) is muscle and ahispecies specific. For example in
adult rat, soleus muscle (SOL) was found to contain about 11% MHC hybrids, all of which co
expressed two MHC isoforms (I and lla), while laryngeal thyroarytenoid (ThA) muscle was found to
contain about 90% MHC hybridspme of which ceexpressed combinations of two or even three
MHC isoforms. In the dog, however, ThA muscle was found to contain a smaller proportéd630
of MHC hybrids and many of these hybridsexpressea@ll 4 major MHC isoforms commonly found
in mammalian muscle (I, lla, lld and Ilb). MHCexoc, a tissue specific isoforrexgmessed with
MHCIId and MHCIIb in rat ThA muscle was not detected in dog ThA muscle.

MHC hybrids detected in muscles in transformation

It is now widely accepted that the propon of MHC hybrids and their molecular complexity (as
judged by the number of MHC isoforms-egpressed and the pattern ofe@ression) is higher in
muscles undergoing molecular and functional transformation than in normal muscles (see review by
Petteet al., 1999). As seen in Table II, soleus muscles of rats subjected to four week unloading by
hindlimb suspension (a strategy inducing a slow to fast transition in muscle phenotype) contained 4
times more hybrid fibres than the controls (Oishial, 198B). Moreover, most hybrid fibres in the
transforming soleus eexpressed three MHC isoforms (I, Ila and IId) , while all hybrids in the control
soleus ceexpressed two MHC isoforms only (I and lla). Some MHC isoform combinations, such as I+
Ild, which areseen only rarely in fibres from normal muscles, have been found to occur fairly

* The term ‘normal’ muscles is used to indicate muscles from animals free of disease, muscles from adult
animals or muscles that had not been subjected to ‘transformingdionadje.g. changes in the neural impulse
pattern or hormone level).
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TABLE Il. EXAMPLES OFMHC POLYMORPHISM ASSOCIAED WITH EXPERIMENTALLY INDUCED MUSCLE
TRANSFORMATION

Proportion of  Number of

Muscle Species hybrid s- MHC Pattern of MHC isoform Reference
(method used experimental isoforms co-expression in hybrid (methodT
to induce (proportion detected in fibres (vs control) used)
muscle of hybrids- hybrids
transition) control) (vs control)
slow>fast
SOL (4 wk rat 32% (7%) 20r3(2) I+lla; lla+lld; 1+lla+ld* ; Oishi et al.,
unloading by lla+lld+lIb (I+lla) (1998)[a]
HS)
SOL (60days rat ~88% (~4%) 20r3(2) I+lla; 1+11d ; lla+lld; 1+lla+lid Grossman et al.,
post SCT) (I+l1a) (1998)[b]
SOL (4 wk rat (male) 99% (ni) 2&3 I+lla ; [+lla+lid (ni) Yu etal.,
thyroid hormone rat (female) 63% (ni) 2&3 I+lla ; lla+lld; acl+lla; I+lla+lld ~ (1998) [b]
treatment) (ni)
fast>faster
MG-deep region rat ~55% (~15%) 2,3o0r4 I+lla; 1+11d; la+lld; lld+lib ; Roy et al.,
(60 days post (2) lla+1ld+11b; I+lla+lid; (2000)[b]
SCT) I+lla+lld+lIb (I+lla; lla+ld ;

lld+11b)
MG-superficial ~ rat ~7% (~22%) 20r3 lla+lld ; 1Id+1Ib; lla+lIb+IId ditto
region (60 days (2 0r3) (Na+lld ; Na+Ild+11b)
post SCT)
fast>slow
EDL (28 d low rat ? 2and 4 (2) I+lla; lla+ld; I+lla+ld+11b Termin et al.,
frequency (lb+11d ) (1989)[a,c]
stimulation)
TA (30 d low rabbit 70% (ni) 2or3(ni) la+la; la+la+dev;lla+l a+l; Peuker et al.,
frequency lla+l; la+l; la+l+dev;l+dev (ni)  (1999)[b]
stimulation)

HS, hindlimb suspesionSCT, spinal cord transection

"Methods: [a], single fibre SDBAGE; [b], immunohistochemistry; [c], mATPase histochemistry
*pbolding indicates that the respective pattern of MHC isoform expression was detected in the most
abundant type of hybrid fibres; ni, not clearly indicated.

acl (la), a-cardiac like MHCisoform dev, MHGyey; Note: Peuker et al.(1999) give no informatio
on the relationship between MH&; and the two MHC isoforms found in developing and regenerating
muscles known as MH{gcand MHGmp
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frequently in fibres from transforming muscles (Pette & Staron, 2000, 1997; Talmadge, 2000). For
example, Bortolottcet al. (2000a) detected only two | + IID hybrids in a population of 43 fibres
dissected from 8 normal rat diaphragms, but | + IID hybrids were reported to make up the most
abundant fibrégype population in SOL muscles of adult rat, 60 days post spinalreorskction (see
Table II; Grossmaet al.,1998).

The transition of a muscle from one ‘steadgte’ to another, through a process which may
involve the replacement or addition of muscle protein isoforms in one or several intracellular
compartments, haseen found to accompany several physiopathological conditions/factors (Table IlI).
These include growth and development of an organism from embryonic to adult stage, ageing, muscle
degeneration/regeneration and changes in the hormonal level (thyroidngobreing the classical
example) (Pette & Staron, 2000, 199%9r example, La Frambois# al. (1991) reported that before
reaching the adult state, the rat diaphragm muscle contained some fibresakatessed as many as
four MHC isoforms.
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Figure 2. The proportion of pure and hybrid fibres in soleus muscles fromragehed normotensive

WKY rats (A,B,C) and spontaneously hypertensive rats (D,E,F) at three stages of development of
hypertension: 4 weeks (A,D), 16 weeks (B,E) and 24 weeks (C,F), pue fibres (I, lI1A) ,

hybrid fibres: I+11A (in WKY rats) I+lIA; IIA+1ID (in SHRs). The raw data used to plot the bar graphs

can be found in Table 3 in Bortolotto et al. (1999). The number of animals used and the number of
fibres analysed for each grougeve : 7; 73 (A); 8; 85 (B); 7; 79 (C); 7; 75 (D); 6; 73 (E); 7, 87 (F).

