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SUMMARY

Since identifying the sarcoplasmic reticulum (SR) as both the source and sink for

the Ca2+ which activates a muscle contractiory the Ca2+ conductance of this

membrane has been the prime subject of study. As new techniques were

developed, further characteristics of the Ca2+ conductance and transport system

could be investigated. Flowever, even from the early work with radio-isotope

flux or osmotic swelling measurements, other accompanying conductances were

identified. Both an anion and a cation conductance were found and were

proposed as necessary "counter-ion" pathways to balance the movement of Ca2+

across the sarcoplasmic reticulum. While the counter-cation conductance, a K+

channel, has been well investigated, it has not been until more recent times that

the secrets of the counter-anion conductance have been explored at a single

charrnel level, This study contributes to the further characterisation of the SR

anion channel.

The close association of the SR with the myofilaments has meant that SR has

generally been isolated as vesicles for study. The sarcoball technique provided a

novel opportunity to gain direct access to what was proposed to be mainly SR

membrane. With the sarcoball technique, the sarcolemma of single skeletal

muscle fibres is mechanically peeied away, leaving the internal membranes/

which are extruded to the surface of the skirured fibre during a contraction of the

myofibrils. Hemispherical blebs form at the surface which are able to be patch

clamped. Previous studies with this preparation investigated a Ca2+ charurel

which, on the basis its pharmacological behaviour, was identified as the Ca2+
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release channel of the SR. This was evidence that the preparation contained S&

although the presence of other internal membranes could not be excluded. A
large conductance anion channel was also found in this preparation and it has

been substantially investigated by Hals et al. (1989, 1990).

A significant characteristic of this channel is that in symmetrical ionic conditions,

the channel exhibits a high open probability centred on 0 mV and closes at small

positive or negative potentials. This steep, bell-shaped voltage dependence

raised two issues which were addressed during the present study; (i) what is the

kinetic basis for this bell-shaped voltage dependence, and (ii) the possibility that

the anion channel was in fact the voltage dependent anion channel (VDAC) from

mitochondrial outer membrane and that differences between the behaviour seen

in the earlier bilayer studies compared to sarcoballs could be due to isolation or

membrane effects.

As a modification of the original technique was required to form sarcoballs easily

from skeletal muscle fibres of Bufo marinus, the elementary properties of the

channel were studied briefly to identify that the same channel was being observed

in this preparation compared with Hals et al. (1989). Patch clamping of excised

sarcoball membrane identified an anion channel with conductance properties and

a voltage dependence very similar to that previously reported. A number of

subconductance states are also a part of the charurel behaviour.

Using a combination of steady-state and non-stationary kinetic analysis methods,

the underlying mechanism of the voltage dependent gating was investigated.

The prevalence of multi-drannel patches and the voltage-dependence of the

channel meant that non-stationary analysis was more suitable. Non-stationary

analysis suggested a separate closed state for positive and negative potentials, and

that movement between these two closed states was mainly via open states, It1

the steady state analysis carried out on the few patch clamp recordings containing

a single channel, dwell times indicated at least three open states and three closed

states. Autocorrelation analysis of the open and closed durations revealed at

least three entry/exit pathways between the open and closed aggregates. Th¡ee
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kinetic schemes are proposed, each with three open and tfuee closed states. By

appropriate placement of voltage-dependent and voltage-independent rate

constants, and taking account of the kinetic restrictions, each of these schemes

successfully predict a bell-shaped voltage-dependence.

Electron microscopy was utilised to investigate the structure and membrane

content of the sarcoball preparation from Bufo mørinus and Xenopus Ineais.

Observations indicated that vesiculated internal membranes are extruded from

within the spaces between the btmdles of myofilaments to the surface of the

skinned fibre. At the surface, the internal structure of the extruded sarcoball was

most reminiscent of a foam-like structure. Other features of the structure strongly

suggested that mitochondrial and T-tubule membrane may be contributing to the

structure. Immunogold labelling with specific antibodies was used to identify

some of the membranes within the structure. The predominance of SR

membrane, which was previously suspected, was confirmed by specific labelling

with an antibody to the çv2+ ¡y¡1g2+-ATPase and separately with an antibody to

the ryanodine receptor/Ca2+ release channel complex. An antibody to the

voltage dependent anion channel (VDAC) of mitochondrial outer membrane

labelled membrane structures of sarcoballs, but was also found to label the SR lz

situ wíthin the myofibrils. This important result suggests a protein present in the

SR which is identified by the VDAC antibody.

The anion charurel investigated here is most likely to originate from the SR

membrane. It is one of a growing number of large conductance anion channels

which exhibit a bell-shaped voltage dependence. From protein sequence analysis

and immunogenic identity, there is evidence that VDAC-like channels are present

in a variety of different membranes, and this study contributes new evidence to

include the SR in this family. The present study also contributes a new

tmderstanding of the voltage-dependent kinetics of the SR anion channel. In the

future, this knowledge should help in understanding the role this anion charurel

may play in the regulation of Ca2+ release and uptake by the SR.
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1.. INTRODUCTION

Although the anion conductance of the sarcoplasmic reticulum (SR) has been

recognised for some time, it has attracted less attention than the cation

conductances, Whereas the Ca2+ release channel and, to a lesser extent, the K+

channel have been well characterised even at the single channel level, this has

been lacking for the anion conductance. \Â/hat is becoming apparent, is that an

integrated view of the SR function and processes is not possible without an

tmderstanding of the contribution the anion conductance makes to the system. It

has previously been assumed that the anion conductance plays a role in balancing

the Ca2+ fluxes across the SR. There is inconsistent evidence for this role,

however, and it has yet to be fi¡nctionally demonstrated. The recent renewed

interest in the SR anion conductance is providing a fundamental understanding at

the single channel level which will hopefully allow these issues to be addressed.

1.1 Historical perspective of sarcoplasmic reticulum function

Skeletal muscle has attracted a vast array of physiological and biochemical

approaches to investigate the contraction process. The SR has been shown to be

an essential element in this, though to begin with, the only clue in the puzzle had

been something much simpler: the regular striations of muscle fibres. The

regular repeating units (sarcomeres) of actin and myosin filaments which are

longitudinally arranged in a hexagonal array, have been established as the

physical structures responsible for contraction. The sliding filament theory
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proposed independently by both A.F. Huxley and Niedergerke (1954) and by

H,E. Huxley and Hanson (1954) describes the arrangement of the myosin and

actin filaments, such that they move past each other within each sarcomere, to

produce the muscular contraction. The generation of contractile force is now

known to be due to the formation and cycling of cross-bridges between the

myosin heads and the actin filaments (for a review see Ashley et al., l99I), though

the exact nature of the molecular mechanism is still not clear (Rayment et al.,

1993a, b). Actomyosin cross-bridge cycling is dependent upon ATP and is

triggered by a rapid rise in myoplasmic Ca2+ levels. Calcium binds to troponin

and removes the inhibition which, in the absence of Ca2*, the troponin-

tropomyosin complex has upon the formation of cross-bridges between actin and

myosin.

This mediating role of Ca2+ in the contraction process was recognised at an early

stage in the history of muscle, not without controversy. Isolated

contractile proteins and "thorougtìly dead" muscle both contract upon exposure to

KCI (Szent-Györgyi,1949), as do intact muscle fibres. When injected directly into

the interior of a muscle fíbte, however, KCI did not produce a contraction and

neither did NaCl. (Heilbrunn & Wiercinski,1947). Yet, when CaCl, was injected,

a contraction was produced. Calcium was known to be present in the myoplasm

and was known to be involved in blood clotting. In an imaginative step/

contraction was compared to clotting of proteins (Heilbrunn & Wiercinski,1947).

It was also recognised that a substance applied to the exterior of a muscle fibre to

produce a contraction might not be the same substance having the effect upon the

interior. After alI, Ca2+ applied extemally to a skeletal muscle fibre did not

produce a contraction. Instead, it was proposed that a stimulus applied to the

outside would cause release of Ca2+ at the surface or outer region of the cell

which would then enter the myoplasm to produce the contraction. The

calculations of A. V. Hill (7948, L949), however, demonstrated that the time

required for any mediator of the contraction to enter the cell and sufficiently
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penetrate the myoplasm by diffusion alone is far greater than the time taken to

reach maximal twitch tension.

This was reconciled by Huxley and Taylor (1958) with their perceptive

interpretation of the localised contractions which were dramatically demonstrated

in skeletal muscle. By applying a small depolarising current to the surface

membrane with a pipette in register with a Z-Iine of the myofilaments in frog

skeletal muscle, a contraction was produced which was confined to the

corresponding I-band. If the pipette was shifted to other sites within the same

sarcomere, no contraction was observed. With crab muscle, however, the

sensitive sites were in register with the A-I boundary of the myofilaments.

Structural information from electron microscopy on the internal membranes of

muscle fibres was emerging at about the same time (Porter & Palade,1957), which

described the "triad" arrangement of transverse tubules (T-tubules) with lateral

membrane sacs, at the time collectively termed "sarcoplasmic reticulum". These

triads were identified at the level of the Z-line in amphibian muscle and at each of

the A-I boundaries in mammalian muscle. Huxley and Taylor (1958) recognised

that these triads corresponded with the sensitive sites capable of producing local

contractions in amphibian muscle, and inspired by mammalian muscle,

investigated the location of triads in crab muscle which proved to be at the A-I

botmdaries 'where the sensitive sites were. Thus, they proposed that the

T-tubules conducted the surface membrane depolarisation into the fibre interior,

therefore circumventing the problem of diffusion posed by A. V. Hill (1948,1.949),

At the time, it still hadn't been shown that the T-tubules were continuous with the

surface membrane, and neither had the function of the SR been identified,

although the stage had now been set for the investigation of these structures in the

coupling of excitation at the surface membrane to contraction of the myofibrils.

The relationship between the SR and Ca2+ began with the description of a

"relaxing factor", extracted from muscle, having the ability to dissociate the actin-
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myosin complex in the presence of ATP (Marsh, L95L, 7952). The microsomal

fraction containing the "relaxing factor" was found to consist of membrane

vesicles. These membrane vesicles, thought to originate from the SR, possessed a

Mg2+-dependent ATPase activity capable of accumulating Ca2+ from the

surrounding medium (Ebashi , L961.; Ebashi & Lipmarur, L962).

The accumulation of Ca2+ by SR vesicles was fotnd to be enhanced in the

presence of anions such as orthophosphate, pyrophosphate, oxalate and fluoride

(Hasselbach, 1964). It was proposed that SR vesicles were permeable to these

anions, which would precipitate Ca2* inside the vesicles and greatly increase the

capacity for further accumulation of Ca2* (De Meis et al., L974). This suggested

that the çv2+ ¡¡¡1g2+-ATPase activity was regulated by free Ca2+ levels in the SR

lumen (Inesi & de Meis, t989), but did little more than emphasise the presence of

the anion permeability.

Subsequently, the SR Ca2+/Mg2*-ATPase protein was isolated (Maclennan, 1970)

and successfully reconstituted into membranes (Racker, 1972) with Ca2+

accumulating behaviour. The energetic characteristics and mechanism of Ca2+

translocation by this protein have been extensively investigated (see reviews by

Tada et a1., 1978; ]encks, 1989). The isolation of the protein lead to probing its

structure and sequencing (Allen, I980a, b; Allen et a1., 1.980a, b). From the cDNA

sequence, the complete primary sequence of the protein has been deduced, with

predictions of secondary and tertiary structures (Maclennan et al., 1.985). At this

molecular level, the ATP binding site in a domain on the cytoplasmic surface and

a high affinity Ca2+ binding site in a predicted transmembrane domain have been

identified (Clarke et al., L989).

At about the same time as the initial findings of Ca2+ /Mg2*-ATPase activity, it

was also established that the Ca2+ which elicited a physiological muscle

contraction was released from the SR (HasselbacJ't, t964; Sandow, 1965). The

autoradiographic studies of Winegrad (1965,1968, L970) provided evidence that
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the Ca2+ was primarily released from the terminal cisternae of the SR. The

relationship between structure and function was begiruring to be neatly u¡folded,

Close apposition of the T-tubules and terminal cisternae of the SR excited

imaginations about the link between surface membrane depolarisatiorr and release

of Ca2+ for contraction.

How Ca2+ release could be brought about was investigated in SR vesicles and

skinned fibres (described below) using a wide range of agents (reviewed by Endo,

t977). Physiological agents such as CaZ* and ATP triggered release, while Mg2+

reduced the release. Other useful agents included caffeine which elicited a

maximal release, ruthenium red which blocked the release and ryanodine which

was found to produce a sustained contracture in intact fibres.

This descriptive profile of the Ca2* release process, while useful in identifying the

characteristics, is incapable of shedding light on the mechanism. A clue to the

mechanism was provided by the rapid rate of Ca2+ release, which could only be

reconciled as a free diffusion pathway; it was too fast to be an active transport

mechanism. So it was logical to go looking for a Ca2+ charrnel in the SR

membrane. Incorporation of SR membrane into planar bilayers provided the best

opportunity to look for the Ca2+ charurel and indeed it was found (Smith et al.,

1985). The channel was identified by the same descriptive profile of the agents

that modify Ca2+ release in intact SR. Since then, the biophysical characterisation

of the Ca2* release channel has been very successful, and has been taken to yet

another level of understanding with the isolation and purification of the channel

protein (Inui et aL., \987). The purified protein was identified by its ability to

bind ryanodine and by characteristic Ca2+ channel behaviour when the protein

was reconstituted into planar bilayers (Hymel et al., 1988; Lai et al., L988).

Electron microscopy of the purified protein (Lai et al., 1988; Liu et a1,., 1989)

indicated that this was the "foot protei::ì.", previously observed by others to occur

in the gap between the T-tubule and the SR (Ferguson et aI., 1984), The th¡ee

g,
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dimensional architecture of the protein is described as a quatrefoil structure

fl//agenknecht et aL.,1989). Having isolated the protein, partial sequencing and

subsequent probing of a cDNA library has lead to determination of the complete

amino acid sequence of the Ca2+ release channel (Takeshima et al., 1989).

Despite this intense attack, tmderstanding the process by which electrical events

on the surface membrane result in the release of. Ca2+ from the SR remains

incomplete (reviewed by Dulhunty, 1992). Perhaps the most fundamental reason

for this situation is the inaccessibility of the SR membrane to studies which could

immediately provide information of the events that occur during Ca2+ release. If

only the in situ SR membrane could be voltage clamped, then the ionic basis for

the conductance of the membrane and the influence of T-tubule depolarisation

upon these conductances could be determined. This would take us much closer

towards an understanding of excitation-contraction coupling. Unfortunately, the

small dimensions of the SR have meant that direct measurements of the SR

membrane electrical conductances have not been possible.

1.2 Principles of counter-ion currents

With the SR established as the membrane compartment responsible for the uptake

and releas e of Ca2+, the majority of research on SR has focused on the mechanisms

by which these processes occur. The Ca2+ permeability of the SR membrane

changes with the physiological state of the muscle fibre during contraction and

relaxation. At rest, the SR is relatively impermeable to Ca2*, but upon the

appropriate physiological signal, there is a rapid increase in permeability for the

release of Ca2+ to trigger the contraction (Endo, L977). Regulation of the amotnt

of Ca2+ released from the SR is an important factor in regulating the force of

contraction.

For the required Ca2* fluxes across the SR membrane to occur, it has been

generally speculated that there is a passive counter-flux of cations oÍ,
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equivalentLy, a co-flux of anions to balance the movement of Ca2*. This is well

illustrated by the calculations of Oetliker (7982), which show that if the efflux of

Ca2* from the SR during a single muscle twitch was to occur without any

compensating ion movements, the Ca2+ equilibrium potential would be reached

after only 4.5% of the required Ca2+ (210 nmol Ca2* per gram muscle; Endo, ß7n

had been released. At the equilibrium potential, the driving force for Ca2+ is zero

and no further release of Ca2+ would occur. It has also been suggested that these

counter-ion movements may not be a simple electrical shunt to balance Ca2*, but

may be more active in influencing the development of any potential across the SR

membrane with the Ca2+ release (Hals et al., 1989). In this wayt by controlling

the developing membrane potential, the release of Ca2+ can be regulated and

consequently the contraction is regulated. Consideration must also be given to

the nature of balancing ion movements which must occur during re-uptake of

Caz+ by rhe Ca2+ /Mg2+-4*ase in the SR.