Recently, Bortolottceet al. (1999) observed, using SEFRAGEgs, that the populations of fibres
dissected from SOL muscles of spontaneously hypertensive rats (SHR) at three difégyestin the
development of hypertension (4,-18 and 24 weeks) contained a higher proportion of hybrid fibres
than the homologous muscles from age matched normotensive (WKY) controls (Fig.2). Does this
mean that hypertension, a pathological conditramt generally associated with skeletal muscle
pathology, causes transformation in rat soleus muscles? Not necessarily, because the higher proportion
of MHC hybrids found in SHR soleus may be due to streliated differences in the fibre type
composition ofindividual muscles. To address this possibility we are now examining the MHC
isoform expression in soleus muscles from several normotensive and hypertensive rat strains (J. Kemp,
S. Bortolotto & G. M.M. Stephenson, unpublished data).
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TABLE Ill. FACTORSYCONDITIONS THAT HAVE BEEN REPORTED TO TREGER SKELETAL MUSCLE
TRANSITION IN NON-HUMAN MAMMALS .

Factor/ condition Direction of phenotype shift
» muscle growth and development to neonatal stage embryonic>neonatal
» maturation and ageing fast->slow
* spontaneous hypertension (model fgpértension) slow -> fast

. - . . slow > fast
* thyroid hormone administration (hyperthyroidism)
* muscle degeneration
* muscle regeneration
- post myotoxic treatment
- post denervatiowlevascularization
* lab induceedecrease in neuromuscular activity
- spinal cord transection (model fospinal ced slow - fast
injury, orthopedic injury)
- limb immobilization in a shortened position slow > fast
- hindlimb suspension (model for weightlessness slow > fast
during spaceflight)
- blockage of motoneuron action potential fast-> slow

conduction by tetrodotoxin

* lab-induced increase in neuromuscular activity
- chronic electrical stimulation fast-> slow
- functional overload induced by synergist ablation
- endurance training
- strength (resistance) training fast >slow

* lab induced depletion in energy rich phosphates
* induction of null mutations in muscle protein isoform genes

The main aim of the study by Bortolotto et al. (1999) was to compare the MHC isoform and fibre
type composition of soleusniuscles from SHR and WKY rats; however, since the study involved the
use of animals at three different developmental stages, the data generated offer also an insight into the
effect of rat maturation on the proportion of hybrid fibres present in thislenuss seen in Figure 2,
the proportion of hybrids detected in the fibre populations dissected from SOL muscles of WKY rats
aged 4 weeks, 16 weeks and 24 weeks decreased from 11% (4 weeks) to 3.5% (16 weeks) and 0% (24
weeks). A decrease in the proportiminhybrid fibres with an increase in animal age was also noted in
the soleus muscles from SHRs. In contrast, the rectus abdominis muscles of ‘adult'cane toads (bw
~250 g) produced a larger proportion of MHC hybrids than the homologous muscles from gjuvenil
(bw ~159) toads (L. Nguyen & G.M.M. Stephenson, unpublished data). This difference in the effect of
animal maturation on the proportion of hybrid fibres present in rat soleus and toad rectus abdominis
muscle suggests that muscle transformation assdcisith development may be animal species
and/or musclepecific.

A limited survey of the literature on vertebrate skeletal muscle reveals that, over the last two
decades, there has been a flurry of activity in the field of muscle transformationtogjethier with
the breadth of journals that published this information (for recent reviews see Pette & Staron, 2000;
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Talmadge, 2000; Pette & Staron, 1997), indicate that, muscle plasticity, like muscle heterogeneity, is
currently viewed as a ‘hot’ researtpic by biomedical researchers from a broad range of disciplines
(molecular biology, biochemistry, cell physiology, medical practice and exercise physiology).

Other Types of Hybrid Fibres Detected in Vertebrate Skeletal Muscles
Methodological issues

It is important to point out that highly complex hybrid fibres, such as those containing matched
or mismatched sets of isoforms for two or more proteins, are more difficult to detect than MHC
hybrids, which are heterogeneous with respect to MHC isoform @sitign only. This is because
many muscle proteins, such as the proteins of the sarcotubular system, are present in the fibre only in
very small amounts and therefore cannot be easily visualised orp&@ixgrylamide gels using
current staining protocol&€ven when the concentration of a given protein in a single fibre segment is
large enough to allow for easy visualisation, as is the case for most myofibrillar proteins, there may be
problems related to the electrophoretic separation of the protein baimtisre$t (see comments made
earlier regarding the separation of MHC isoforms). A classic example is that of theitelstand
slow twitch isoforms of MLCs, troponin subunits and tropomyosin, which eitherigmate or migrate
very closely on SD$olyacylamide gels prepared according to common protocols. In such cases, the
accurate identification of hybrid fibres requires further refinement of-BBSE;; protocols, the
combined use of SDBAGE; and IHChem or the combined use of several biochemical and
physiological methods of single fibre analysis. The following-seitions focus on three groups of
hybrid fibres ceexpressing mismatched sets of protein isoforms and highlight, when appropriate, the
methodological approaches that led to their discovery.

Mismatched MHEMLC hybrids

Single muscle fibres that express only one MHC isoform, but are heterogeneous with respect to
their myosin light chain complement represent a relatively common example of-NMIC
polymorphism (for review see Pette & Staron97pP Thus, a small number of mismatched MHC
MLC hybrids have been detected among fibres dissected from diaphragm muscles of adult
normotensive (WKY) rats (Bortolottet al, 2000a), indicating that mixed expression of MHC and
MLC isoforms occurs in normahuscle fibres. In Figure 3 are shown the electrophoretograms of two
of the fibres analysed by Bortolot&d al. (2000a) for MHC and MLC composition: one displaying full
correlation (MHCI + MLC% + MLCZ2g, left lane) and the other no correlation betweenntiyesin
subunit isoforms present in the fibore (MHClla + MHCIIdMLC1g + MLC1s + MLC2 ; right lane).
Another interesting observation made in the study of Bortokittd. (2000a) is that, in the rat soleus
muscle, fibres expressing only fast MHClla isofisrcontained the slow isoform MLEih addition to
the fast isoforms MLGland MLCZ2. This result is in agreement with earlier data by Mizusaina.
(1982) and Salviatet al. (1982) who showed also that type IlA fibres isolated from soleus muscles of
the rat (Mizuzawa) and rabbit (Salviati) -eapressed various combinations of fast ahlmv MLC
isoforms.

Mismatched MHGMLC hybrids have been detected not only in normal, but also in transforming
muscles. For instance, ‘pure’ slewitch (type I) soleudibres from female rats, treated for 4 weeks
with the thyroid hormone @), were found by Ywet al (1998) to contain both slow and fast MLC
isoforms, in different combinations and in varying proportions.

Notwithstanding their presence in many of thenownly studied muscles and the relative ease
with which they are detected by SIPAGE;, the physiological significance of MHBILC hybrids
remains largely unknown.
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’ Figure 3. Representative electrophoretograms
myofibrillar proteins from single rat skeletal mus
showing matched (lane 1) and mismatched (lar
! = MHC-MLC isoform composition. Upper pandiiHC

isoforms; lower panel: MLC isoforms. Lane 1, fi
type I; Lane 2, fibre type IIA + 1ID.

Mismatched MH@egulatory protein hybrids

To date, reports of mixed MH€gulatory potein hybrids are few and far between. For example
two decades ago, Salviati et al. (1982) described a small population of rabbit masseter muscle fibres,
which contained fagwitch and slow-twitch isoforms of MHCs, MLCs, TnT and Tn I, but only the
fasttwitch isoform of TnC. Mismatched MHTNC hybrids ceexpressing either MHCI (slow), TRE
(slow) and Tn€r (fast) or MHCI and Tn& were also detected in rat diaphragm muscle by Danieli
Betto et al. (1990) and Geigest al. (1999), respectively. Since @tlnormal animals were used in all
three studies, these data suggest that single fibres from normal muselgsess mismatched sets of
MHC and TnC isoforms.

At present it is not clear whether mismatched MigGulatory protein hybrids occur also in
transforming skeletal musclelSischel et al. (2001) did not detect any fibres containing mismatched
MHC and TnC isoforms in rat soleus muscles undergoing a shift from sdasttwitch phenotype,
but in this study the MHC isoform composition was ‘deduéesin MLC isoform composition rather
than determined directly. Given that in rat skeletal muscle fibres there is no tight correlation between
MLC and MHC isoform expression (see previous section), it is possible that the MHC isoform
composition in some igle fibres was not correctly assessed and therefore mismatchedTRIEIC
hybrids were overlooked.
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As mentioned previously, the visualisation and identification of Tn subunit isoforms on SDS
polyacrylamide gels are fraught with problems, because theraglbotetic bands are not well
separated from each other and from MLC2 isoform bands. This point is well illustrated in the study of
Kischel et al. (2001), because the authors combined three methods in order to positively identify the
TnC isoforms expressed their fibre preparations: SDIRAGEs;, Western Blotti2ng and m2e+asurements
of the sensitivity of chemically skinned fibre segments to activation byaBd Ca (in the
presence/absence of the filtype dependent G4 sensitiser molecule bepridil).

Mismatched MHG SR protein hybrids

According to the current dogma, SR protein complexes such as the 1elase
channel/ryanodine receptor (RyR) and SERCA play key rgles in skeletal muscle contraction and
relaxation by regulating the concentration of\ating ions ([Ca ]) in the myoplasm (see review by
Stephenson et al., 1998). Mammalian skeletal muscles have been shown to express two different RyR
isoforms (predominantly RyR 1 and some RyR 3; Csernoch, 1999) and three different SERCA
isoforms (SERCA 1aSERCA 1b and SERCA 2a; Loukianov et al., 1998). SERCA 1a is present in
typical fasttwitch fibres and SERCA 2a is present in typical staich fibres.

There are very few reports ofixed MHC- SR protein hybridsn the literature concerned with
skektal muscle heterogeneitiyor example, in a paper on the fisecific regulation of CA-ATPase
isoform expression by thyroid hormone in rat skeletal muscle, the authors (Van der &inalen
1996) describe a small population of fasitch fibres, dsésected from soleus muscles of euthyroid
(‘normal’ muscles) and hypothyroid rats (muscles ‘in transition’), which expressed thsvitabt
isoform MHC lla and both fagtvitch SERCAla and slowwitch SERCA2a isoforms. Other
examples of mixed MHGR protén hybrids can be found in a recent study by Bortolotto et al. (2001),
who detected in soleus muscles of spontaneously hypertensive rats (SHR) a population of type | (slow
twitch) fibres displaying fastype SR characteristics, and another population mé 1y (fasttwitch)
fibres displaying slovtype SR characteristics (see Fig. 4).

Once again it is interesting to note the methodological approaches that allowed the identification
of the mismatch between the protein isoform composition of the mydibeitimpartment and that of
the SR. The MHESERCA hybrids described in the study of Van der Lineééral. (1996) were
identified by IHChem with a protocol using fluorescence labelled antibodies against MHCI, MHCII,
SERCAla and SERCA2a, while the MFER proein hybrids described in the study of Bortolotto et
al. (2001), were identified by a combination of biochemical ($12&Ess ) and physiological methods
(measurements of caffeine thresholds for contraction in mechanically skinned single fibre
preparations).

Functional Significance, Origin and Experimental Value of Hybrid Skeletal Muscle Fibres
Functional significance of hybrid fibres

As it has been already discussed, hybrid fibres exist in both transforming and normal skeletal
muscles, and in some muslkhey represent the predominant phenotype. What is unclear, however, is
whether hybrid fibres play a major role in the mechanical performance of a muscle or whether they are
incompletely differentiated muscle cells, and as such, functionally redundaigiseiithe issue of the
functional significance of hybrid fibres is further complicated by compelling evidence that some
hybrid fibres are persistent rather than transitory cellular species (Lutz & Lieber, 2000; Bortolotto et
al., 2000a; Talmadge, 2000;|freadge et al., 1999)