An additional aspect to be considered is the change in osmolarity which may

occur with the efflux of Ca2+ from the SR. A redistribution of anions across the

SR membrane might occur to re-establish the Donnan equilibrium, once the Ca2+

has been released from the S& leaving behind the large anionic binding proteins.

These binding proteins may well be protonated as Ca2+ leaves, as there is an

alkalinization of the myoplasm associated with the release of Ca2+ which is

thought to be due to protons moving into the SR (Hollingworth & Baylor, 1990;

Pape et ã1., 1990). Conversely, the re-uptake of CaZ* by the SR

ç¿,2+ ¡¡¡1g2+-ATPase is associated with an extrusion of protons, thought to be

produced as Ca2+ takes up sites on the binding proteins in the SR (Haynes, L982;

Madeira, 1982).

The only certain thi.g, is that there are likely to be a number of facets to the

counter-ion system, which address the wider issues of Ca2+ release and uptake by

the SR. There has been no evidence that any one ion-flux predominates in the
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counter-ion movement. The electron-probe studies of Somlyo et al. (1981) have

shown that during a tetanus in frog skeletal muscle, apart from the expected shift

of. Ca2+ from the SR to the myoplasm, there is no major redistribution of any

single ion to balance the shift in Ca2+. There were significant increases in the

amount of K+ and Mg2+ present in the SR, but as calculated by Oetliker (1982),

these shifts are insufficient to balance the efflux of Ca2+. There were no changes

in the distribution of Cl- between the SR and the myoplasm. The apparent ion

deficit may be carried by organic ions or protons, since molecules made up of

elements below Na in the periodic table are not detectable with the electron-probe

system used (Somlyo et al., 1.981.).

So, although the initial emphasis was the Ca2+ permeability of the SR, it was soon

apparent that the permeability of the membrane to other ions was also important.

It was necessary to determine what these permeabilities were and then ask what

influences they have upon the Ca2+ release or uptake process. In this manner

possible candidates for counter- or co-ions may be identified. Determining the

permeability characteristics of the SR, however/ was not a simple task and was

very much dependent upon the techniques available.

1.3 SR membrane permeability

One very successful'approactr to investigating the SR permeability has been to

remove the membrane from lhe in slúø setting and produce isolated membrane

vesicles. SR vesicles are prepared by homogenising skeletal muscle tissue

followed by removal of the contractile proteins and other unwanted organelles by

centrifugation. Further purification of SR vesicles by centrifugation on a sucrose

gradient reveals sub-populations of vesicles with different buoyant densities,

described as "light" and "heavy" SR vesicles (Meissner, 1975). Within the light

vesicles, r}re Ca2+ /Mg2+-A*ase protein accotmted for 90% of the protein present.

Between 55% and 65% of. the protein in heavy vesicles was identified as

çu2+ ¡y¿1g2+-ATPase and a significant portion of the remaining protein was Ca2*
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binding proteins. Accordingly, it was thought that the light vesicles were mainly

from longitudinal SR and heavy vesicles were mainly from terminal cisternae

(Meissner, 1975). Despite this difference between vesicle fractions, the majority

of studies on monovalent ion permeability have used unfractionated SR vesicles.

The few exceptions are McKinley and Meissner (1978) who specifically wanted to

observe monovalent ion fluxes during Ca2* accumulation by heavy SR vesicles,

and Labarca et al. (1980) who examined the distribution of the SR K+ channel in

the different fractions.

Several independent methods have been employed to investigate the permeability

of SR membranes. These are radioisotope flux measurements, the response of

vesicles to an osmotic stress, and changes of an imposed membrane potential

(reviewed by Meissner, 1983).

Rø dio is of op e flux me a surem ent s

The first direct measurements of SR permeability were made by Duggan and

Martonosi (L970) using radioisotope exchange. SR vesicles were incubated in the

presence of a radioactive ion or solute. After centrifugation for one hour, the

fraction of radiolabel contained in the pelleted vesicles compared to that

remaining in the supernatant can be used to determine the "excluded volume".

The excluded volume is a measure of the SR membrane permeability to the solute

of interest. Larger molecules such as inulin (MW 5000-5500) and dextran (MW

15000-17000) were entirely excluded, indicating the SR vesicles were impermeable

to these molecirles. Smaller anions such as acetate, Cl- and citrate were fully

equilibrated across the vesicle membranes, indicati^g a high permeability. As the

centrifugation step took one hour, it was not possible to discriminate between the

permeabilities of the smaller anions since they had fully equilibrated within this

time period. This problem was overcome by diluting vesicles pre-loaded with

radioisotope tracer into unlabelled medium, then collecting samples of vesicles on

Millipore filters at subsequent time intervals (Meissner & McKinley, 1976). L:r
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this assay, the radioactivity retained by the vesicles on the filters is an indication

of the efflux rate of the tracer and the internal vesicle space. With this technique,

the limit of the time resolution was reduced to the L5 to 30 seconds it took to

execute the Millipore filtration step.

Even with the improved time resolution of the Millipore filtration technique, the

high permeability of the SR vesicles to Cl- was unable to be resolved, as the efflux

occurred entirely within the L5 to 30 seconds of the filtration step (Meissner &

McKinley , 1976). Other solutes such as sucrose, divalent cations Ca2+ and }r.dgZ*,

and large monovalent ions such as Tris+, choline+ and gluconate- were all found

to be impermeant (Meissner & McKinley, L976). The permeability to small

monovalent cations identified two populations of SR vesicles. Type I vesicles,

comprising approximately 70% of vesicles/ are permeable to K+, Na+ and Rb+ and

Type II vesicles, the remaining 30"/o, arc relatively impermeable to these same

cations (McKinley & Meissner, 1977, L978).

The permeability of Type I vesicles to small cations is not due to leaky vesicles, as

the vesicle membranes are still selectively permeable to small anions (McKinley &

Meissner, 1977,1978). It is thought that the differences arise from a limited

number 6f l(+/frl¿+ channels present in the SR membrane, such that many vesicles

will contain one to a few such channels (Type I vesicles) and some will contain

none (Type II vesicles). Evidence for this is inferred from an increase in the

fraction of K+/Na+ impermeable vesicles (Type II vesicles) which occurs when

vesicle suspensions are sonicated, producing homogeneous vesicles of smaller

surface area, (McKirl"y & Meissnet, L978). Furthermore, the relative fraction of

Type I and Type II vesicles was similar for crude SR vesicle preparations as for

"heavy" and "light" vesicles, suggesting a uniform distribution of the l(+/|rf¿+

channels throughout the SR membrane.
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P erm e øb il iti e s d et enn in e d fr o m o sm o t ¡c gr a di ent s

The development of a light scattering measurement of membrane permeability

(Selser et al., 7976) made significant improvements on the time resolution (on a

time scale of 2 lo 3 seconds) over radioisotope tracer methods. .The technique

monitors the changes in light scattering due to osmotically induced changes in

vesicle size and shape. Vesicles mixed with a solution of higher osmolarity

initially shrink due to efflux of water and then re-swell at a rate dependent upon

the ability of the membrane to allow the net movement of the salt ions into the

vesicle to counter the osmotic stress. The less permeant ion of this pair will be the

dominant factor in limiting the rate of the reswelling process. The permeation

time of an ion is defined as the time taken to reach the half-maximal change in

li ght-scattering intensity.

A good account of the SR anion permeability has been provided by Kasai's

laboratory using the light scattering technique. It has been shown that the

relative permeability of SR vesicles to Cl- is about 50 times greater than to K+

(Kometani & Kasai, 1978). Other anions such as methane sulphonate, phosphate

and oxalate all had a permeation time similar to that of K+. Small monovalent

cations also had a similar permeation time to K+, with a permeability sequence of

Rb+ > K+ > Na+ > Li+. The vesicles are relatively impermeable to Ca2+ and }y'rg2*,

to the large'monovalent cations Tris+ and choline+, and to glucose, which is

exactly the same selectivity as shown by the radioisotope measurements. The

general conclusion reached by Komentani and Kasai (1978) was that the SR

membrane was anion selective, because of the overwhelming permeability to C1-.

Disulphonic acid stilbene derivatives SITS, DIDS and HTDIDS were used to

inhibit anion permeability in SR vesicles (Kasai & Kometari, 1979; Kasai &

Taguchi, 1981). In an attempt to identify the protein responsible for the anion

permeability, [3H]H2DIDS was used ín binding studies, which showed some of

the inhibitor bound to a 100 kDa protein suggested to be the çu2+ ¡¡yIg2+-ATPase,
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though 90"/" of. the labelled inhibitor was found associated with low molecular

weight proteins on an SDS polyacrylamide gel (Kasai & Taguchi, L981). It was

suggested that the anion pathway in SR membranes is possibly a small molecular

weight protein which binds [3H]H2DIDS tightly, but reversibly.

There has been some doubt as to whether the light scattering technique detects

only changes in vesicle volume. The ionophore melittin, from bee venom, forms

non-selective pores which are large enough for Ca2+ and glucose to move across

the membrane. When a glucose osmotic stress is applied to SR vesicles in the

presence of melittin, no change in light scattering was observed, as might be

expected for a membrane made freely permeable to glucose. An osmotic stress

imposed by KCl, however, produced similar changes in light scattering in both

the presence and absenie of melittin. Since melittin would make the vesicles

freely permeable to K+, it is thought that the changes in light scattering may be

due to changes in the membrane refractive index, altered by ionic strength (Garcia

& Miller, 1984). So although the work of Kasai and colleagues has heightened the

awareness of the SR anion permeability, the work by Garcia and Miller (198a)

may invalidate some of the conclusions drawn from the light scattering technique.

Permeøbìlítìes iletermíned lrom electrochemicøl gradíent s

Permeability of the SR has also been determined by measuring changes in

membrane potential due to an imposed concentration gradient. These potentials,

however, have been produced exclusively by cation gradients in the presence of

impermeable anions, and so no information regarding anions has been produced

with this technique.

Recordings of membrane potentials are made using potential sensitive dyes such

as 3,3'-dipentyl-2,2'-oxadicarbocyanine (McKinley & Meissner, 1978; Meissner &

Young, 1980) which characteristically decrease in fluorescence when vesicles

become negatively charged inside. A change in fluorescence is therefore
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dependent upon the magnitude of the developed potential across the vesicle

membrane and, considering the differences in permeability of Type I and Type II

vesicles, it is also dependent upon the fraction of vesicles that are polarised

(McKinley & Meissner, 1978; Meissner & Young, 1980). úrdeed, a larger

fluorescence signal was recorded in the presence of the K+ ionophore,

valinomycin, suggesting the presence of a vesicle fraction (equivalent to Type II

vesicles) with no intrinsic K+ permeability, now rendered permeable and able to

develop a K+ diffusion potential. Comparison of the fluorescence signals in the

presence and absence of valinomycin produce estimates of the fraction of Type I

and Type II vesicles present which are in close agreement with those obtained

from radioisotope tracer methods (McKinley & Meissner,1977,7978).

The rate at which the fluorescence signals returned to baseline levels is a measure

of the rate at which the diffusion potential dissipates. It is interesting to note that

the rate at which K+ diffusion potentials dissipate increases in a non-linear fashion

with more negative membrane potentials (McKinley & Meissner, 1978), indicating

that the l(+/\¿+ permeability pathway in SR vesicles may be altered by

membrane potential. This behaviour is entirely consistent, being of the same

polarity, with the voltage-dependent K+ charurel behaviour as has been described

in planar bilayers (see below).

A proton permeability pathway was also demonstrated in SR vesicles using this

technique (Meissner & Young, 1980). Application of H+ gradients produced

transient changes in fluorescent signals. Both Type I and Type II vesicles were

shown to have very similar H+ permeabilities, which suggests a high number of

H+ permeable pathways in the SR. Large potentials were generated when H+

and K+ diffusion potentials were in the same direction, while a transient signal

indicating rapid H+ and K+ exchange occurred with opposing H+ and K+

diffusion gradients. The evidence suggests that the H+ permeability is

independent of the K+/Na+ channel (Meissner & Young, 1980).
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All of the studies discussed above used skeletal muscle SR vesicles. Similar ion

permeabilities have also been demonstrated in cardiac SR vesicles (Meissner &

McKinley, L982), using the same three techniques described above.

\¡Vhile each of the techniques used to measure permeabilities in SR vesicles has its

failings, they also complement each other in the nature of the information

provided as they measure different vesicle parameters. Radioisotope tracer

methods have been useful in isolated vesicle preparations to determine the

exchange or efflux of larger solutes and relatively impermeable ions. Similar

information is provided by the light scattering technique, with the advantage of

improved time resolution but is limited to net movement of salt ions. Use of

imposed membrane potentials allowed measurement of free cation permeabilities,

although the fraction of vesicles which can be polarised needed to taken into

account. Collectively, they present evidence for three independent, passive

permeabilities in the SR membrane for monovalent ions: L) an anion conductance,

2) a K+/Na+ conductance, and 3) a H+ conductance. It is also apparent that the

Cl- permeability is approximately 50 times greater than the K+ permeability.

Each of these conductances are possible counter-ion pathways which may

contribute during Ca2+ release and uptake by the SR.

L.4 Incorporation.of ion channels into planar bilayers

The artificial bilayer technique of Mueller and Rudin (1969a) has proved to be

very useful in the investigation of ion channel proteins, particularly for the SR

which is not accessible in situ for electrophysiological investigation. Bilayers

were first used to investigate a range of water soluble charurel formers, or

ionophores, from micro-organisms. Thus, gramicidin A and B, valinomycin,

nystatiry amphotericin and others, were incorporated into bilayers (Mueller &

Rudin, t969b; Haydon & Hladky ,1972). As the function of these ionophores is to

attack other micro-organisms by incorporation into the target cell membrane, they

posed few problems for incorporation into artificial bilayers. The study of ion
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transport mechanisms, including ion channels, from higher organisms (reviewed

by Miller, 1983) has required a more sophisticated r:nderstanding for the insertion

of these pathways into artificial bilayers. Although some conductance pathways

had been successfully inserted into artificial bilayers by solubilizing the proteins

in detergents (Shamoo & Eldefrawi,7975; Bradley et a1., 1976), it was a rather

harsh treatment of the protein. The fusion of membrane vesicles to bilayers

presented a much more gentle way of reconstituting conductance pathways, and

the conditions required for fusion of SR vesicles were well described by the study

of Miller et al. (L976). trcorporation of SR vesicles into bilayers aliowed

distinction of individual cation and anion pathways for the first time (Miller,

1978). Fusion of SR vesicles to the bilayer is proposed to proceed such that the

outer surface of the vesicles, equivalent to the myoplasmic surface, faces into the

cls chamber and the SR luminal surface faces into the trans chamber.

SR calcium releøse chønnel

A key aspect to the characterisation of the Ca2+ release channel in planar bilayers

has been the strong pharmacological profile which has been established for the

Ca2+ release process using SR vesicles and skinned fibres. Thus, when vesicles

were incorporated into bilayers, there were a number of tools ready to identify

behaviour that would implicate the channel as being involved in the Ca2+ release

Process.

Using SR vesicles en¡iched for the terminal cisternae fraction, a large conductance

Ca2* channel (100 pS with 53 mM Ca2* on lhe trans side) was found with rapid

gating kinetics (Smith et aL,1985, 1986b). This channel was activated from the cls

side by addition of free Ca2+ in the micromolar range and also by addition of

millimolar ATP. Together at optimal concentrations, they had additive effects

and the channel was maximally activated, occupying the open state with a much

greater frequency but without changing the open state lifetimes. Ruthenium red

(1 pM on the cls side) irreversibly blocked channels which had previously been
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activated by ATP. Channel activity was also modulated by Mg2+ on the cls side,

in a competitive manner opposing the activation by Ca2*. The presence of Mg2+

on the trans side had no effect upon the channel behaviour.