At present, the prevailing view is that hybrid fibres enable a muscle to fine tune its efficiency for
the wide range of forces, velocities, levels of endurance and levels of resistance to fatigue it is required
to generate (Pette &taron, 2000; Pette et al., 1999; Galigral., 1994; Botinelliet al., 1994a,b;
DanieliBettoet al.,1986). This view, which does not distinguish between hybrid fibres from normal
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21 Figure 4. MHC-SR protein hybrids(.......... )
detected in soleus musclesrradult SHR (panel
A) and WKY (panel B) male rats, based on caffeine
thresholds for contraction. Methodological details
and the data which were used to plot these graphs
can be found in Bortolotto et al. (2000b).
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SRslew SRt and transforming muscles, is based largah data
showing that some contractile characteristics of
MHC hybrids lie between the contractile
B. WKY characteristics of the corresponding pure fibres. For
g example, in adult rat skeletal muscle, hybrid and
pure fibre types have been found to display a
continwm of values with respect to stretch
activation  kinetics (Galler et al., 1994),
maximum/unloaded shortening velocity (Botinelli
et al.,1994a), myofibrillar ATPase and tension cost
(the ratio between ATPase activity and isometric
tension; Botinelliet al.,1994Db).
qRsw gRiwt Support for the idea that hybrid fibres enable
a muscle to respond more effectively to functional
demands comes not only from studies of contractile
properties in fibres from normal and transforming muscles, but also from data on the fibre type
composition of very specialised normal muscles. For example, Dammegér(2000) found thaall
fibres in rat stapedius, a small muscle believed to prevent the auditory receptors in the inner ear from
injury by intense noise, eexpressed more than oiHC isoform. According to Dammeijezt al.
(2000), this unusual fibre type composition enables the stapedius muscle to contract fast and fatigue
slowly (thereby stiffening the middle ear bone chain) at acoustic stimulation stronger that 80 dB.

There arereasons to believe that ‘the contractile properties continuum’ paradigm tells only part
of the story of the functional significance of hybrid fibres. Since it has been developed mainly on the
basis of results obtained with MHC hybridsexpressing two M isoforms only, the paradigm does
not explain the role of hybrid fibres -@xpressing three or four MHC isoforms (Talmadge, 2000) or
displaying other types of polymorphism.

There is no doubt that far more work will have to be carried out in orderderstand the
functional significance of hybrid fibres in skeletal muscle. From a methodological point of view, this
will mean in first instance applying the aforementioned strategies to more functional parameters, more
muscles and more species. One cansage, however, that this approach will not be sufficient and
that other methods will have to be developed/refined later on. In this context, a study by Acakpo et al.
(1997) in which mice carrying null mutations in members of the MHC gene family weretaused
examine the functional role of MHCIIb and MHC Ild in mouse EDL and diaphragm may be regarded
as a trendsetter.

751

% of type I fihres
2

Molecular mechanisms underlying the hybrid fibre phenomenon

Related to the functional significance of hybrid fibres is the issue ofdhgin. Some obvious
guestions that can be asked in connection with this issue are: (i) what are the initiating signal(s) and
cellular pathway(s) involved in the appearance of hybrid fibres in transforming muscles? (ii) are the
cellular events associated tiwi muscle transformation musedeecific or transforming
factor/conditionrspecific? (iii) when and how do hybrids appear in normal muscles? (iv) is muscle
protein polymorphism related to the presence of multiple nuclei in the muscle cell? (v) why ds hybrid
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from transforming muscles have a more complex pattern of MHC isofomwpression than hybrids
from normal muscles? (vi) is the muscle protein complement expressed in a hybrid fibre
predetermined or does it result from various inductive influenceseeixen a naive cell? Once again,

it is important to stress that our current understanding of the origin of hybrid fibres (particularly of
those present in normal muscles) is very limited.

According to currently available data, most proteins involveithéenEC-R cycle are encoded by
unique genes and their isoforms are generated by alternative splicing of the primary RNA transcript
through a process mediated by muspecific factors. The most frequently cited examples of muscle
protein isoforms producetly alternative splicing are the two fasttch isoforms of myosin light
chains, MLC1 and MLC3 (Wade & Kedes, 1989).

Some muscle proteins (such as MjH&re encoded, however, by multiple genes (referred to as a
‘multi-gene family’or ‘isogenes’) and éir isoforms results from the differential expression of the
genefamily members. It is interesting to note that isogenes can be located on the same chromosome
(in tandem or as a cluster), but also on different chromosomes, and that their expressitates feg
musclespecificcis-acting sequences (such as Eibox elements) anttans-acting factors (Talmadge
2000; Weiss & Leinwand, 1996).

Based on this insight into the molecular mechanisms underlying muscle protein polymorphism,
it is reasonable tsuggest that, in transforming muscles, the hybrid fibre phenotype is the product of a
series of coordinated or independent transcriptional events initiated by transforming factors/conditions.
In a recent review, Talmadge (2000) raised also the possitnityMHC hybrid fibres observed in
skeletal muscle after alterations in electrical activity result from the differential responsiveness of
individual myonuclei in a muscle fibre to regulators of MHC isoform gene expression. The idea of
nuclei of transformmg fibres not working in synchrony, which has been canvassed earlier by Staron &
Pette (1987), provides an interesting perspective when inquiring into the origin of hybrid fibres in
muscles in transition.

It has been suggested that the molecular hetamty of hybrid fibres can derive not only from
pretranslational , but also from translational and even-passlational events. In the former case, the
resulting hybrid fibores may contain one isoform expressed as a protein, and another expressed as a
matched or mismatched mRNA species (Anderteal, 1999; Barton & Buckingham, 1985). In the
latter case, the presence of certain isoforms in a fibre may be the result of relatively slow rates of
degradation. Thus, Staron & Pette (1993) argued that th€INdHsoform detected in hybrid fibres
from rat fasttwitch muscles undergoing fast-slow transition is not a newly expressed protein, but a
transient species with a half life of about 14.7 days. If the rates of degradation of muscle proteins are
slow ard if they are isoformspecific it is quite clear that after a sudden change in certain conditions
there would be an isoforspecific lag between the time when the synthesis of a protein isoform stops
and the time when the protein disappears completely thencell. In this case, however, one would
have to wonder about the functional status of the isoform that is in the process of being replaced by a
newly synthesized one.

Experimental value of hybrid fibres.

In this review it has been argued that idigimg and characterising hybrid fibres is not an easy
task. Indeed, each of the methods used so far for this purpose has been found to be fraught with
technical difficulties and, under certain conditions, to be of limited effectiveness. So, why study hybri
fibres?

The reasons for studying hybrid fibores become clearer if one considers a small sample of
research questions that have already benefited or are likely to benefit in the future from studies of
hybrid skeletal muscle fibres (Table IV). These goest whose scope may at times overlap, belong
loosely to two major fields of inquiry: one concerned with the relationship between the structure of
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TABLE IV. EXAMPLES OF RESEARCHQUESTIONS THAT HAVEBENEFITED OR ARE LIKELY TO BENEFIT
FROM STUDIES OF HYBRD FIBRES

Research question

Questions related to the relationship between the structure and function of
proteins involved in the EC-R cycle.

la. What is the distribution of hybrid fibres in a given muscle and how does it
relate to the overall musclerfation?

2a. Do motor units contain hybrid fibres?

3a. When several MHC isoforms are present in the same muscle fibre, are they
expressed simultaneously or is there a programmed gene switching process

4a. Do MLCs play a role in mATPase activity?

5a Is the pattern of muscle protein@xpression in a hybrid fibre constant
along the length of the fibre?

6a. What are the relative rates of synthesis/degradation of various muscle protein
isoforms in skeletal muscle?

7a. Are MHC and MLC isoformisdependently regulated?

8a. What is the origin of hybrid fibres in normal muscles?

9a. Are there any molecular differences between hybrid fibres from transfol
muscles and normal muscles?

10a. Are interactions between mismatched isofofmsyosin subunits (eg.

MHCI and MLCZ ) different from those between matched isoforms (eg.

MHCI and MLCL)?
1la Can the proportion or type of hybrid fibres act as an indicator of skeletal
muscle pathology?

Questions related to the mechanisms of regulatn of gene expression in
complex eukaryotic cells

1b. What is the subcellular distribution of isofespecific MRNA species?
2b. Are events involved in the synthesis of various muscle protein coordinated?
3b. Are events involved in the degradatidrvarious muscle protein
coordinated?
4b. What are the superior elements controlling the coordinated expression of
genes regulated by gene switching and by alternative splicing
5b. How do different nuclei work in a multinucleated cell?

muscle proteins and their specific roles in events of B#€-R cycle (lalla), the other, of more
general interest, concerned with mechanisms of regulation of gene expression in mammalian cells (1b
—5b). Let us consider, for example, the paradigm of MHC g&ritehing pathway in mammalian
skeletal muscle. This is a paradigm that has emerged as a result of the discovery of hybrid fibres and is
continuously modified to reflect the data generated by ongoing research on the diversity and plasticity
of skeletal muscldibres and on muscle protein polymorphism. Thus, shortly after the first reports of
MHC isoform coeexpression in single fibres, Dani#etto et al. (1986) hypothesised that during
transition from slow to fast phenotype, MHC genes in adult rat skeletallenae activated in the
sequence I lla — llIb. As a result of 14 years of intense investigations on muscles in transition, the
paradigm has been modified to include the newly discoveredwash MHCIId/x isoform (I- lla —

lld - llb; Talmadge, 2000) ahto reflect the reversible nature of fibre transition (MHCIMHC lla

-~ MHC lld ~ MHC lIb; Pette & Staron, 2000). As emphasized by Qeslal. (1998), learning from
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hybrid fibres the MHC composition in a fibre, at the start of the transforming prasesssential
when defining the specific steps in the MHC activation sequence.

There is little doubt that, in terms of attention received from muscle researchers, the ‘hybrid’
fibre (regardless of its type) has reached the big time. This is not sugpfsi as Pettet al. (1999)
stated recently, these fibres ‘offer unique opportunities for relating molecular patterns of protein
expression to functional properties and for elucidating mechanisms controlling gene expression in
muscle’.

Conclusions

The major points made in this review can be summarized as follows:
» Hybrid fibres are present in both normal and transforming skeletal muscle, but their proportion and
molecular complexity is higher in the latter. The frequency of their occurrence in varusaetes and
species suggests that hybrid fibres are not a rare phenomenon.
* To date, the phrase ‘hybrid fibres’ has been used to describe only fibegmEssing several
MHC isoforms. MHC hybrids represent, however, only one of the many types of liyied that
exist in vertebrate skeletal muscles. Therefore, in order to facilitate progress in the area concerned with
muscle fibre diversity and plasticity, a new set of terms is required. This new terminology should be
able to include all the hybrid fib types discovered so far, as well as those that are likely to be
discovered in the future.
 To detect and characterize hybrid muscle fibres one needs to combine creatively existing
microanalytical, microphysiological and microhistochemical methods addvelop new methods for
single fibre analysis.
» Regardless of their type, hybrid fibres have the potential to become valuable tools for the pursuit of
knowledge related to events of tieC-R cycle and to the regulation of gene expression in
multinucleate cells.
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DOES Ca** RELEASE FROM THE SARCOPLASMIC RETICULUM
INFLUENCE THE HEART RATE?

Yue-Kun Ju and David G. Allen

Department of Physiology and Institute for Biomedical Research, University of Sydney (F13), NSW
2006, Australia

Summary

The review summarisethe evidence that Ca release from sarcoplasmic reticulum (SR) is an
important contributor to the systolic rise in fff]a (the c&* transient) and influences the pacemaker
firing rate. We believe that mechanism whereby [Gainfluences firing rate ighrough the

4 2+ +. . . 2+
dependence of the N&a exchanger on [Ca];. Ca extrusion by the electrogenic N&a
exchanger produces an inward current which contributes to the pacemaker currents. Confocal images
of C&" indicate the distribution of [(gﬁ]i and CA" sparks add to the evidence that thé'Galease
from SR is involved in pacemaker activity. The normal pathway for increased heart rate is sympathetic
activation; we discuss the evidence that part of the chronotropic effBctadfenergic stimulation is
through the modulation of SR Earelease. These studies show tha2t+cmndling by the pacemaker
cells makes an important contribution to the regulation of pacemaker activity.

Introduction

The heart rate is detern@d by the firing rate of a small group of specialised pacemaker cells,
which are located in the sinoatrial node in mammals and sinus venosus in amphibians. Early
electrophysiological studies established that the spontaneous firing of pacemaker celle was
period of spontaneous diastolic depolarisation, known as pacemaker potential, which preceded the
action potential. The pacemaker action potential has a relatively slow upstroke and it has long been
recognised that tradition&l; makes relativelyittle contribution(Yamagish & Sano, 1966) Instead
the L-type cd’ current provides the positive feedback for the rise of the action potential and the
delayed rectifier potassium current is mainly responsible for repolarization. The inward currents
which contribute to the slowdiastolic depolarization are the key to understanding the pacemaker
activity and the currents involved are still the subject of del@mmpbellet al, 1992) The
hyperpolarizatioractivatedcation current(lf) has been proposed as the most important pacemaker
current(DiFrancesco, 1993) However, pacemaker cells are still able to firing after blockade of
(Zhou & Lipsius, 1992)ndicating that other mechanisms are involved. Several other inward currents