Another important agent in the characterisation of the Ca2+ release channel has

been the plant alkaloid ryanodine. This high affinity ligand has been useful in

localising the Ca2* release channel in the terminal cisternae of SR (Fleischer et al.,

1985) and in purification of the channel protein (Pessah et al., 1986). When

ryanodine was applied to Ca2+ channels from SR vesicles incorporated into

bilayers, two characteristic effects were initially reported (Rousseau et a1,, 1987).

Firstly, the channel became insensitive to activation by Ca2+ and ATP, and the

blockers Mg2+ and ruthenium red were less effective. Secondly, ryanodine

interacted with the open channel, locking it into a substate of lower conductance

but the open probability was greatly increased. At even lower concentrations,

ryanodine (10 nM) activated the charurel by increasing the open probability

without any changes in conductance (Bull et aI.,1989).

The behaviour of the purified ryanodine receptor protein, reconstituted into

bilayers, is essentially the same as the native Ca2* release channel from SR

vesicles. The purified protein maintains the regulatory sites for modulation by

Ca2+, ATP, Mg2+ and ruthenium red (Hymel et a1., t988; Lai et at., L988). While

the ryanodine receptor channel exhibits a main conductance of 91. pS (50 mM Ca2+

on the trans side) which is similar to the native charurel (Lai et al., L988), in most

cases it displays multiple subconductance states which are often flickery and less

well defined (Hymel et al., 1988). It has been proposed that these multiple

conductance states may represent intrinsic conductances of the protein subtmits

that comprise the charurel protein, and that they are normally coupled to gate

cooperatively, giving the characteristic L00 pS conductance of the native Ca2+

channel (Liu et al. 1989).
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SR potassium chønnel

Since the first description of the SR K+ charurel in planar bilayers by Miller (7978),

the channel has been extensively characterised (for review see Miller et a1., 1,984).

Most of the work published on the SR K+ channel has been from rabbit SR vesicles

incorporated into planar bilayers, though there is one study on frog SR vesicles

(Labarca & Miller, 1981). The SR K+ channels from these two species display

qualitatively similar behaviour.

At the macroscopic level, the K+ current exhibits a rectifying behaviour, with the

current becoming larger at positive potentials (Miller, L978). At the single

channel level, only two conductance states are observed: open and closed. The

voltage dependent behaviour of the K+ channel is able to be described by an

exceptionally siçnple kinetic scheme, consisting of a single open state and a single

closed state (Labarca et al., 1980). From observations of single exponential

macroscopic current relaxations, which directly reflect the rate constants

measured from single channel recordings, this model was further confirmed

(Labarca et aL,1980). The voltage dependence of this two state model is able to

be described by a Boltzmann relation with an effective gating charge of +1.1

(Miller & Rosenberg, L979a; Labarca et al., 1980). Modification of the voltage

dependence is possible with the application of Alkaline Proteinase b (APb), which

is a serine protease specific for arginine and lysine residues. When APb applied

to the trans side, the channel becomes much less sensitive to voltage, changing the

channel from a rectifier to a linear conductor. Single channels are still observed

to open and close but the effect of APb uncouples the channel behaviour from the

intramembrane electric field, reducing the effective gating charge to

approximately +0,1 (Miller & Rosenberg, I979a), Changing the lipid

environment of the bilayer to which the channel is inserted also alters the voltage

dependence. Increasing the proportion of negatively charged lipids shifts the

voltage dependence curve to the right, and positively charged lipids shifts the

curve to the left (Miller et a1., 1984).

b-
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The K+ charurel has a high unitary conductance of L42 pS in symmetrical L00 mM

K+. With increasing K+ concentration, the conductance saturates in a Michaelis-

Menten manner, reaching a maximum conductance of 214 pS at L M K+. From

these properties, a model of the channel pore has been proposed such that the

pore can bind at most one ion at a time (Coronado et al., 1980). The pore is

highly selective for small monovalent cations, with a conductance sequence K+ >

NH4* > Rb+ > Na+ > Li+ > Cs+ (Coronado et al., 1980). Both Li+ and Cs+ have an

extremely low conductance, but whereas Li+ seems relatively inert, Cs+ exerts a

voltage dependent blockade of the channel, reducing the conductance at positive

potentials (Coronado et al., 1980). The effect of Cs+ can be explained in terms of

an open channel block at a site which is accessible only from the cls side

(Coronado & Miller, 1979). Increasing the K+ concentration relieves the Cs+

block, indicating Cs+ competes for a binding site within the channel's K+

conduction pathway (Coronado et al., 1980). Long chain ammonium derivatives,

decamethonium and hexamethonium, are much more potent blockers than Cs+,

however, they are effective only from lhe trøns side of the membrane (Coronado &

Miller, 1980).

SR ønion chønnel

It is surprising, given the early interest in anions enhancing the accumulation of

Ca2+ and the large permeability to anions fotmd in SR vesicles, that when vesicles

were fused to bilayers the anion conductance was left in the background.

Originally there were doubts as to whether the anion conductance was due to an

ion channel or a non-specific leak. Initially this issue was not addressed directly,

as it was the cation conductance that was of interest and the comparison of

behaviour with the anion conductance was only to establish the cation

conductance as a specific and independent pathway. Unlike the K+ channel, the

anion conductance was not voltage dependent and it was not sensitive to low pH

(Miller, 1978). The conductance was not sensitive to transition metals (Miller &
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Rosenberg,IgTgb) or modified by APb (Miller & Rosenberg, \979a). Only in

more recent times has the anion conductance attracted a little more attention and

been established as an independent anion selective channel.

Rabbit skeletal muscle SR vesicles incorporated into planar bilayers exhibit an

anion channel with high unitary conductance of 200 pS in 100 mM choline Cl

(Tanifuji et al., t987). The chamel conductance saturates with increasing Cl-

concentrations, reaching an estimated maximum conductance of 700 pS. This

channel has at least four or five subconductance levels and fast flickering events

between the open and closed levels. In contrast to the early work on bilayers by

Miller (L978), the macroscopic current shows a voltage dependence at positive

potentials where the averaged current is reduced. Inspection of single charurel

records show that while the fully open conductance is not reduced, the channel

tends to occupy subconductance levels with greater frequency at more positive

potentials. The channel is only weakly selective for anions over cations and does

not select between monovalent anions, although Ð42- is almost impermeable.

Addition of SO42- to the cls side of the bilayer membrane produces a voltage

dependent block, reducing the Cl- conductance at negative potentials in a simple

competitive fashion.

Anion channels have also been reported by Rousseau et al. (1988) from rabbit and

trout skeletal muscle SR vesicles. These channels were of smaller conductance

compared to the report of Tanifuji et al. (1987), but still displayed several

subconductance states which seem to be a consistent feature of the SR anion

channel. The rabbit SR channel had a conductance of 70 pS in symmetrical

125 mM choline Cl-, and although the conductance did saturate in a concentration

dependent manner, the maximal conductance was only 15a pS. A slight voltage

dependence was also reported for these channels, with the open probability

relationship being described as an attenuated bell-shaped curve with the Po

ranging from 0.60 to 0.90, centred about 0 mV. A voltage dependent block is also
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produced by SOn2- from the cls side of the membrane. No regulating function for

Ca2+ was for:nd, as a range of concentrations (5 mM down to 0.1 ¡rM) applied to

either the cls or trans chambers produced no appreciable affect on the anion

channel conductance or gating behaviour. Like the studies of Kasai's laboratory

where SR vesicle anion permeability was blocked with stilbenes (Kasai &

Kometani, L979; Kasai & Taguchi, 198L), these anion charurels were blocked

efficiently and irreversibly by DIDS at submillimolar concentrations.

Planar bilayers have been very successful in describing the biophysical

characteristics of the individual channel proteins. The presence of the K+ charurel

in the SR membrane and its voltage dependent behaviour suggests that it might

play a role in balancing the Ca2* fluxes across the SR membrane. The anion

channel is similarly implicated, even though it is less well characterised.

1.5 Access to native SR membrane

While the SR vesicle and planar bilayer techniques provide valuable information

about the nafure of SR conductances, there is always the concern as to whether

they truly reflect the behaviour in aiao. Isolating SR vesicles may alter the

membrane properties. Fusion of vesicles to planar bilayers may be selective, and

represent only a fraction of the vesicle population (Meissner, 1983; Miller et al.,

1984). Ideally, investigation of the SR membrane would be pursued while it

remained in its native state. This has only been possible in one exceptional

situation, in lobster antenrta muscle, where there is an large volume fraction of SR

membrane (Tang et al., 1987). After mechanically removing the sarcolemma,

recordings were able to be made directly from the SR using the patch clamp

technique.

A novel technique of assembling bilayer membranes at the tip of a patch pipette

has been described by Coronado and Latorre (1983). This "tip dip" method has

been used to investigate a Ca2+ charurel from native SR membrane (Suárez-Isla et
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al,, 7986). The channel was activated by caffeine and inhibited by dantrolene,

however the unitary conductance was only 5pS in symmetrical 200 mM CaCl2

solutions, compared to L00 pS for the Ca2+ release channel described in bilayers.

No work on SR anion channels, however, has been reported ttiat utilises this

technique.

The techniques which offer the most promise are the skinned fibre and the

sarcoball preparations in vertebrate muscle. As it is not possible to demonstrate a

physiological function of SR vesicle ion channels in planar bilayers, the skirured

fibre preparation offers an opportunity for such a functional demonstration of the

role of these channels. This is not possible, however, without specific agents to

modify the conductance of interest. Such agents are best investigated and

demonstrated in the isolated membrane patch. Thus, the bilayer and sarcoball

techniques offer complimentary and supporting information to that obtained from

skinned fibres.

Skinned skeletøl muscle fìbres

There are actually a range of preparations which come under the category of

skinned fibres. The original preparation by Natori (1954) describes stripping the

sarcolemma away from a muscle fibre immersed in oil, to leave the underlying

myofibrils ¿rnd SR intact. This allows access and control of the myofibrillar

environment. Others have chemically "removed" the sarcolemma by

permeabilising the membrane with glycerol, EGTA or saponin (Stephenson, 1981.).

In the Natori type skinned fibre, the T-tubules are thought to be sealed over and

the SR to be intact, while chemically permeabilised fibres have T-tubules and SR

membranes in various states of function (Stephenson, 1981).

These skinned fibre preparations have been valuable in mechanical studies of the

contractile apparatus and the process of Ca2+ activation, using the contractile

apparatus as a sensitive assay for the free Ca2+ concentration. In the Natori
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skinned f.ibre, the time course of force transients is a reflection of the Ca2+ release

and uptake kinetics. Taking advantage of the maximal release oÍ Ca2+ eücited by

caffeine to empty the SR, buffered Ca2+ solutions can then be used for controlled

loading of the SR (Endo el aL, L970). The effects of releasing agents or modifiers

can then be assessed from a known starting point and checked by a subsequent

caffeine release to determine the residual Ca2* in the SR. By maintaining the

functional relationship between the T-tubules, the SR and the contractile

filaments, this in situ preparation has structural and diffusional elements which

are not a part of isolated SR membrane systems. This also means that there are

more variables which need to be considered and controlled.

The use of this preparation to investigate the role and effects of monovalent ions

upon the function of the skinned fibre has been limited. Initial attempts were

motivated by the belief that there may be a potential across the SR membrane in

much the same way as there is across the surface membrane. Ionic substitution

was used to impose a change in potential across the SR membrane in an attempt to

trigger the release of. Ca2+. One way this was attempted was by replacing a less

permeant anion with the more permeant Cl-, the so called "C1- stimulated release".

In SR vesicles, such ionic substitution produced a Ca2+ release which was later

fotmd to be an artefact due to osmotic stress (Meissner & McKinley, t976). To

avoid this osmotic artefact, Cl- substitution was performed while maintaining a

constant product of [K+][Cl-] in solutions bathing skinned fibres (Mobley, 1979;

Donaldson, 1985; Stephensory 1985). While the intention of these ionic

substitution experiments was to release Ca2+ by depolarising the SR membrane, it

was found that the release of Ca2+ that did occur was in fact due to depolarisation

of the T-tubules coupled to the SR by the normal physiological pathway. When a

muscle fibre is mechanically skinned, the T-tubules remain, seal over and

repolarise due to the Na+/K+-ATPase in the T-tubule membrane (Ikemoto et a1.,

1989). By incubating the skirured fibre in ouabain specifically to inhibit the
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Na+/K+-ATPase, the "Cl- stimulated release" could be abolished (Donaldson,

1e8s).

Subsequently, the role of anions in the uptake and release of Ca2+ from the SR has

either been ignored or tacitly accepted as a part of the system when using skinned

fibres. In most cases, when investigating the contractile responses in skinned

fibres, the major anion present in the bathing solutions is impermeant to the SR.

Yet Ca2+ uptake and release is still able to occur (Ford & Podolsky,1970), which

means either anions do not make a major contribution to the counter-ion fluxes, or

other ions make up for the deficit of anion movement. As mentioned earlier,

there is no evidence from electron-probe analysis for an asymmetric distribution

of Cl- across the SR at rest or after a 2 s

anions, not detected by the electron-prob

yo et al,, L98I If other)

e, were to provide a counter-ion flux,

then the anion channel would have to be selective for these anions over Cl-. This

is inconsistent with the weak selectivity between monovalent anions and poor

permeability of divalent aniors demonstrated with SR vesicles in bilayers (see

above). At the present moment there are no specific blockers of the SR anion

conductance which might be able to be used to test the functional role of anions

by blocking the anion conductance in skinned fibres. Although the stilbenes,

DIDS and SITS have been used to inhibit the anion conductance in SR vesicles, the

problem with these protein modifiers is that they act upon many different SR

proteins, including theCa2+ /Mg2+-4*ase (Byers & Meissner,1986).

The only studies in skinned fibres which are directly concerned with the influence

of counter-ions upon the movement of Ca2+ across the SR have both used

pharmacological blockers to modify the K+ conductance, In both studies caffeine

was used to cause release of CaZ+ from the SR, so as to by-pass the normal

coupling process between the T-tubules and the SR.

Fink and Stephenson (1987) found that the amount of Ca2+ able to be released was

markedly increased when loading took place in the presence of 4-aminopyridine
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(A-AP), tetraethylammonium, decamethonium, and procaine, all of which are

known to block the SR K+ channel (Coronado & Miller, 7980, L982). Similar

results were also obtained when the K+ in the Ca2+ loading solution was partially

replaced with the less permeant Na+ ion. The K+ channel blockers were not

present in the release solutiory so as to avoid complications which may arise from

interaction of the blockers with the contractile apparatus or directly on the Ca2+

release channel. The results obtained are somewhat unanticipated, as perhaps a

decrease in Ca2+ loading may be expected with the reduced charge compensation

available when the K+ conductance is blocked. The interpretation offered is that

with the K+ conductance blocked, there is a compensating increase in the H+

efflux from the SR during Ca2+ uptake. As a consequence, the SR lumen becomes

more alkaline and increases the apparent Ca2*-binding affinity of the SI{ Ca2+-

binding proteins. The free Ca2+ concentrations of the SR lumen are therefore

much lower for a longer period of time, allowing the Ca2+ /Mg2+-4tPase to pump

in more Ca2+ before it is eventually inhibited by rising SR Ca2+ levels.

Using the SR K+ channel blocker 1,10-bls-guanidino-zr-decane þisG10)

Abramcheck and Best (1989) investigated the role of the SR K+ channel during

Ca+ release in skinned fibres. The blocker bisG10 has been demonstrated to be a

potent irùtibitor of the SR K+ channel incorporated into planar bilayers (Garcia &

Miller, t98/). Abramcheck and Best found bisG10 produced a decrease in the

Ca2+ release rate in a dose dependent manner, indicated by a decrease in the force

transient and a decrease in the Ca+ transient recorded using the Ca2+ sensitive

metallochromic dye antipyrylazo III. In contrast to the experiments by Fink and

Stephenson described above, bisGlO was only present during the caffeine

stimulated release of Ca2+ from the SR. The loading of the SR was carried out

under normal conditions. To test if the reduced Ca2+ release in the presence of

bisGl.0 is actually due to a reduced K+ cotmter-ion flux, releases were also

stimulated in solutions where choline was partially substituted for K+. I¡r this
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case a reduced Ca2+ release was also observed, sffongly suggesting a regulatory

role of the K+ conductance.