. . . . . 2+ .
with proposed or_established roles in pacemaking includd#ype Ca current(Hagiwaraet al,
1988) the Na-Ca " exchange currerfBrown et al, 1984) background NJécurrent(Hagiwaraet al,
1992) persistent Nacurrent (Juet al, 1995)and the sustained inward curré@uoet al, 1995) At
present there is no consensus on Whitthese currents makes the major contribution to pacemaking
activity (compare DiFrancesco, 1993; Irisawa et al, 1993)

Given the uncertaigtabout which membrane current is the true pacemaker current, there is
growing interest in the influence of intracellular’Caon the pacemaker activity. One important issue
is the possible role of Ghrelease from the sarcoplasmic reticulum (SR) in paser function. In
this short review we first provide the evidence_that cane toad pacemaker cells contain SR which is
capable of C4 release and contributes to the’C#ransient in pacemaker cells. We then try to
establish answers to the following gtiess. Can spontaneous action potentials be generated in the
absence of SR Carelease? What is the membrane current that underlies %ﬁejéhendence of

88 Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)



pacemaker firing rat+e? Is the increase in firing rate causgd-agirenergic stimulation also mediated
by the increase in Catransients that they cause?

Evidence that intracellular Ca>* influences the firing rate of pacemaker cells.

It has long been recognised that changes in intracellulal @mcentration ([Czé']i) affect
some of the pacemaker currents and may therefore potentially affect the firi{l@iFatancesco &
Noble, 1985; gampbeﬂat al, 1992) For instance the following potential pacemaker currents are
affected by [Ca]i; L-type Ca currenflrisawaet al, 1993) I (Hagiwara & Irisawa, 1989)elayed
rectifier potassium currerflNitta et al, 1994) sustainzgrd inward currefGuoet al, 1995) However
the discovery that ryanodine, which interferes with Qalease from the_SR, slows the firing rate of
pacemaker cells has been a major factor in the increased interes%++de©andent mechanisms
(Rubenstein & Lipsius, 1989; Rigg & Terrar, 1996; Heital, 1996; Satoh, 1997)

The reali§ation that [ 5]i may affect firing rate of pacemaker cells has led to new interest in
measuring [Ca]; in pacemakecells (Hancoxet al, 1994; Liet al, 197; Huseret al, 2000) We
began to study intracellular Eain spontaneously firing toad sinus venosus (SV) pacemaker cells in
1996. There are several reasons for using toad pacerelke Firstly, the sinus venosus is easy to
identify in amphibian heart and provides a relatively large number of homogeneous pacemaker cells.
Secondly, amphibian pacemaker cells from the ®aftd marinudike those from the bullfrog lack
(Shibata & Giles, 1985; Jet al, 1995) demonstrating thdg is not the sole pacemaker current and
providing an impetus to identify the role of other pacemaker mechanisms. Thirdly, there are
guantitative amphibian models of pacemaker activity which offer the possibility of determining the
relative contribution of varias pacemaker curren@asmussoet al, 1990)
Single cells were isolated and loaded with the acetoethyl ester form of indd. Pacemaker action
potential and [ aT]i signal were simulteeously recorded by using nystatin perforgtatch technique
as shown in Figure 1. Note the rapid transient rise of +IIC(ihe ca’ transient) following the
spontaneous action potential. The minimum[@Gaduring diastole was around 200 nM whilee th
peak of the CA transient was around 600 nMu & Allen, 198). Although the [C%\+]i rise was
associated with2+action potential, the source Sf @aas uncertain. [C,2§Q+rise could entirely due to
the influx of Ca  from extracellular space though volteggnsitive Ca channels in amphibian
preparations @ discussed below). Therefore, it is important to demonstrate whether there are
contributions from SR Ca release or other possible sources, such as the reverse mode of the

+ 2+ + . 2+

Na /Ca exchanger (Naextrusion, Ca entry).

Is SR in the amphibian pacem&er cell capable of releasing Ca?

In pacemaker cells, morphological studies sh0\2/\i the SR is rleatively {pargert & Barets,
1979)and there is debate in tge literature a25+to whetheri@duced Ca release exists in amphibian
heart. Fabiato demonstrated Ganduced C&" release using skied cardiac cells from a variety of
species but it was notably absent from frog ventricular myo¢ifgsato, 1982)Consistent with this
finding, voltage clamp studies of frog ventricle showed that tHé @aolved in the activation of
tension arose primarily from the extracellular sp@derad & Cleemanr21,+ 1987)Subsequently studies
in frog atrial cells usingyanodine and caffeine suggested that some @as stored and capable of
release from SR (Tunstall & Chapman, 1994) Nev%[rtheless the prevalent view remains that in
amphibian heart tissue the SR is not a major source ofdiaing the normal contractiqiRasmusson
et al, 1990) -

In order to identify whether SR is capable of storing Ga cane toad pacemakerzcells, we used
rapid application of caffeine. Caffeine increases the frequency and duration of SRré@aase
chamel opening(Rousseau & Meissner, 1988hd therefore rapidly depletes the SR o?JrCa
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Membrane potential (mV)
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Figure 1. Simultaneously recorded action potential (solid line) andzfq:asignals ( dashed line) from
single spontanagsly firing toad pacemaker ceII.2+Action potential was recorded using the nystatin
perforatedpatch technique. The cell was loaded with Candicator, indel AM (from Ju & Allen1998).

(Callewaertet al, 1989) These properties have made caffeine a popular tool to measure’SR Ca
content in mammalian cardiac ties(Diaz et al, 1997) In toad pacemaker cells caffeine caused a
larger and rapid rise in [éai which then fell spontaneously ingtcontinuing presence of caffeine
(Fig. 2). The peak of caffeireduced [Ca+]i signal was about 5 times the spontaneous?tﬁ:a
transient induced by the action potenfial & Allen, 1999a) It is interesting that after application of
caffeine, spontaneous firing stopped. The time for recovery of firing wag @0s. This time might
reflect the duration of SR refilling with & (Hussain & Orchard, 1997and suggested that
spontaneous firing was at least partly dependent on Skodatent.

2000 —
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L]
1500 —
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S
ct.'__' 1000 —
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0- \ T T T T \
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Figure 2. Effect of rapid application of caffeine on [%:J“a}i and firing ratein an isolated pacemaker

cell. Caffeine caused a large increase in é]a which spontaneously declined in the continuing
presence of caffeine. After caffeine was washed off the cell did not fire spontaneously for about 20 s.
The firing rate is indicatedybthe frequency of G4 transients ( From Ju & Allen, 1999).
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Is SR Ca release involved in pacemaker activity?

Although the exgerlments with caffeine above demonstrate that SR of toad pacemaker cells are
capable of releasing Ca they do not iderfiy whether release of &hfrom the SR occurs during the
normal action potential. To test this possibility, we used ryanodine which is an 4R reiease
channel bIocke(FZIelscher & Inui, 1989) We found that 5 min after application of i ryanodine,

the peak othe Ca transient decreased to 50% of control level (Fig. 3). Cells were still able to firing

at this stage though at a reduced frequency. After 30 min exposure to ryanodine, spontaneous firing
ceased. This effect of ryanodine on pacemaker activigomsistent with the idea that the

transients consist of a component of Ceelease from SR. Decreasing SR Caelease slows the

heart rate. The caffeine experiments show that when the SR is emptleé diri@g temporarily

ceases while the ryadine experlments show that preventing SR'Galease also slows pacemaker
firing. Thus normal SR A release seems to be needed for regular firing of the pacemaker cells.
Fugthermore the argument for involvement of the SR is strengthened by ebsentations of single

Ca release events ( a sparks) during pacemaker action poter{ttseret al, 2000; Ju & Allen,
2000a)(as described below) .
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Flg%re 3. The effects of 1@M ryanodine on [Ca ]i and the spontaneous action potential. A,
[Ca ] transient recorded under control and after 5, and 30 min exposure to ryanodimnMj1®,

the effects of ryanodine on spontaneous action potential were recorded fromirelodoaded cell to
avoid the possible effect of indoAM loading on pacemakextivity (from Ju & Allen, 1998).

The role of Na' -Ca’" exchanger in pacemaker activity

We have established that SR “Caelease occurs in pacemaker cells and that when it is
prevented firing rate slows. However, the nature of thg link betweéh reease from SR and
diastolic depolarisation needs to be established. How doesrﬂaase from SR generate an inward
current during the pacemaker potezntlal'? It is known that@& " exchanger exist in most cardiac
cells. It is also known that the N&a exchanger generates a electrogenic current, since the coupling
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ratio for Na-C&" is 3 Na/Ca" (Reeves & Hale, 1984) The amplitude and the direction of
exchanger current depend most d2irectly on the membrane potential anozan.[Uader most normal
condition the exchanger extrudes C&om the cé and therefore generates an inward cur(@nown

et al, 1984; Zhou & Lipsius, 1993) Although the possibility forlyacato have a role in pacemaker
activity is clear the actual impor}ranc%remains controvefsSahvier & Boyett, 1996)

To establish the role of N&Ca exchanger toad pamaker cells we first demonstrated that
there is a very active Neca " exchanger by monitoring [gé]i in response to Naree extracellular
solution (Ju & Allen, 1998) To quantify the ampliztude of exchanger current that is generated By Ca
release from SR we simultaneously recorded t{;aand the inward currerinducedzkgy a rapid
application of caffeine (Fig. 4 ). The application of caffeine produced an increase” i [§Im| an
inward current. The shape and time course of the two are similar. In the presence of-@& Na
exchanger blocker I%IT, the cafféne-induced inward current was largely suppressed and the time
course of decay of [6§]i became much slower. These results are consistent with the current and the
decIiPe of [Ca+]i both being caused byaca By plotting the caffeinenduced inwarcturrentversus
[Ca ] , wez+estimated that exchanger would produce abot#72pA inwardInaca at the early
diastolic [Ca ]; level (250300 nM), 12 pA at the late diastolic [%f} level (200 NnM)(Ju & Allen,

1998) Since pacemaker cells have very high input resistance, this amount of inward current would
make asubstantial contribution to diastolic depolarisaijbiFrancesco, 1993)

A B
caffeine caffeine + Ni**
1 [ ]
0 e
2w
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Figure 4. The inward Ngl-Ca2+ exchanger current induced by %fa release from SR. A, An indo
loaded cells was voltagelamped at60 mV. Rapid application of 10 mM caffeine induced anidwa
. . .. 2 .
current (upper panel) with thg time course similar to that of f@a( lower panel). Line drawn
through declin+ing phase of [Ca]; is an exponential fit whose time constantg shown. B, Caff+eine
and 5 mM Ni  applied simultaneously. The inward cemt was Iargelzy blocked while the [éa]i
increase was larger but declined more slowly. Exponential fit to early [[¢decline is shown by line
and time constant ) (from Ju & Allen, 1998).
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Distribution of [Ca 2+]i during pacemaking

Given that SRCa”" release contributes pacemaker function at least in part through stimulating
the Na-ca™" exchanger, it becomes of interest to know the distribution o +[Celuring the action
potential. This is because the ‘Naa’" exchanger is situated in the .0® membrane and is sensitive
only to the near membrane [%fh. This issue was examined using confocal microscopy during
spontaneous firing of isolated pacemaker cells. For these studies, pacemaker cells were loaded with
fluo-3. Surprisingly, given thahe pacemaker cells have meubules we found that the distribution
of C& " release during an action potential was unif¢don& Allen, 2000a) This is surprising because
one would expect the ‘adistribution resulting fronL-type Ca channels to be localised around the
edges of the cell. In fact ¢4 reachd a similar peak in the centre of the cell as at the edge and there
was no detectable delay in the rise of Ca in the middle of the cell compared to the edge. One
explanation for these findings is that SR is uniformly distributed across the cell andygesirtg
mechanism is so fast that no detectable decay occurs between edge and centre of thegersmall 4
diameter cells.

Confocal studies of [8§]i are also capable of localised, spontaneouzsfr Qalease from SR
relgflse channels (E:+a sparks) whichprovide further information about Earelease from the SR.

Ca  sparks were detected in cane toad cells and become smaller in magnitude and longer in duration
in the presence of 250 nM of ryanodi@de & Allen, 2000a) This finding is consistent with the ability

of low concentration of ryanodine to cause BR C4" channels to enter an intermediate conductance
state with long openingéRousseatet al, 1987) A novel finding was that the frequency of ta

sparks increased just before an action potential. A restedy in mammalian E)flcemaker cells has
corzljrirmed this finding and suggested that the mechanism involved is-thia¢ T4 current triggers

Ca sparks from SR close to the membréidaseret al, 2000) We do not bigeve this is the only
mechanism involved because in our experiments the increased frequency of sparks was also observed
in the middle of the cell.