The results of Fink and Stephenson and those of Abramcheck and Best appear to

be diametrically opposed. It is difficult to reconcile these differences without

performing the appropriate experiments to determine the effects of 4-AP and

bisG1.0 on both the Ca2+ release and uptake processes. It is possible, however,

that these results reflect real differences in the contribution of the K+ channel

conductance in these two processes.

Sarcobøll technique

The development of the sarcoball technique by Stein and Palade (1988) provided a

simple preparation that allows access to the SR with the minimum amount of

intervention. The preparation is described with more detail in Chapter 2.

Briefly, sarcoballs are produced by allowing mechanically skinned skeletal muscle

fibres to contract un¡estrained, causing the extrusion of internal membranes to the

fibre surface where the hemispherical blebs of membrane form. Patch clamp

techniques were used to investigate the nature of the conductances present in the

membrane.

a) Calcium release channel

A voltage-dependent Ca2+ channel described in this preparation was identified as

the Ca2+ release channel of the SR on the basis of its activation by caffeine (5 mM)

and block by ruthenium red (1 pM) (Stein & Palade, 1988). The channel exhibited

two open levels of relatively high conductance (80-100 pS and L20-L60 pS) and

had limited selectivity for Ca2+ over K+ (Pc^/Pr=6.5), which are similar to the

characteristics reported for the Ca2* release channel isolated from rabbit SR and

incorporated into bilayers (Smittt et a1., 1935). It was also found that the Ca2+

channel was consistently asymmetrically oriented in the membrane, such that

ruthenium red blocked the Ca2+ channel activity when present in the pipette,
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while 10 ¡rM ruthenium red on the bath side of the membrane had no effect. This

was confirmed by forming outside-out patches, whereupon 2 pM ruthenium red

in the bath rapidly blocked channel activity. On the basis of this result, it was

proposed that inside-out patches formed from the sarcoball surface had the

myoplasmic surface facing into the pipette and the SR luminal surface facing the

bath, Others have also used the same preparation and report similar Ca2+

channels, which are additionally activated by micromolar ryanodine (Kwok &

Best, 1990) and inactivated by an endogenous protein kinase (Wang & Best, L992).

In contrast, another Ca2+ channel recorded by Wang et al. (1992) in sarcoballs was

not sensitive to ryanodine, ruthenium red or caffeine. This strongly suggested

that it was not the Ca2+ release channel. This channel was affected by vanadate,

AlF4-, reactive red 120 and cyclopiazonic acid, all of which are known inhibitors

of the çu2+ ¡¡¡1g2+-ATPase. It was proposed that the charurel activity was instead

a form of the ç¿2+ {¡v1g2+-ATPase behaving as a Ca2+ conducting channel.

The ability to record the Ca2+ release channel in sarcoballs was posed as

physiological evidence that this preparation comprised mainly SR membrane.

No morphological studies had been performed on this preparation, however, to

identify directly the nature of the membranes. It was not ruled out that there

might be other internal membranes, such as T-tubules and mitochondria,

contributing to the strucfure.

b) Sarcoball K+ chnnnel

Brief information has been presented by several independent groups for a K+

channel. Stein et al. (1989) report a K+ charurel from mammalian SR with a

conductance of L00 pS, which is highly selective for K+ over Ca2+ (PKlPc">L000)

but only weakly sensitive to potential. The K+ channel reported by Vivaudou et

al. (1989) from frog skeletal muscle is very similar in all respects except for the

smaller conductance of 52 pS, which is of a similar level to the subconductance
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state of 60 pS reported by Stein et al. (7989). A similar conductance of 61 pS is

reported by Wang et al. (1992) for a K+ selective channel, with a second

conductance level of 82pS which is seldom seen. This channel is blocked by

decamethonium and hexamethonium in a voltage dependent manner. In general,

these results are similar to those recorded from SR K+ charurels reconstituted into

bilayers, although in bilayers the channel exhibits a much more prominent voltage

dependence.

c) Sørcobøll anion ch"annel

The anion channel described in the sarcoball preparation, using excised inside-out

patch clamp techniques, has a high conductance of 505 pS in symmetrical 200 mM

TrisCl (Hals et al., 1989). With increasing Cl- concentration, the conductance

saturätes in a Michaelis-Menten marÌner reaching an estimated maximum

conductance of. 617 pS and a half-maximal conductance occurring at 77mM

TrisCl. Despite the large conductance, the channel maintains a high selectivity

for anions over cations, with a permeability ratio P,/PK - 45, determined from

the shift in reversal potential with a KCI salt gradient. Selectivity among anions

favours smaller monovalent anions and the channel is impermeable to larger

anions such as gluconate. A voltage-dependent effect is observed in the presence

of divalent anions Ð42- and POn2- in the bath solution which reduces the

probability of open ctrannel events at positive pipette potentials, without any

effect upon the unitary conductance. No change in the channel conductance or

gating is observed when altering the free Ca2+ within physiological ranges on

either side of the patched membrane.

Recordings of the anion channel show numerous subconductance states, of which

two are prominent enough to be further characterised. A fast flickering substate

(S1) with a conductance of approximately half the main open state is found in

most recordings. It exhibits bursts of flickering behaviour while still attached to

the sarcoball surface, but these decrease in activity immediately upon excising the
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patch. The other substate (S2) described is of smaller conductance (125 pS) which

is seen to open in addition to the main open state and also from the closed state.

The most striking feature of the anion channel is the steep voltage dependence of

the charurel open probability which is bell-shaped, centred about 0 mV such that

the chan¡rel closes with shifts in potential away from zero, in symmetrical ionic

solutions (Hals et al., 1989). This is initially surprising, as bilayer studies

generally describe a voltage-independent anion conductance in SR vesicles

(Miller, 1978; Miller & Rosenberg, L979b; Tanifuji et al., 1987). When a direct

comparison was made between the anion conductances from SR membrane fused

into liposomes and that from sarcoball membrane, the liposome anion channels

were also found to be voltage-independent (Hals et al., 1989).

Since the bell-shaped voltage-dependence of the sarcoball anion channel is similar

to that of mitochondrial VDAC, which might also be present in the preparation,

their biophysical properties were compared. It was suggested that there were

sufficient differences to distinguish the sarcoball anion channel as a separate

channel to the mitochondrial VDAC (Hals et al., 1989).

The involvement of positive charged residues in the channel protein structure

being responsible for the voltage-dependence and conductance of the anion

charrnel were investigated using a range of stilbene derivatives Hals & Palade,

1990). The reactive isothiocyano groups of the stilbenes are capable of covalently

linking amino groups. An irreversible modification by SPIT and TNBS reduced

the channel conductance at all membrane potentials. As the reagents were

applied to only one side of the membrane, it suggests that the effect is not due to

modification of charged groups within a vestibule to the channel pore/ as this

would predict a change in conductance in only one direction. Instead, they

thought that the modification occurs in the narrow part of the channel pore.
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Separate modification by DIDS applied via the bath solution significantly reduced

the maximal open probability and shifted the bell-shaped voltage-dependence

curve to more negative potentials, so that it was centred about -30 mV. These

results suggest that positively charged amino groups which are able to be

accessed and modified by specific stilbenes, are associated with the voltage-

dependence and separately the conductance of the anion channel. Both SITS and

DIDS have been used previously to inhibit anion permeability in rabbit SR

vesicles (Kasai & Kometani,1979; Campbell & Maclennan, L980; Kasai & Taguchi,

1e81).

1.6 Summary and aims

The focus of this study is the anion channel found in the sarcoball preparation

from ämphibian skeletal muscle. This chanrtel has been described for skeletal

muscle of the fuogRnna catesbeiana but, in this study, muscle from the cane toad,

Bufo marinus, was to be used. Consequently, the first aim of this study was to

establish the presence of the anion channel in sarcoballs prepared f.rom Bufo

mørtnus.

The sarcoball anion channel has a distinctive bell-shaped voltage-dependence,

and naturally this has influenced hypotheses regarding the role the channel

might playi:r the SR membrane. During Ca2+ release, the potential that develops

across the SR membrane might cause the anion channel to close, limiting the

cotrnter-ion flux and acting like a brake to further release of. Ca2+ (Hals et al,.

L989). Alternatively, the anion channel might be a very effective shunt, since it is

maximally open at 0 mV and it has a large conductance, so that a potential may be

unable to develop during Ca2+ release. Although the sarcoball preparation is

r.rnable to address directly the question of what role the anion channel is plays in

the SR membrane, it provides a good means of investigating the voltage-

dependent behaviour of the channel and so can contribute to the overall

understanding of the behaviour of the SR membrane. A second aim of this study
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was, therefore, to investigate the mechanism underlying the voltage-dependent

behaviour of the charurel.

Previously, the voltage-dependence of the channel has been described in terms of

its steady-state characteristics, although during the course of this study a brief

report on the dynamic behaviour appeared (Zahradnik et al., 7990). A third aim

of this study was, therefore, to investigate further the dynamic behaviour of the

sarcoball anion channel.

The sarcoball itself also warranted further investigation, as there had been only

one electron micrograph published of the preparation (Stein & Palade, 1988). A

fourth aim of this study was to describe the sarcoball preparation at the electron

microscope level.

What internal membranes are present in the sarcoball preparation is not known

with certainty, though it was thought to be mainly SR membrane (Stein & Palade,

1988). Knowledge of the membrane in which the anion channel occurs is an

important part of the characterisation of the charurel. A part of this description

was the need to distinguish between the sarcoball anion channel and the VDAC

from mitochondrial outer membrane. Rather than rely just on a biophysical

comparison of these two chan¡rels, it was thought that a direct probing for the

presence of mitochondrial VDAC was warranted. The fifth aim of this study

was, therefore, to establish what membranes; that is SR or, indeed, membranes

from any other source, contributed to its structu¡e.



PART I.
PATCH CLAMP STUDIES OF THE ANION
CHANNEL IN SARCOBALLS



2. PREPARATION OF SARCOBALLS

2.1 Introduction

"Sarcoballs" is the term first introduced by Stein and Palade (1988) to describe a

preparation of internal membranes from skeletal muscle fibres of the fuog, Ranø

catesbeiana. Individual muscle fibres were mechanically skinned in a Ca2+

containing saline solution, whereupon small blebs of membrane appeared at the

fibre surface immediately following removal of the sarcolemma. These blebs

coalesced to form the larger hemispherical sarcoballs as the fibre contracted.

When the fibres were skinned in relaxing solution, no blebs were observed until a

contracture of the fibre was triggered by the addition of Ca2+. It has been

proposed that the free Ca2+ concentration and the degree of shortening arc critical

factors involved in the formation of sarcoballs (Stein & Palade, 1988). It is shown

here, however, that sarcoballs can also be formed by mechanically skinning

muscle fibres in a solution of CsF (200 mM), which then contract without the need

for the addition of Ca2+ to the solution.

By using this technique, direct access is obtained for patch-clamp recording from

internal membranes which are normally inaccessible in situ. In particular, iL

provides access to native SR membranes, which are thought to be the major

component of sarcoballs. An investigation into the morphology of this

preparation is presented in Part II.
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2.2 lÑ.dethrod of preparation

Cane toads, Bufo marinus, or clawed toads, Xenopus laeais, were double pithed and

the semitendinosus muscle was removed and placed into synthetic interstitial

fluid (SIF) of composition (in mM): t071 NaCI, 26.2 NaHCO3,9.64 NaGluconate,

1.67 NaHrPOa,3.48 KCl, 1.53 CaCIz, 0.69 MgSOn, 5.55 glucose, 7.6 sucrose, 280

mOsM, pH 7.40 maintained by bubbling with a 95%/5% O2/CO2 gas mixture

(Bretag, 1969). SIF has been shown to be most suitable for the maintenance and

well being of muscle tissue from mammalian and toad species (Bretag, 1969).

The muscle was pinned out at in aiuo length and bundles of fibres were dissected

intact from tendon to tendon. The bundles of fibres were placed in a solution of

200 mM CsF, 1,0 mM TES, pH 7.40, adjusted with KOH. Single fibres were

isolated and then mechanically skinned using fine forceps. The process of

skinning a skeletal muscle fibre involves holding one end of the fibre steady while

a few myofibrils are teased away from the end of the fibre. In one action, these

few myofibrils are held and pulled away from the fibre, moving down along the

length of the fibre. During this action, the sarcolemma was observed to be rolling

up like a cuff in front of where the myofibrils were being pulled away from the

rest of the fibre. The skinned fibres were allowed to undergo an uffestrained

contracture in the CsF solution, whereupon many sarcoballs appeared at the fibre

surface.

Alternatively, sarcoballs could also be produced by mechanically skinning single

fibres in SIF or in the amphibian Ringer used by Stein et al. (1988) (in mM, LL7

NaCl, 4.7 KCl,'J,..2 CaCl2,5.0 TES, pH 7.4, adjusted with KOH). Again, the

skinned fibres were allowed to contract unrestrained in these solutions. As will

be described in the following Chapter, anion channels with the same

characteristics could be recorded in sarcoballs produced by either of these

methods. It was found, however, to be much easier to mechanically skin and

form sarcoballs in the CsF solution and so this was the method of choice.
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Obseruations oÍ the foxmatìon of sarcoballs

Hemispherical blebs of exfruded membrane can be observed to form at the

surface of amphibian skeletal muscle fibres as they are allowed to contract

unrestrained after being mechanically skinned. When the fibres are skinned in

CsF solution, the contracture develops over several seconds, while fibres skinned

in SIF contract immediately as the sarcolemma is removed. The hemispherical

blebs of membrane, or sarcoballs, appeæ and enlarge as the contracture develops.

Sarcoballs appear on all exposed surfaces of the mechanically skinned fibre. An

example of a skirured fibre is shown ín Figure 2.1, with sarcoballs ranging in size

from 10 pm to >1.00 pm in diameter. In CsF, where the contracture is slower, the

formation process can be followed and small blebs are observed to merge with

neighbouring blebs as they grow to form the larger blebs. There continues to be

some extrusion of membranes and merging of adjacent blebs even after the

shortening of the muscle fibre segment is complete. This activity, however, is

nowhere as vigorous as that which occurs during the contracture and may reflect

an elastic component within the myofilament lattice exerting an effect upon the

internal membranes. The contracture that produces sarcoballs is complete and

irreversible, perhaps indicating the fibre is in a rigor state. This state is

maintained even after a number of different solution changes.

2.3 What is caesium fluoride doing?

Caesium fluoride has previously been used as a relaxing solution when cutting

fibres for the Vaseline gap recording technique and as an internal replacement

solution in the same cut fibre preparation (Flille & Campbell, L976). Caesium

fluoride was used in the present study to allow muscle fibres to be mechanically

skinned without the associated problems of fibres contracting during the skinrring

process, as occrúred in Ringer's or SIF solutions. Originally it was plarured to

transfer the skinned fibres to a Ca2+ buffered solution to cause the fibre to contract

and form the sarcoballs. It was soon observed, however, that this was not
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necessary, as fibres skinned in the CsF solution t¡nderwent a slow contracture

soon after the skinning process was completed. It was not expected that the

fibres should contract in the CsF solution. This reasoning was based on knowing

F- is an avid binder of Ca2+ (solubility product K,o=-10.4, Siltén & Martell, 1964)

and Cs+ has been reported to have a low conductance and a voltage-dependent

blocking action on isolated K+ charu:rels from the SR (Coronado & Miller, 7979).

With Cs+ as the only monovalent cation present, the release of Ca2+ from the SR

might be expected to be limited because of the reduced counter ion conductance

through the K+ channel. Evidence from skinned muscle fibres, however, shows

Cs+ had a small or no effect upon the Ca2+ release from the SR (Palade & Vergara,

1982; Abramcheck & Best, 1989).

Since the skinned fibres do contract in CsF, and it seems unlikely that CsF would

directly activate the myofibrils, it is a reasonable assumption that sufficient Ca2+

has been released from the SR to activate the contracture.

The information on F- suggests several possible actions, some which would

prevent contracture and others that would induce contracture. Fluoride is a

known inhibitor of SR membrane associated protein phosphatase. \uVhen rabbit

SR vesicles are preincubated with NaF to inhibit the phosphatase, subsequent

addition of ATP promotes the phosphorylation of two SR proteins (a 160 kDa and

a 150 kDa protein). This results in an inhibition of Ca2+ accumulation and a

stimulation of Ca2+ efflux from the vesicles (Orr et al., 1997). A stimulated Ca2+

efflux such as this may also be occurring with skeletal muscle fibres skinned in

CsF and produce the contracture observed. The inhibition of Ca2+ accumulation

appears to be due to F- interacting with the ground state (or E conformation) of

the SR çu2+ ¡¡¡1g2+-ATPase before the ATP is added, which precludes any

subsequent binding of ATP and therefore preventing any activity of this pump

protein (Narayanan et a1., l99I).



Figure 2.1 A skinned fibre with sarcoballs
An isolated single fibre from the semitendinosus muscle af Bufo marinus was
medranically skinned and allowed to contrâÉt unrestrained in CsF solution.
Hemispherical blebs of mernbrane, which ranged in size from 10 ¡rm to
100 ¡rm in diameter, can be seen along the surface of the skinned fïbre, Clear
striations have been obscured because of the extent of the contracture.
Photographed with Nomarski optics; magnification x20ü.
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If F- is as permeant through the SR membrane as has been indicated (Meissner,

7986), then it might be expected that an influx of F- would cause the precipitation

of Ca2+ inside the SR and prevent subsequent release. This has been proposed as

a mechanism to account for the increase in Ca2+ accumulation seen with canine

cardiac SR vesicles in the presence of F- (Narayanan et al., 799I). In this case, the

ATP is initially present and so the inhibition of ç¿2+¡¡v1g2+-ATPase by F-,

described above, does not occur. The precipitation of CaF maintains a lower free

Ca2+ concentration inside the SR vesicles, allowing ¡}re Ca2+ /Mg2+-4*ase to

continue accumu-lating Ca2+ for a longer period of time before being inhibited by

increasing Ca2+ levels inside the vesicles.

To reconcile the avid binding of Ca2* by F- and the increase in free [Caz*1 which

must occur to pioduce the contracture, it may be possible that the CsFr is not

uniformly distributed in the skinned muscle preparation. It has been shown that

there is a Donnan equilibrium between the myofibrilar and extra-myofibrilar

regions of skeletal muscle due to the anionic contractile proteins (Stephenson et

a1., 1,981). A non-uniform distribution of F- such that it is partitioned to the extra-

myofibrilar regions, may allow sufficient fuee Ca2* to be released into the

myofibrilar region to cause the slow contracture observed. This is entirely

speculative, however, and it provides no information as to the mechanism which

triggers the Ca2+ release in CsF solution. So it remains that sarcoball formation

occurs easily in CsF solution by an uncertain mechanism and that ion channels

can be recorded from the membrane.



3. ELEMENTARY PROPERTIES

3.1 Aims and Introduction

The anion charurel from the sarcoball preþaration has been investigated

previously (Hals et al., L989; Hals & Palade, 7990). In the present study,

however, a modification of the original tectrriques was required to enable easy

formation of sarcoballs from skeletal muscle of the cane toad, Bufo marinus, It

was essential, therefore, to establish whether the same anion channel could be

observed tmder these conditions. This channel also needed to be distinguished

from any other anion channels that may be present from other internal

membranes, as there is the possibility that the sarcoball preparation was not

purely SR membrane. For example, the voltage-dependent anion selective

channel (VDAC) from mitochondrial outer membrane (Colombini, 1986), Ihe

sarcolemmal anion channel (Blatz & Magleby, 1983; Woll et al., 1987; Stein &

Palade, 1989) or the nuclear envelope anion channel (Tabares et a1., 1991).

Characteristics useful in identifying the sarcoball anion channel include, (i) a large

conductance of 505 pS in symmetrical 200 mM TrisCl, (ii) saturation of the channel

conductance with increasing anion concentration, (iii) a bell-shaped voltage-

dependence of the channel open probability, and (iv) a high selectivity for anions

over cations (Hals et a1., 1989). In addition, several blocking agents and protein

modifiers were utilised to identify the anion channel. The stilbenes DIDS and

SITS have been shown to have some interesting effects upon the sarcoball anion
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channel, in particular DIDS modifies the voltage dependent gating of the channel

(Hals & Palade, L990).

3.2 Methods

Prepøration

Sarcoballs were prepared from muscle fibres of Buþ marinus, as described in the

previous Chapter. Skeletal muscle fibres were mechanically skinned in either

CsF solution or in SIF. When skinned in the CsF solution, single fibres were

obtained only from bundles of fibres placed freshly in CsF solution. These

skirured fibres with sarcoballs were rinsed in nominally Ca2+ free TrisCl solution

(100 mM, pFI7.\ to remove any CsF which would cause the precipitation of the

Ca2* that was normally present in the bath solution to aid seal formation.

Sarcoball preparations were never kept longer than thirty minutes in the

recording chamber before a seal was formed for recording. All experiments were

conducted at room temperature (20-25"C).

P atch cl ømp recording technique s

Patch clamp pipettes were manufactured from borosilicate glass haematocrit

capillaries (Modulohm IS) with a taper and tip diameter determined by a two

stage process on a.vertical pipette puller (model 720; David Kopf Irrstruments).

Pipettes were coated with Sylgard (Dow Coming Corp.) and the tips then fire-

polished to give a bubble number of between 3.2 and 4.2 (Corey & Stevens , 7983).

With symmetrical 100 mM TrisCl solutions, the pipettes had tip resistances

between 10 and 25 Mf). The high resistance electrodes were used to increase the

probability of obtaining patches containing a single anion channel.

Pipettes were passed through the air-solution interface with a positive pressure

(20 cm HzO) to prevent blockage of the pipette tip, after which the pressure was

reduced. High resistance (10-80 GO) seals were able to be formed at the surface
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of the sarcoball with the application of minimal suction; normally -4 cm of HrO.

All recordings were made on excised patches in the inside-out configuration of

the patch clamp technique (Hamill et a1., 1981). This configuration was used

because (i) the sarcoball interior is of an urìknown composition, and (ii) it allowed

the inner surface of the patch to be exposed to various bath solutions. As the

orientation of the patch membrane cannot be definitively related to its native

position, all potentials are described as pipette potentials with the reference

potential on the bath side. In many cases/ the patch of membrane excised by the

pipette was still corurected to the sarcoball surface by a fine tether. These tethers

could be disrupted by running a droplet of bath solution down the outside of the

barrel of the pipette. Usually, rather than removing the patch pipette from the

sarcoball surface and then disrupting any tether that may have formed, a droplet

of solution was rtn down the pipette barrel while still attached to the sarcoball

surface to produce an excised patch.

Single channel currents were recorded using a List EPC-7 patch-clamp amplifier

(List Medical). The combined random background noise from the recording

apparatus and the detached patch was within the range of 260 to 320 fA nus, with

the channel in the closed state, at a bandwidth of 10 kHz (-3dB), Steady state

recordings were taken from the 10 kHz low pass filtered output of the EPC-7,

passed through a pulse code modulator (VR-10, Instrutech Corporation) and the

signal stored using a video cassette recorder (National VCR) for off-line analysis

at a later stage. During play-back for inspection or analysis, current signals were

filtered at lkHz (-3dB) with an eight-pole Bessel filter (AI 2040, Axon

Instruments) and collected at a sampling frequency of 5 kHz.

Single channel current-voltage (I-V) relations were routinely determined by a

voltage stepping protocol. Recordings were made using pCLAMP software

(version 5.5.1, Axon Instruments) with a LABMASTER TL-L interface to generate

voltage-step waveforms and simultaneously collect data on a microcomputer

Vz¡3
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(80286,I8M compatible). From a holding of 0 mV, six episodes of voltage steps

were applied to the patch. Each voltage step episode was 900 ms in duration and

began at +10 mV, incrementing by 10 mV each episode to reach +60 mV, returning

to the holding potential for 200 ms between episodes. Current traces were

filtered at 500 Hz (-3dB) and collected at a sampling frequency of LkHz.

Patch clamp recordings were made in a chamber within a central well of volume

150 pl, which could be flooded from an outer concentric ring of volume L ml to

effect rapid solution changes. Both the Ag/ AgCL wire of the patch electrode and

the Ag/AgCl pellet for the ground reference electrode were exposed to the same

solution (generally 100 mM TrisCl). An agar bridge of 100 mM TrisCl was used

to make the electrical connection between the Ag/ AgCl ground reference

electrode and the bath'solution. In some cases where recordings were made

continuously in solutions of a constant composition, a simple AglAgCl wire

inserted directly into the bath was used as the ground electrode. ]unction

potentials were calculated from the generalised Henderson liquid junction

potential equation, as modified by Barry and Diamond (L970), using the ]PCalc

software (P.H. Baty, School of Physiology and Pharmacology, University of New

South Wales, Sydney, Australia). All current-voltage relationships and reversal

potentials were corrected for any junction potential offsets.

Selectiaity of the chønnel

The selectivity of the ctrannel for anions against cations was determined from

reversal potential (Erev) measurements made with KCI solutions. The protocol

used was to form patches in symmetrical 100 mM KCI solutions and then

exchange the bath solution to either 30 mM KCI or 200 mM KCl. The ground

reference electrode in these experiments was electrically corurected to the bath via

L00 mM KCI and a L00 mM KCI agar bridge. Permeability ratios were calculated

using the equation:

Erev = RTÆ ln{(P.rlC1-la + P"[K+]r) /(PsÍCl-)p + P*[K+]6)] (3.1)
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where E.",, is the reversal potential, R is the gas constant, T is the temperature in

degrees Kelvin, F is Faraday's constant, P.' is the permeability to Cl-, PK is the

permeability to Kr, and the subscripts b and p indicate the concentrations in the

bath and pipette, respectively. A value of 25.4 mV for RT/F at22oC was used in

all calculations.

Solutíons

At tlre beginning of this study, recordings were made with symmetrical 200 mM

TrisCl solutions, pH 7.4, with 2mM Ca2* (as Ca MOPS; 3-morpholino-

propanesulfonic acid) added to the bath solution to aid giga-ohm seal formation.

Under these conditions, results could be directly compared with those of Hals et

aI. (1989,1990). For the major part of this study, the standard recording solutions

were symmetrical L00 mM TrisCl, pH 7.4, again with the bath containing an

additional 2 mM Ca MOPS. The free Ca2+ concentration within the pipette

solution was not controlled, and is considered nominally Ca2+-free.

Chemicøls

MOPS and anthracene-g-carboxylic acid (A-9-C) were purchased from Aldrich

Chemical Co. Tris base, 7ÃC12, DIDS and SITS were purchased from Sigma

Chemical Co. Sodium perrhenate was purchased from Koch-Light Laboratories

Ltd. Niflumic acid was kindly provided by Squibb. Meclofenamic acid and

flufenamic acid were kindly provided by Parke-Davis Co.. All other chemicals

were of analytical grade.

A 1,0 mM aqueous stock was made up for both DIDS and SITS, neutralised with

NaOH, which were protected from the light. Niflumic, meclofenamic and

flufenamic acids and A-9-C were made up as aqueous stocks neutralised with

NaOH.
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Anølysis of results

Single channel amplitudes were measured manually from currents resulting from

the voltage-step protocol and were used to produce I-V relationships, from which

the slope conductance was determined. Mean current relaxation traces were

obtained from ensemble averages of 15 trials for each episode, which were then

corrected for the seal leakage conductance and expressed in terms of the channel

open probability. The open probability, Po, was determined from the mean

ensemble current, I, using Po=I/(i.N), where N is the number of functional

channels in the patch and I is the unitary conductance. The number of functional

channels in the patch was estimated from the peak current at the beginning of the

voltage step. Lritially, this was checked against the binomial estimation from the

variance of the averaged current (data not presented). Both methods agreed very

well, and so for simplicity and ease, the peak current estimate was routinely

used.,

An estimate of the steady-state open-probability was obtained from the average

Po in the last 50 ms of each episode. These values were plotted against the

episode potential to give the voltage-dependent open-probability, (V), curve. A

Boltzmarur equation of the form

P6(V)= 1/{1+exp[(zF/RT)(V-vù]l (3.2)

could be fitted to each half of the Po(V) curve, where R, T and F have their usual

values as for Equation (3.L), V is the applied potential and I/g is the potential at

which half the channels are open (ie. Po(V) = 0.5). From this fit, an estimate of

the effective gating charge, z, can be obtained from the steepness of the curve.

Curve fitting was performed by the InPlot software (GraphPad Inc., version 4.03)

which utilises the Levenberg-Marquardt algorithm for the method of non-linear

least-squares, assessed by the chi-squared statistic. All appropriate numerical

data are given as mean + standard error of the mean (SEM).
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3.3 Results

Sarcoballs on the surface of mechanically skinned muscle fibres ranged in size

from L0 to 150 pm in diameter. Generally, the larger ones of approximately 80 to

100 pm were selected for patch clamping. Th"y present a very fluid surface when

touched by microelectrodes for patch clamp recordings and, unlike sarcolemmal

vesicles, the structure does not collapse when it is punctured by a microelectrode.

Chønnel øctiaity

A large conductance anion channel was found in 94% of all detached patches

formed in symmetrical 100 mM TrisCl. The number of channels present in a

patch ranged from L to 9 and an example of a multi-channel recording in shown

in Figure 3.1.. The activity of the channel recorded in excised patches remained

similar throughout the recording period. The lifetime of patches was as short as 5

minutes, and in very few cases as long as 1.5 hours, though typically patches

lasted 30 minutes, under constant conditions. The anion charurel exhibited a

linear I-V relationship, with a slope conductance of 558 + 22pS (n=6) in

symmetrical 200 mM TrisCl, which is similar to the conductance of 505 pS

reported by Hals et al. (L989) under the same conditions. Since patches generally

contained more than one charurel, recordings made in symmetrical200 mM TrisCl

would often overload the patchdamp amplifier. To avoid this, standard

recordings were made in symmetrical 100 mM TrisCl. Under these conditions,

the channel also exhibited a linear I-V relationship, with a slope conductance of

274 + 5 pS (n=25). An example of I-V relationships obtained in symmetrical 200

and 100 mM TrisCl are shown in Figure 3.2A. The same behaviour was observed

for sarcoball membranes prepared by mechanically skinning in SIF (data not

shown) as for those prepared by mechanically skiruring in CsF. All results

presented here are from sarcoballs formed by mechanically skinrring in CsF.

Channel activity could often be seen at a test potential of +L0 mV, immediately

after formation of a seal onto the surface of the sarcoball. Frequentl/, upon
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detaching the patch, the charnel activity would no longer be present at +10 mV.

This appeared to be associated with the presence of a tether or a small vesicle at

the pipette tip, and by switching the recording to current clamp mode, a potential

was recorded which drifted between -20 to -1L0 mV (always a negative potential).

Consistent with this, when the pipette potential was driven in voltage clamp

mode to a potential greater than +20 mY, channel activity was observed. This

was interpreted as driving the patch to an effective membrane potential near

0 mV, where charurel openings are more frequent, Shifting the pipette potential

to greater than +40 mV would often result in a large burst of activity which would

then persist after returning to 0 mV and was not inactivated by time spent at large

negative pipette potentials. In these cases/ individual single channel events could

not be distinguished, possibly because there were large numbers of active

channels in the patch. The patch also exhibited less voltage dependent

behaviour, as assessed by the fraction of channels open at the end of a 900 ms

voltage step (see section on voltage dependence). In other cases, shifting to a

potential greater than +40 mV would result in a burst of activity, closely followed

by losing the giga-ohm seal on the patch of membrane. All results presented here

are from patches where there was no obvious tether present during the recording.