What is a trigger for SR ca’ release in pacemaker cells?

In order to study the mechanism underlying §&"  release in pacemaker cells, we
simultaneously voltagelamped the cells and measured Z[J@.a In the present of SR A pump
inhZiJkr)itor22+,5di(tert-butyl)-1,4hydroquinone (TBQ), which would be expected to deplete the SR of
Ca , Ca transients wer reduced to 34% while there was no significant effect on the peak inward
current. This result suggests that about 66% 02f+Ceontributing to the G4 transient is released
from SR, which is consistent with previous observation in spontaneous firlagvithl ryanodine. In
response to a series of membrane depolarisations we found that the ar2n+plitude 6t trengiant is
not simply related to the size of inward curr¢dti & Allen, 2000b) Ca  transients increased
continuously as membrane potential was increased whereas the -voltage relationshipf the
inwzilrd current was behaped. By u§ring vzilrious channel blockers we found that notLetylye
Ca current but also reversal mode N&a exchanger current could triggerzﬂ‘aSR release in
pacemaker cell§&Ju &2ﬁllen, 2000b.)ZIhe results pose the question whether reversal modeCHf3
exchanger iduces Ca induced Ca release during the spontaneous pacemaker action potentials.
However, lack a specific Neca™* exchanger blocker prevents us addressing this issue directly at
precent.

Is the increase heart rate by adrenaline related to the cimge of SR C4” release?

It is generally thought that the increase izrl the heart ratebafidrenergic stimulation is caused
by modulation of ionic current, such bgype Ca current(Nomaetal., 1980)andl;_ (DiFrancesco,
1981) It is also known thab-adrenergic stimulation increase the amplitude o *Qeansients in
cardiac myocyteg¢Allen & Blinks, 1978; Hussain & Otward, 1997; Hancoet al, 1994) We have
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found that in toad pacemaker cells various aspectszo+f Gandling were modified by-adrerergic

. . . . . . 2+ + .
stimulation, including increases in thetype Ca current, the SR Ca content, and the magnitude
of Na -Ca" exchanger currerffu & Allen, 1999a) We also found that increased Na& exchange
current could be explained by the increasedzJ[ﬁarather than changes in the intrinsic properties of
exchanger(Ju & Allen, 1999b) Since adrenaline changed segootential pacemaker currents in
addition to having multiple effects on the f(f]a handling, it is difficult to identify the exact basis of
the chronotropic effect. However, one intriguing observation suggests that’SRr@ease has a
critical role in b-adrenergic stimulation. We found that isoprenaline was able to restore spontaneous
firing in the cells treated with a high concentration of ryanodine but not in the cells treated with a low
concentration of ryanodingu & Allen, 1999a) It is known that different concentiats of ryanodine
have different effect on the SR Taelease channéFleischer & Inui, 1989) Low concentration of
ryanodine lead to channels open in the subconductance state whereas high concentration of ryanodine
close the channels. Thus, we expect the SR to be emptyZBfaCth ryanodie concentrations but
loaded with C&" at high ryanodine concentration and this prediction was confirmed by caffeine
exposures. It appears that isoprenaline was able to overcome the inhibitidh ae@ase caused by
high ryanodine concentration and ttis@ontaneous firing could resume provide SR'Gelease could
occur. In contrast, when intracellular Castore were emptied by low concentration of ryanodine,
spontaneous firing was unable to occur.

A. Control B. ISO C.ISO + TBQ
+10 mV ﬂ ’T M
-60 mVv
200 pA
1s

Pt L

200 nM

1s

Figure 5. Membranecurrent and [C621+]i in a voltageclamped pacemaker cells showing effects of
isoprenaline and TBQ. Cell was loaded with ifldAM. Perforated patch technique was used to
voltage clamp cells. Depolarisation to 0 mV from holding poter®@lmV evoked anward current

associated with an [C,Zé']i transient in the control condition (A). BoM isoprenaline caused a lager
increase of inward current and [é:’;ﬂi transient. C, after 5min application of XM TBQ in the

continuing presence of isoprenaline. The hinge of [CfaZ+]i transient was greatly decreased while
the amplitude of inward current remained the same (from Ju & Allen, 1999).
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The above experiments suggest that SR’ Galease plags a specific role in respons?-to
stimulation. In order to separate the effectedtimulation on Ca influx from that due to SR Ca
release we simultaneously recorded® Cacurrent and [ J]i . We found that in the present of
isoprenaline both a curent and [Ca+]i transients were increased (Fig. 5). TBQ was used to
reveal the SR contribution. We found that apzolication of TBQ had no significant effect on Ca
current enhanced by isoprenaline. However, fﬁaransient was greatly decreasethe similar

. . . . . 2+
result was obtained by using low concentrations of ryanodine. Such experiments suggest that SR Ca
release contributes about 50% of thé Geansient both in the absence and presende @fdrenergic
stimulaton (Ju & Allen, 1999a) Therefore the increase of fﬁ}atransient byB-stimulation is partly
caused by increased SR’ arelease. In order to maintain the homeostasis o+IC,athe N&-ca’
exchanger would produce more inward current by extruding mdre Taus increased inwaicurrent
during the diastolic potential would accelerated the diastolic depolarisation, therefore increasing the
heart rate.

Conclusion

The evidence is clear that [ﬁx and SR CA release are in some way related to the firing rate
of cane toagacemaker cells. It is very likely thejaca is at least part of the intermediary process
which links the C& to the pacemaker current. However many other details are less clear; does
[Ca2+]i affect other pacemaker currents which have significanttsf?e Are ca sparks important in
the pacemaker process and _is the mechanism proposed byeHak€2000) correct and applicable in
other cell types? Does SR Caelease have some special role over and above its contribution to the
cd ' transients? The ryanodine experiments suggest that it may and studies by Cousins & Bramich
(1998) also suggest there may be a class gfr@tore which is modulated only by neuronakyeased
adrenaline.

Cellular studies of pacemaker cells have been impeded by the small numbers of these cells and
the difficulties in isolating them. There is increasing evidence that pacemaker function declines in the
elderly and those with ischaemicadnediseaséBendittet al, 1995)and understanding and treatment
of these problems is dependent on increasing understanding of pacemaker function at a cellular and
molecular level.
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