Conduct ønce and selectiaity

The selectivity of the anion charurel for Cl- over K+ ions was determined from the

shift in reversal potential measured from patches initially formed in symmetrical

100 mM KCI and the bath solution then exchanged to either 30 mM KCI or to

200 mM KCI (Figure 3.28). The reversal potentials recorded for this channel were

+22.3mV (range 21.8mV to 22.7mY, n=3) for 30mM KCI and -16.9mV (range

-1.6.3 mV Io -17.3 mV, n=3) for 200 mM KCl. The potentials calculated from the

Nernst equation for Cl-, are +30.6 mV and -L7.6 mY for 30 mM and 200 mM KCI

respectively. Solving the Goldman-Hodgkin-Katz equation with the measured
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Figure 3.1 Multi-channel recording of sarcoball anion channels.
The majority of patches formed on sarcoball membrane contained more than
one channel. The current recordings shown here were from a patch where
three channels could be distinguished. The dashed lines are spaced at equal
intervals, equivalent to the rnitary current predicted from the slòpe
conductance of 280 pS. The voltage dependent nature of the channel meant
that at small potentials most of the channels were open at any one time and
very rarely were complete closures observed, where no channels were open.
This is illustrated by the recording made at +15 mv. The contribution of
substate activity from each of the channels present meant that in some parts
of the recording the current amplitude was less than that expected from the
unitary conductance. with an increase in the potenLial, the activify was
significantly reduced and open events were briefer resulting in recordings
like that shown for +20 mV. since the openings are shorter, there were
fewer channels open simultaneously, and so although three channels were
still present, only one unitary conductance level could be distinguished at
+20 mV.
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Figure 3.2 Anion channel conductance and selectivity.
A. Examples of I-V relations recorded from two separate patches, one in
symmetrical 200 mM TrisCl with a slope conductance of 599 ps, the other in
symmetrical 100 mM TrisCl with a slope conductance oÍ 284 pS. B. The
anion,/cation selectivity of the channel was determined from the shift in
reversal potential in the presence of a KCI gradient, with 100 mM KCI in the
pipette. The reversal potential is plotted here against the cl- concentration
in the bath solution. For a comparison, the Nernst potential for cl- ions at
each concentration is also plotted on the same axes.
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Menten curve fit which gave a maximum conductance of 1545 pS and an

apparent Ko-. of 385 mM. The inset shows the linear nature of the data as a

double reciprocal plot. B. For comparison, the same saturating conductance
data of the anion channel recorded here is plotted on the same axes along
with data for the VDAC recorded in planar bilayers (data taken from
Colombini, (1986), Figure 1). The mitochonclrial VDAC conductance
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reversal potentials gives an estimated P.1/P* of 7.5 for 30 mM KCI and 53 for/,

200 mM KCl. ,1
'.ti*l;"]*'

The slope conductance was determined from measurements of the I-V relation at a

range of symmetrical TrisCl concentrations: 100 mM (274x.5.2p5, n=25),200 mM

(558=22pS,n=6),500 mM (1008t16 pS, n=3) and 1.000 mM (1105+26.7 pS, n=3). A

Michaelis-Menten equation was able to be fitted to these mean values, which

saturated at L545 pS, with an apparent K* value of 385 mM (Figure 3.34). A

comparison between the concentration dependence of conductance for the

mitochondrial voltage-dependent anion channel (VDAC) and the anion channel

recorded here, is presented in Figure 3.38 to illustrate the differences between

these two channels.

Voltøge dependence

A step potential protocol was run at the beginning of each experiment to

determine both the slope conductance and the voltage dependence. In multi-

channel patches, step changes in potential from 0 mV resulted in a peak current

corresponding to the total number of active channels present in the patch, with

cha¡nels then closing in a staircase-like manner over the 900 ms duration of the

pulse (Figure 3.a). Channel closure was voltage dependent, with the staircase-

like closure becoming more pronounced for positive and negative potentials

greater than +20 mV (Figure 3.4). Sequential recordings from the same patch

were used to produce mean ensemble currents for each step potential (Figure

3.5A). Ensemble currents we.re then expressed as time-dependent open

probability plots (Figure 3.58 and C). From data such as this, voltage-dependent

open-probability, Po(V), curves were obtained (Figure 3.6). These Po(V) curves

were generally bell-shaped and centred about 0 mV in symmetrical solutions.

T}ite Pç(V decreases with larger steps in potential away from 0 mV, via a

"switching region", where there is a transition from a high Po to low Po. It was

fotrnd that patches containing many channels produced a broader Po(V) curve
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which was less voltage-dependent compared to those obtained with fewer

channels present (Figure 3.64). Although, tl'Lis was not always the case, as some

patches with only one or two channels also had a broader PoU) curve. A
Boltzmann equation was fitted to each half of the Ps(V) curves obtained from 10

individual experiments. The steepness of the Po(V) curve is indicated by the

gating charge value, z, and the width of the curve is indicated by the potential, V6,

at which half of the channels are open. At positive potentials, the z values ranged

from 1.3 lo 72.2, while the values for V9 ranged from 11.7 mV to 48.3 mV.

Similarly, at negative potentials, the z values ranged from -L.L to -10.2 and the V6

values from -10.4 mV to -43.8 mV. The Po(V) curves obtained from individual

patches were generally symmetrical, though there were some which were less

voltage-dependent on one half of the curve compared to the other. Among those

cases where this asymmetrical behaviour was observed, skew occurred toward

positive potentials as frequently as it did toward negative potentials. The data

from 1.0 individual patches is shown as the mean P o(V) curve in Figure 3.68.

Subconductance states

Numerous subconductance states (substates) were observed in the behaviour of

the anion channel. The most active of these was a small substate which was

entered from the main open state of the channel, reducing the conductance to

235 pS, approximately 85% of the main conductance level. A second prominent

substate was also observed at approximately 60% of the main conductance level.

Figure 3.7 htghlights sections of single channel traces with substate behaviour

from a representative patch. The majority of substate activity appeared to be

entered with transitions from the main open conductance level and exited with

transitions back to the same open level. Some transitions between the closed state

and substates were also observed.
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Figure 3.4 Multi-channel recordings from applied voltage steps.
Examples of current recordings made from multi-channel patches in
response to the voltage-step protocol routinely applied to membrane patches.
At the onset of the step potential, all active anions channels in the patch are
open and at small potentials remain open for most of the 900 ms voltage-
step. With an increase in the magnitude of the step potentials (both positive
and negative), the channels begin to close more frequently. At large
potentials, the channels are open at the beginning of the voltage-step and
then close in a staircase-like manner.



Figure 3.5 Ensemble curents and open-probability plots.
Current recordings were made from an excised patch in standard solutions
in response to the step-potential protocol. A. Mean ensemble currents were
obtained from 15 sequential recordings at each potential, from a patch
containing two channels. Each ensemble current was then expressed as an
open-probability ploÇ according to Po=0)/ft. N), where I is the mean current,
i is the unitary conductance, N is the number of active channels in the patch
and Po is the open probability. These are shown in B. for the positive
potential steps and in C. for the negative potential steps. At small
potentials, the open-probability remains near 0.8 to 0.9 for the entire duration
of the step potential. As the magnitude of the step potential increases, there
is a relaxation in the open-probability plots. For all relaxations, the initial
level of open-probability is similar, although slightly less for larger
potentials, indicating a similar level of activation while at the holding
potential immediately before the onset of the voltage step.
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Figure 3.7 Numerous subconductance states of the anion channel.
Numerous subconductance states were observed in the channel recordings.
Here, examples are shown of transitions to 5 different subconductance levels,
indicated by the dashed lines, belween the fully open (O) and fully closed (C)
levels. The dashed lines were drawn by eye and approximate the levels at
which substate events could be discemed in each individual panel.



Elementary properties 49

Mo ilifíers of channel b ehaoìour

a) Stilbene derioatia es

Figure 3.84 shows currents recorded before, during and after a multi-channel

Patch was exPosed to L mM DIDS in 100 mM TrisCl. Upon exchanging to the

DIDS solutiory the open events were shorter, less frequent and often had a

flickering appearance. There was also a significant decrease in the channel

conductance (Figure 3.8B), with the mean conductances from 3 individual

experiments decreasing from 253x,l2pS (range 232 to 273 pS) to a conductance of

92.7 xlTpS (range 64 to na p). The voltage dependence of the open probability

was shifted such that the bell-shaped curve was centred over -40 mV (Figure 3.9)

and the maximal Po was reduced to only 0.37. While the flickering behaviour

was reversible upon washing out the DIDS, the changes in the voltage-dependent

oPen probability and slope conductance (85.8t17 pS; range 56 to l1a pS) were not

reversible (n=3 out of 3), even washing with three complete exchanges of the bath

volume.

Figure 3.10A shows currents recorded from a different multi-channel patch

before, during and after the application of L mM SITS in i.00 mM TrisCl. A
flicker block of the channel open events was observed immediately upon

exchanging to SITS. There was a decrease in the slope conductance from

265+15 pS (range 236 to 286 pS) to 745¡22 pS (range t07 to 183 pS) and there were

fewer charmels open at all potentials. Unlike the effect of DIDS, the slope

conductance of the channel recovered (n=3 out of 3), to 25t¡23 pS (range 208 to

283 pS) upon removal of SITS from the bath. Figure 3.108 shows an example of

the effects upon conductance. In only 2 out of the 3 patches did the open-

probability of the channels fully recover.

D Negatiae results

Several agents known to block the sarcolemmal anion channel or other types of

large conductance anion channels from other membranes were tried on the
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sarcoball anion channel here. The aromatic acids, A-9-C (2,25 mM, n=3), and

niflumate (n=3), flufenamate (n=4) and meclofenamate (n=3), each at 50 pM, had

no effect upon the slope conductance or voltage dependence of the anion channel.

Cationic zinc (as T.rtCIr;5 mM, n=4) and anionic perrhenate (as NaReOn; L0 mM,

n=3) also had no effect upon the channel.

The free Ca2+ concentration in the bath solution was varied between nominally

Ca2+ free, up to 2 mM and no change in the anion channel conductance or gating

was observed. The presence of 2 mM Ca2+ in the pipette solution also had no

effect.

Application of a specific antibody to the mitochondrial VDAC (a gift from Dr V.

DePinto) at a dilution of 'J.:200 (the same dilution used in immunogold labelling

studies; see Chapter 6) in 1.00 mM TrisCl had no observable affect upon the anion

channel activity (n=3).

3.4 Discussion

The large conductance voltage-dependent anion channel, described here, exhibits

characteristics which indicate that it is a similar anion channel to that previously

recorded by Hals et al. (1989, t990). The presence of tethers or small vesicles at

the tip of patch electrodes has not been previously reported with respect to

sarcoballs. The large burst of activity that occurred upon applying large positive

pipette potentials to silent patches is not thought to be due to induction of

dormant charurels. Rather, the evidence suggests that in these cases, it is due to a

vesicle at the tip of the pipette and that one of the membranes of the vesicle breaks

down at the high pipette potential, so that either channel activity appears or the

giga-ohm seal is broken. Comparison with other reports of charurel induction

supports these ideas. For example, induction of anion channels is observed in the

surface membrane of single, enzymatically isolated frog toe muscles (Woll et a1.,

L98n and of cultured rat myotubes (Blatz & Magleby, 1983). In these



Figure 3.8 Irreversible modification of conductance by DIDS.
Application of lmM DIDS to the bath surface of sarcoball patches had
irreversible effects upon the conductance and voltage dependent behaviour
of the anion channel. A. Examples of current recordings from a patch
containing two channels, before, during and after the application of DIDS, in
response to a t30 mV step protocol. Open events were less frequent and
shorter in the presence of DIDS. As shown by the I-V relations in B, the
conductance was substantially reduced, from 274p5 to 64 pS
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Figure 3.9 DIDS shifts the channel open probability.
The voltage-dependent open-probability of the anion channel was
irreversibly modified by the application of 1 mM DIDS. The example shown
here has a broad Po(V) curve in the control situation, which was often the
case for multi-channel patches. In the presence of 1mM DIDS the Po(y)
curve was shifted to the left (more negative potentials) and the maximum Po
wâs considerably reduced from a control value of 0.92, to a value of 0.37.
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Figure 3.10 Reversible reduction of conductance by SITS.
Immediately upon the application of 1mM SITS to the bath surface of a
sarcoball membrane patch, flicker block behaviour of the anion channel was
obsenred, which was reversible upon removal of SITS from the bath.
A. Examples of current recordings from a patch containing two channelg
before, during and after the application of SITS, in response to a +30 mV step
protocol. The reversible effects upon the drannel conductance are shown by
the I-V relations in B. The single channel conductance is reduced to 148 pS
in the presence of SITS and retums to the control conductance of 274p5
upon wash-out from the bath.
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preparations, induction occurs upon depolarising the surface to

+50 mV for the cultured. myotubes and >+20 mV for the toe -.rr.t.r. The length

of time required for induction varied from seconds to minutes. The phenomenon

was found to be reversible by holding the patch at hyperpolarising potentials

more negative than -70 mV. The burst of activity observed here was not

reversible by hyperpolarising, which argues against induction occurring in this

case.

C onduct ance ønd selectiaìty

The charurel conductance was found to be higher at all anion concentrations

compared to Hals et al. (1989). Whereas Hals et al. (1989) found the conductance

to saturate at concentrations greater than 500 mM TrisCl, reaching an estimated

maximum conductance of 617 pS with a K.r, value of 77 mM, here the conductance

continued to increase, reaching an estimated maximum conductance of 1545 pS

and a K- value of 385 mM. A saturable conductance is thought to be due to

movement of ions through the channel pore occurring in a single file manner,

with possibly either a single or multiple binding sites (Hille, 1984). The

movement of an ion through a charurel pore can be considered in terms of an

energy profile, with the binding sites represented as energy wells separated by

energy barriers whidr must be overcome for permeation. The depth of the

energy wells is reflected in the K- value and the magnitude of the largest energy

barrier is reflected in the maximum conductance value (Labarca et al., L980; Hille,

1984). Thus, the behaviour of the anion channel recorded here suggests that the

pore has shallower energy wells and smaller energy barriers, allowing the anions

to permeate the pore more rapidly, and safurate at larger concentrations in

comparison to the anion charurel recorded by Hals et al. (1989). These differences

might be due to species differences between the frog, Røna cøtesbeiønø, and the

cane toad, Bufo marinus. AlternativeLy, if the channel is regulated in some

maru-rer in the SR, it may represent differences in the pore properties that are
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dependent upon the regulated state of the anion channel, which might be

different in these two studies.

The values obtained for the Po/PKpermeability ratio are consistent with an anion

selective channel. The reduced selectivity ratio with 30 mM KCI in the bath and

1,00 mM KCI in the pipette might reflect a concentration dependence of the

permeability ratio. Sodium channels from the squid axon exhibit a concentration

dependence of permeability ratios urder biionic conditions at low ion

concentrations (Begenisich & Cahalan, 1980). Irr the present case, the reduced

permeability ratio seen with 30 mM KCI in the bath may either be due to K+

blocking the exit site of the channel pore or to K+ actually permeating the channel

pore in the opposite direction to Cl-. In terms of pore theory, K+ may bind to a

site in a pore but face a very large energy barrier which may not be able to be

traversed. It may also indicate a mechanism of anion permeation in conjunction

with a cation in a similar marìner to that proposed by Franciolini and Nonrter

0.98n for an anion channel in hippocampal neurones.

Voltøge Dependence

The open probability of the anion channel recorded here exhibits a steep voltage

dependence with a high Po near unity centred around 0 mV and decreasing for

both positive and negative potentials. This same bell-shaped voltage-dependence

was observed in sarcoball anion channels by Hals et al. (1989) and is a distinctive

characteristic of many other high conductance anion channels recorded in other

tissues (Schein et a1., 1976;Blatz & Magleby, 1983; Schneider et al., 1985; Schlichter

et al., L990; Groschner & Kukovetz, 1992). An estimate of the effective gating

charge was obtained by using the Boltzmann equation to fit either the positive or

negative shoulder of the bell-shaped curve. Assuming that the gating charge, z,

moves across the entire width of the membrane, the charge is 1.4 at positive

potentials and -1.8 at negative potentials, from the Ps(V) curve of the pooled data

(average of 3.5 + 0.85 channels per patch, n=10). Individual experiments had



Elementary properties 53

values as large as L2.2 where only two or tfuee channels were present in the patch.

The values from the pooled data are smaller than the gating charge oÍ 72

estimated by Hals et al. (1989) and correspond with the broader P6(V) curve

observed here with multiple channels in the patch. These values from the pooled

data are small even in comparison to other anion channels or other voltage

dependent channels; for example 6 for the Na+ charurel and 4.9 for the K+ channel

from squid axon (Hodgkin and Huxley, L952), 4.3 for the high conductance

sarcolemmal anion channel (Woll et a1., ß8n.

Some of these differences may be accounted for by the different method utilised

here to obtain the Po(V) curve. Hals et al. (1989) estimated the open probability

from steady state recordings of channel activity, while in the present study the

open probabilify was estimated from the mean ensemble current at the end of a

900 ms voltage step. It is possible that in patches containing many channels, a

steady state level may not have been reached by the end of the 900 ms voltage

step. This would result in an over-estimation of the Po and a broadening of the

Po(V) bell-shaped curve. Nonetheless, since the estimates of Po are all taken at

the same point in time following the onset of the applied voltage-step, a measure

of the voltage-dependent behaviour for the channel is still obtained.

Alternatively, the decreased steepness of the voltage-dependent behaviour

observed iri'patches containing many channels may represent a real co-operative

effect producing an increase in activity. Unitary conductance steps were,

however, difficult to determine in these patches, being masked by overlapping

channel events and the numerous subconductance states. Thus, although it

seemed that perhaps the channels were operating cooperatively, a check for

independence of the channel behaviour, by determining if the number of open

channels was binomially distributed, was not attempted because of the difficulty

in discriminating the r¡rtitary conductance steps.
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Alternatively, the variability of the P o(V) behaviour may be due to the regulated

state of the anion channel in the patch membrane. The VDAC from

mitochondrial outer membrane generally has a broad bell-shaped voltage-

dependence, which becomes much steeper in the presence of a highly conserved

soluble protein (Holden & Colombini, 1.988; Liu & Colombini, L991). It is

possible that the sarcoball anion channel is regulated in a similar manner, and that

in some patches the regulator protein is either not present or only attached to

some of the channels. It might be expected, however, that the voltage-dependent

behaviour of the sarcoball anion channel would change during the lifetime of the

patch, if the regulator protein diffused from the charurel, but no change was

observed.

Substøtes

Large conductance anion channels often exhibit many subconductance levels, in a

similar way to the channel investigated here. In mouse alveolar cells, Krouse et

al. (1986) describe the behaviour in terms of six "co-channels" each of 65 pS which

act in concert. Geletyuk andKazachenko (1985) report 1.6 equal 12 pS steps in the

conductance of single anion channels from molluscan neurones. Other authors

also report frequent substates for large conductance anion channels, without a

specific commitment to the number of co-channels or equally spaced sub-

conductance levels (Schwarze & Kolb, L984; Tanifuji et a1., L987; Velasco et al.,

L989; Tabares et aL., 1991). Hals et al. (1989) note numerous substates in their

recordings of the sarcoball anion channel and give details of a substate which is

approximately 50% of the main conductance level (S1) which gates mainly from

the open state, and a smaller substate (S2) which gates from both the open and

closed states. The two substates described here are comparable to the 51 and 52

substates, although I am less confident about the smaller substate gating from the

open level being the same one which gates from the closed level, because of the

large number of substates observed.
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Stilbene deriaatiaes

Both DIDS and SITS have two negatively charged sulphonate groups, which are

independent of the isothiocyano reactive groups. As protein modifying agents,

the isothiocyano groups react with positively charged amino groups (i.e. those of

arginine and lysine residues). Th"y are also able to have "flicker block" effects,

due to the negatively charged sulphonate groups. The term "flicker block"

describes the very rapid binding and unbinding of a charged molecule to a

channel. As the molecule transiently binds, the channel is blocked, preventing

the conduction of ions. This gives a very characteristic flickery appearance of

open events and if the rate at which the molecule binds and unbinds is much

faster than the recording bandwidth, then the channel conductance may also

appear to be decreased. The decrease in conductance observed with SITS was

reversible and is therefore likely to be due to a flicker block, whereas DIDS had an

irreversible effect upon conductance suggesting covalent modification. These

results were consistent with the findings of Hals et al. (1990) except where they

fotmd the action of DIDS upon conductance was reversible in two out of tluee

wash-out attempts.

As previously noted (Hals & Palade, 1990), the I-V relationship of the anion

channel remains linear in the presence of DIDS. Since DIDS was only applied

from the bath side of the membrane/ it might be expected that only exposed

positive charges on this side of the membrane would be neutralised by covalent

modification with DIDS. Thus, any positive charges around the mouth of the

channel which normally would atfract a high local concentration of anions would

be neutralised and reduce the current flow from this side of the membrane. This

would result in a non-linear I-V curve. An alternative explanation is therefore

required to account for the linear I-V curve observed. The most likely

explanation is that the covalent modification by DIDS has occurred at a site which

directly impedes the passage of ions through the channel. It has been suggested

that the site could be an amino group within the narrow region of the charurel
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pore (Hals & Palade, 1990). It is also possible that DIDS is exerting its effect

remotely. It might be binding to an accessible region of the charurel which has

conformational consequences that change the pore environment and thus

conductance.

The shift in voltage dependence of the open probability which persisted even after

extensive wash-out of DIDS indicates a covalent modification by DIDS of an

amino group involved in the voltage dependent behaviour of the channel. Shifts

in voltage dependence were also seen by Hals et al, (1990) with covalent

modification by DIDS and also with asymmetric replacement of Cl- ions with a

less permeant anion. It is not clear at this stage, however, if these two effects are

linked in some way or are separate effects.

Both DIDS and SITS are of limited use to investigate the in situ role this anion

charurel may play in the intact SR, since DIDS and SITS will modify any amino

groups exposed on any SR protein. So, although they have been used in the past

to block anion permeability in isolated vesicles, the success of the block can not be

attributed with certainty to an action upon the anion channel. Indeed,

comparison of the limited block observed here on the anion channel may not be

sufficient to account for the almost complete inhibition of anion permeability in

SR vesicles (Campbell & Maclennan, 1980; Kasai, l98L; Kasai & Taguchi, 1981).

The usefulness of these stilbenes is limited to studies at the single charurel level,

where they have assisted in determiti^g the nature of amino acid residues

involved with the voltage gating and conductance behaviour of the anion channel

(Hals & Palade, 1,990).

Other anion chønnels which mightbe present

As the sarcolemma is mechanically removed from the muscle fibre during the

preparation of sarcoballs, it seems unlikely that the anion channel observed here

is from the sarcolemma/ though there are some similarities to the anion channel
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described in cultured rat myotubes (Blatz & Magleby, 1983). The biophysical

behaviour of the sarcoball anion charrnel is clearly different, however, from the

sarcolemmal anion channels recorded from enzymatically isolated frog toe

muscles (Woll et al., L987). Although both of these charurels have a bell-shaped

voltage-dependence, the anion charurels from the frog toe muscle have a very

asymmetric voltage-dependence, quite unlike what is seen here, and the

selectivity for anions over cations is much smaller (Pcl/PN" = 3.5).

The negative results obtained with the different blocking agents applied to the

sarcoball anion charurel provide supporting evidence that this channel is not from

the sarcolemma. Application of 2.25 mM A-9-C (the same concentration used

here) induced a low Cl--conductance myotonia in the sartorius muscle fuom Bufo

marinus (Bretag. et a1., 1980), consistent with the sarcolemmal Cl- conductance

blocking action of A-9-C in mammalian muscle (Palade & Barchi, 1977),

Perrhenate has also been shown to be a specific blocker of amphibian sarcolemmal

Cl- conductance (Sperelakis, \969), and at 1.0 mM approximately 70"/' of the

conductance is blocked. Zinc (0.5 mM) has been shown to reduce the

sarcolemmal Cl- conductance from amphibian toe muscle Io 32"/" of control, as

measured by 36ç1 radio-isotope efflux (Hutter & Warner,1967), SimíIarIy,7-rt2+

(5-10 mM) blocks the voltage-dependent anion channel recorded from

sarcolemmal spheres (Stein & Palade, 1989).

The VDAC from mitochondrial outer membrane is another anion channel which

might be present in sarcoballs. As mentioned in Chapter L, it has previously been

argued that the sarcoball anion channel is not VDAC on the basis of their

biophysical differences (Hals et al., \989). The results presented here concur with

this argument, though there is always the possibility that the behaviour of VDAC

is different in the sarcoball preparation. This is further discussed in Chapter 7.

Anion channels from T-tubules might also be present in sarcoballs, however, there

is very little information about these channels. The information that is available
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comes from rabbit skeletal muscle microsomes, enriched for dihydropyridine

binding sites, and incorporated into planar bilayers (Coronado & Affolter, 1986;

Hamilton el aL, 1989). The anion channel is not commonly seen, and has a

conductance of 30 pS (100 mM CI- on the cls side, 50 mM Cl- on the trans side),

which is smaller than that found here (Hamilton et aL, 1989). It seems unlikely

that the sarcoball anion channel is from T-tubules.

Niflumic acid is a potent and irreversible blocker of anion transport (band 3

protein) in red blood cells (Cousin & Motais, 1979) and also blocks the anion

charurel found in the nuclear envelope (Tabares et a1., 1,991), As the nuclei in

muscle fibres are peripheral, mechanically removing the sarcolemma presumably

exposes the nuclear envelope at the surface of the fibre where the sarcoballs form.

The anion channel from sarcoballs was not blocked by niflumic acid (or various

derivatives) indicating that it is not the nuclear envelope anion channel. It is also

unlikely to be the nuclear envelope channel because the sarcoball anion channel

appears far too frequently in patches for the small contribution nuclear membrane

is expected to make to the sarcoball structure in relation to the total internal

membranes.

Overall, it seems most likely that the sarcoball anion charurel originates from the

SR membrane. The presence of SR membrane in sarcoballs is demonstrated in

Chapter 6.

Other SR anion channels

The majority of studies on anion channels from the SR membrane have used

vesicles incorporated into artificial bilayers (Miller, 1978; Smith et al., 1986a) or

liposomes (Hals et a1., 1989). Generally, these channels are of a smaller

conductance than that observed in the sarcoball preparation, and are much less

voltage dependent. There have been two reports of anion channels from rabbit

skeletal muscle SR vesicles; a 200 pS (100 mM choline Cl) channel (Tanifuji et al.,
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I98n and a smaller 70 pS (125 mM choline Cl) charurel (Rousseau et al., 1988),

both of which were weakly voltage-dependent and had conductances that

saturated with increasing anion concentrations.

In comparison, two quite different anion channels have been observed in

mammalian cardiac SR vesicles inserted into bilayers. A small conductance

(55 pS in 260 mM Cl-) anion channel has been recorded in canine SR vesicles

(Rousseau, 1989). This channel displayed a steep bell-shaped voltage-

dependence, being maximally oPen (Po = 0.8) at arotmd -L0 mV and closing to a

Po= 0.2 at +60 mV. Such a steep voltage-dependence has not be reported for any

other SR anion channel recorded in bilayers. The charurel activity was insensitive

to changes in free lCa2*), free [Mg2*] and ATP concentrations. In contrast, an

anion channel recorded from porcine SR vesicles was regulated by cAMP-

dependent phosphorylation (Kawano et al., L992). This 116 pS (500 mM C1-)

channel was voltage-independent and normally inactivated soon after

incorporation into bilayers. The inclusion of MgATP (2-5 mM) could prevent the

inactivation of channels and previously inactivated channels could be reactivated

by addition of the catalytic subtnit of protein kinase A.

It is difficult to say whether these anion channels are the same as recorded here

from sarcoballs, because bilayer and liposome studies have the inherent problem

of inserting the channels into an artificial lipid environment which may well alter

the chanrtel behaviour. It has been shown that the conductance of the SR K+

charurel is affected by the lipid environment (Bell & Miller, 1984) as are the single

channel kinetics of the Ca2* channel from rat skeletal muscle T-tubules

(Coronado,1987).

There is also the possibility that the channel is regulated in some manner, perhaps

by phosphorylation as occurs for the cardiac SR anion channel (Kawano et al.,

L992), which is altered between the different preparations. Alternatively, the

channel behaviour may be modulated by a soluble factor which is lost when SR
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membranes are isolated. Such a soluble protein modulator has been described

for the voltage-dependent anion-selective channel (VDAC) from mitochondrial

outer membrane (Holden & Colombini, L988; Liu & Colombini, 1991). In the

presence of the soluble protein modulator, the bell-shaped voltage-dependence of

the VDAC becomes much steeper.

Conclusìons

A high conductance anion channel was able to be recorded here from sarcoball

membrane prepared from semitendinosus fibres of the cane toad, Bufo marinus,

which were mechanically skinned in a CsF solution. The conductance, selectivity

and voltage dependent behaviour of this anion charurel is very similar to the

anion charurel recorded in sarcoballs from the frog, Rana catesbeiana (Hals et al.,

L989). The channels also share a shift in the voltage-dependent open-probability

produced by covalent modification of the channel protein with the stilbene DIDS

(Hals & Palade, 1990). It is concluded that the anion channels recorded here are

essentially the same as those previously recorded in frog sarcoballs.



4. KINETIC ANALYSIS

4.L Aims and Introduction

Analysis of macroscopic membrane currents in the early L970's has laid the

foundations for the more recent kinetic interpretation of ionic currents obtained

using the patch clamp technique. Early work made use of membrane currents

induced by the application of drugs or transmitters to determine something of the

r:nderlying mechanism which produces the membrane current. Katz and Miledi

(L970) demonstrated that potentials from the motor endplate were comprised of a

large number of discrete changes in conductance. This was accomplished by

analysing the increase in membrane noise that occu¡s during a maintained

depolarisation due to steady application of ACh to the motor endplate. The

variance of this increase in membrane noise is an estimate of the number of

discrete units contributing to the potential and consequently the unit amplitude

could also be estimated. Anderson and Stevens (1973) made further advances in

describing the gating kinetics of the ACh receptor by applying non-stationary

fluctuation analysis to the relaxation of the motor endplate potential. This non-

stationary analysis established that a model with two states, one open and one

closed, adequately describes both the relaxation of the endplate potential and the

conductance fluctuations during steady application of ACh. Thus, the idea that

ion charurels exhibit discrete changes in conductance as they open and close in a

stochastic manner was proposed, not long before the first single channel

recordings were made by Neher and Sakmarct (L976).
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Relaxation analysis has also contributed to the proposals of single channel kinetic

schemes underlying macroscopic membrane currents (Colquhoun & Hawkes,

L977; Schwarze & Kolb, L984; Maconochie & Ifuight,1992). The analysis is based

upon the idea that application of a perturbation to the equilibrium condition of a

population of charnels results in a current relaxation as the population shifts to a

new equilibrium. It has been mostly used in relation to receptor operated

channels but is also applicable where the channel exhibits voltage dependent

behaviour (Schwarze & Kolb, 1984). In this case, the perturbation is effected by

the application of voltage steps, which can be rapidly and accurately controlled

with voltage-clamp techniques. The time course of the current relaxation

observed will depend upon the rate constants and the kinetic path taken by the

channel population as it shifts to the new equilibrium. Eigen and De Maeyer

(1963) (cited in Maconochie & Knight, 1gg2) established the basis for exponential

relaxations, dependent upon chemical reaction schemes linked by first order

kinetics. ColquJroun and Hawkes (L977) developed these ideas and provided a

basis by which current relaxations could be accounted fot by ion charurel

behaviour described in terms of chemical reaction schemes. Th"y showed that

current relaxations are expected to be described as the sum of a number of

exponential terms, which is one less than the total number of states that describe

the chanrtel gating mechanism. In practice, the relaxation will be dominated by

the rate limiting step and faster components may be missed due to the resolution

of the data acquisition process.

The common thread which links the kinetic analysis of macroscopic and single

channel currents is the assumption that single channels undergo transitions

between kinetic states in a stochastic manner and can be described as a Markov

process (Colquhoun & Hawkes,1981,1982). Other models have been proposed

to describe ion channel activity, such as the fractal (Liebovitch et aI., L987) and

diffusion (Millhauser et al., 1988) models, however comparison with experimental
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data suggests that Markov models provide a better description (Sansom et al.,

1e8e).

As a Markov process, it is assumed that the charurel gating kinetics can be

described as a continuous process with a finite number of states. Not all of these

states, however, will be able to be distinguished by visual inspection of the

current recordings. Clearly, an open and a closed conductance can be

distinguished, but more than one state may be contributing to the open or closed

condition and so are classified as aggregates. The inferential problem of gating

kinetics is to deduce from the behaviour of the aggregates the structure and

perhaps the transition rates of the underlying Markov process. This information

is extracted from recordings of single ion-charurels by analysis of the open or

closed dwell-time distributions. Colquhor.rn and Hawkes (1981) have established

a theoretical basis for the interpretation of these distributions. It is shown that the

distributions of dwell times have the form of a sum of exponentials, and that the

number of exponential terms is a lower bound on the number of states in the

corresponding aggregate, It is also shown how the exponential time constants are

determined by the kinetic rate constants leading away from each of the states in

the aggregate. To work backwards and determine the kinetic rate constants from

the exponential time constants is not always possible for a system with more than

two states, although some aspects of the stnrcture can be deduced.

The anion channel recorded from the sarcoball preparation exhibits a striking bell-

shaped voltage-dependence. By using both non-stationary and steady state data

recording techniques, different aspects of the channel gating behaviour can be

investigated. The aim of this study was to use the information from non-

stationary and steady-state analysis to derive a model of a possible kinetic scheme

which describes the bell-shaped voltage-dependence of the sarcoball anion

channel. The model is not an end in itself but a beginrring. By casting the
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information in the simplified form of a model, further testable predictions of the

channel behaviour may be made.

4.2 Theoretical framework

Markoa pÍocesses

The way in which the kinetic behaviour of an ion channel is described needs to

have measurable quantities or characteristics which can also be obtained from

experimental ion-charurel data. Colquhoun and Hawkes (L977, L98L) have

described the kinetic behaviour of ion channels in terms of a stationary Markov

process in a continuous time domain with a finite state space. This has proven to

be a very successful approach, as the theory predicts exponential distributions of

both open and closed durations like those obtained from analysis of single ion-

channel data. Further, it provides a theoretical basis for extracting the number of

kinetically distinct states from the exponential distribution of open and closed

times. This is best illustrated by beginning with a simple two state model,

consisting of an open or conducting state and a closed or non-conducting state.

From this two state model, a direct relation can be made between the open and

closed states, and the simple, rectangular current steps of single channel

behaviour. The way in which these two states are linked is equivalent to a

reversible chemical reaction. As such, there are rate constants that describe the

movement from the closed to the open state (p) and from the open state to the

closed state (cr). This can be represented in the following kinetic scheme.

(4.1)

These rate constants are appropriate when considered in relation to the collective

behaviour of many channels shifting from one state to the other, but single

channels are observed to open and close in a random manner. This random

behaviour of a single channel means that the rate constant leading away from a

oc



Kinetic analysis 65

state is better considered as a measure of the probability of leaving that state in

unit time. It is not a true probability, as it has dimensions of sec-l and is able to

take values greater than unity. The probability of leaving, sãf r the open state

after some time, Âú, is approximately given by:

Prob(open channel closes after Âú) = cr.Àf (4.2)

The distribution of the probabilities for every open duration, Lt, ís the probability

density ftmction (p.d.f.) of the open state. T?ris can be more precisely defined as a

differential equation. úr general, the p.d.f. of some state, S, is determined by the

probability of leaving that state within a time interval Lt, af.ter residing in that

state for some period of time ú. This function is given by:

f (t) = ffilfto6(Duration 
in S is between f and t+ Lt) / Lt] (4.3)

(4.4)

This differential equation is able to be evaluated in terms of the rate constant

leading away from the state. For the simple two state model shown here, the

p.d.f. for the open state is:

f(Ð=oexp(-oú)

where cr is the rate constant leading away from the open state. A similar

expression describes the p.d.f. of the closed state in terms of the rate constant p.

Thus, the open and closed durations are each described by a p.d.f. with a single

exponential, reflecting the single rate constant that leads away from the open state

or the closed state. The relationship between the predicted p.d.f. and a frequency

distribution of open or closed durations obtained from experimental data is

simply one of scaling. By definition, the area tmder the p.d.f. curve is unity,

Therefore, the frequency of a particular duration, expressed as a fraction of a

sufficiently large number of all durations, provides an estimate of the probability

density. A more complete description of this derivation for the two state model is

given in Cotquhoun and Hawkes (1983).
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For the more general case, where there might be more than two kinetic states, the

theory still holds true. The observable non-conducting, closed events, for

example, might be due to an aggregate of several non-conducting, kinetically-

distinct states, and the number of exponential terms which describes the

frequency distribution is a lower bound to the number of states. This is also true

for an aggregate of several kinetically distinct open states all of the same

conductance. A more complete description for the general case can be found in

Colquhoun and Hawkes (1981).

Connectìoity of kinetic schemes

The Markov process implies that the future behaviour of the channel from any

specified state in the reaction mechanism at any time ú, is independent of what

happened before time f. This means that the lifetimes spent in each state are

independent of each other and so are uncorrelated. It has been shown, however,

that correlations can occur in experimental records because it is not always

possible to distinguish between all the individual kinetic states of the reaction

mechanism just from visual inspection of the open- and closed-aggregate

behaviour. Fredkin et al. (L985) have determined the conditions which produce

correlations in the sequence of successive durations of open or closed aggregates

for ion channel reaction schemes which are Markov processes. Correlations are

possible only when there are at least two indistinguishable closed states and at

least two indistinguishable open states. Whether correlations do occur will

depend upon the kinetic paths that connect the open and closed states in the

reaction mechanism. SpecificaIly, correlations appear upon the condition that

there are at least two distinct kinetic paths which enter/exit the closed aggregate

and the open aggregate (Fredkin et a1., 1985). An alternative way of describing

this condition is the connectivity of the reaction mechanism (Colquhoun, L987;

Colquhoun & Hawkes, L987). The connectivity is the number of states which

would need to be deleted from the mechanism to separate all open states totally
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from all closed states. Correlations will be seen for reaction mechanisms with a

connectivity of greater than one. So, for the examples of kinetic schemes shown

in Figure 4.1, although each has three closed states and two open states, only those

schemes with more than one kinetic path connecting the open and closed states

(schemes II and IV) will exhibit correlations. The nature of connections between

the open states or between the closed states is irrelevant.

The autocorrelation function (a.c.f.) of open or closed durations provides

information about the connectivity of the underlying process. The

autocorrelation function, as the name suggests, compares each element in a series

of successive durations with those durations which follow it in the same series.

The lag describes the separation between the durations in the series being

compared. Fof any aggregate of indistinguishable states, let the sequence of

durations spent in that aggregate be T1, T2, Ts,...T¡. It is assumed that this is a

stationary sequence, which means the underlying stochastic process that

generated this sequence exhibits no systematic change in mean duration or

variance over the time interval described by T1, T2, T3,...T,. This assumption is

entirely reasonable for steady state recordings of ion channel behaviour, in which

the stochastic process is at equilibrium. This sequence of successive durations has

an autocovariance, G(k), function which may be estimated from:

t n-k
c(k) =,,_EIII, -Tltr¡ + r -Tl (4.s)

where k is lag of the covariance function, and:

T=1Sr,nfi (4.6)

which is the mean dwell time for the dwell time sequence, f.or i = L,2,...,n. The

magnitude of the autocovariance function, G(k), has coefficients which are
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dependent upon the units of measurement and so the magnitude of G(k) is

dependent upon the units of measurement. By taking the a.c.f., which is

estimated from:

r(k) = c(k)/c(O) Ø.n

the coefficients are normalised, for easier interpretation, with respect to the

autocovariance at Iag k=0, which is G(0) (equivalent to the variance of the

sequence). Thus, r(k) gives a values between -L and 1. Short-term correlation is

exhibited by initially large values of r(k) which successively decrease and tend

toward zeÍo as the lag, k, becomes large.

Fredkin et al. (1985) have developed theory which shows that the correlation can

be described as the sum of a number of geometrically decaying components. The

number of these components is E-1., where E is a lower bound for the corurectivity

between the open and ólosed aggregates. An alternative proof of this is shown by

Colquhoun and Hawkes (1987). Explicitly, there exist u¿ and o¿, 0 < ol < L such

that:

r(k) = Ï,r,.oJot fork + 0 (4.8)
i=7

where r(k) is the a.c.f. of the aggregated dwell time sequence/ expressed as the

sum of E-L geometrically decaying components. Each o¡ (i=1,2,...E-1) in Equation

4.8 arc the eigenvalues, which are neithet zero nor one, of a transition matrix

which describes those transitions which enter the aggregate of interest. It is a

result of Fredkin et al. (1985) that there are at most E-1 such eigenvalues. The

values of u¿ (i=I,2,...8-L) are associated with the component of the spectral

decomposition of the transition matrix for each eigenvalue o¿. Further details of

the expressions for t; are given elsewhere (Fredkin et a1., 1985; Colquhoun &

Hawkes, L987; Ball & Sansom, 1988).
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FIGURE 4.1 Connectivity of kinetic schemes.
Each of the above kinetic schemes have three closed states (C) and two open
states (O). Adjacent states are linked by reversible transitions. The
connections which occur between open states or between closed states are
irrelevant to the form of any correlations which may be produced by the
scheme. Only the number of connections between the open and closed
states matters. Correlations are found in the open or closed durations when
the connectivity is greater than one. Schemes I and III have a connectivity of
one and so will not show any correlations. Schemes II and IV have a

connectivity of fwo and so will exhibit correlations in the open and closed
durations.
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4.3 Methods

Pr ep ør øt io n and s o luti o n s

Sarcoballs were prepared for patch<lamping as detailed previously.

recordings were made from detached patches, under symmetrical

conditions; solutions containing 100 mM TrisCl,pF{7.40.

All

ionic

Steødy state analysis

Current recordings for steady state analysis were performed as described in

Chapter 3, except that recordings were filtered at 5 kHz (-3dB) and digitised at a

sampling frequency of L0 kHz (interval of 0.1ms:L dt), Any recording which

contained double openings consistent with the presence of two or more channels

was rejected. Recordings of between 120 and 180 seconds at each potential were

typically used for data analysis.

Analysis of the single-channel behaviour was performed using EVPROC software

developed by Dr D.R. Laver (Muscle Research Group, John Curtin School of

Medical Researcþ Australian National University, Canberra). The principle by

which this software analyses the data is described briefly in Laver (1992) and is

based upon the technique developed by Vivaudou et at. (1986). From the raw,

digitised data, an events list is obtained which is a series of step-wise current

transitions that adequately represents the behaviour of the channel, without the

interfering background noise. To obtain the events list, the raw data are first

passed through a nonlinear digital filter routine which preserves the rapid

channel transitions while reducing the noise in regions of constant amplitude

(Chung & Kennedy,I99l). The data are then reduced to a number of small steps

which maintain an approximately constant current level. Each transition between

these levels is then assessed in comparison to a threshold current to determine if

the transition is significant above the background noise. The threshold current is
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a function of the root mean square of the baseline current, I*rr, and is weighted

by the duration of the transition, as described in the following equation:

Threshold =
3.Invs.Sample frequency

(4.e)
.Æ.Nyquist frequency

where ø is the number of data points (equivalent to the duration) which make up

the current level, This algorithm sets the criteria by which abrupt changes in

current, which are of sufficient duration, are considered real charurel transitions

and not noise. Thus, the current levels are accumulated to form an event until a

transition of sufficient amplitude and corresponding duration is encountered,

which ends that event and begins the next. The duration and average amplitude

of each event is stored in the events list.

Once these events lists have been generated, duration or amplitude frequency

histograms can be extracted for any type of event. Of great value is the ability to

extract information on events which faII within a narrow amplitude

discrimination window, by placing either pre- or post-event conditions upon the

inclusion of the event in the histogram.

The dead time and the minimum duration for which the amplitude was faithfully

detected, was determined empirically from square pulses of varying width,

filtered at Sk}Iz (-3dB), sampled at l,0kHz and then analysed with EVPROC.

This is shown in Figure 4.2. The dead time is estimated to be 0.25 ms, from

extrapolating the curve of measured durations to the ordinate axis. The

amplitude was detected as being >90"/. of the original amplitude for durations

greater than or equal to 0.3 ms (equivalent to 3 dt's).

a) D ur øtion fr e qu ency distributions

The distributions of durations spent in the fully open or closed states were

obtained by placing amplitude discrimination windows over the fully open level
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and the baseline, respectively. An open event was defined as a transition which

entered the open state discrimination window, remaining there for at least 3

sampling intervals (3 dt's), until the duration of the event was terminated by a

transition to within the baseline discrimination window. Closed events were

similarly defined, occurring within the baseline discrimination window for at

least 3 dt's and the event duration was terminated by a transition to within the

open state discrimination window. This approach allowed separation of open

and closed durations from dwell times in substates. The open- and closed-

duration frequency distributions were fitted with multi-exponential curves to

obtain a lower bound for the number of kinetically distinct open and closed states

in the underlying kinetic scheme.

The preponderance of substates, and particularly one near 60% of the single

channel conductance, makes the application of a 50% threshold detection protocol

inappropriate for the present analysis: numerous transitions are seen to cross the

50% threshold which are apparently transitions between substates and not

between the fully open and closed states.

Corrections for the omission of closed or open durations were not made to the

duration frequency distributions, however, a lower bound to the number of

kinetic states can still be interpreted from the distributions. Event omission does

distort the p.d.f.'s of open and closed durations, but spurious additional

components are not expected to be introduced as a result (Roux & Sauvé, L985;

Blatz & Magleby,L986).

b) Auto corr elation analy sis

The a.c.f. was estimated according to Equation 4.7. The properties of this

estimator are such that r(k) is generally biased, arising from the fact that

successive values of G(k) may be highly correlated. By taking the partial

autocorrelation function (p.a.c.f.), the excessive correlation between successive
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values of G(k) are taken into account, as described by Box and Jenkins (7976).

Calculations of the autocorrelation functions and partial autocorrelation functions

were performed using Minitab statistical software package (Minitab Inc.) on a

VAX 1I/785 runrring VMS.

Non-trivial correlations of aggregate dwell time series data were assessed by

comparison to the variation expected from white noise. \¡Vhite noise is a time

series of independent events which are identically distributed. For a series of n

events, the a.c.f. estimate of white noise is approximately normally distributed

about a mean of zero with variance 1./n, and so r(k) = 0 for k+0 (Cox & Lewis,

1966). The a.c.f. and p.a.c.f . oÍ a dwell time series of n events were considered

significant if the functions were greater than plus or minus twice the approximate

standard error (+2/',1Ò expected from a white noise series with the same number

of events.

The a.c.f.'s, obtained from the open- and the closed-aggregate dwell times were

fitted with the sum of geometrically decaying components of the form shown in

Equation 4.8. From these fits, it was possible to obtain an estimate of the number

of pathways connecting the open and closed aggregates.

The interpretation of a.c.f.'s to obtain a lower bound to the connectivity of the

underlying kinetic scheme has been shown not to be influenced by time interval

omission (Ball & Sansom, 1988). For large omitted time intervals, the magnitude

of the correlation is reduced but additional components are not artefactually

produced. The conveise was also fotmd to be true, that is, zero-correlations are

an indication of the underlying process having no connectivity and not an artefact

of time interval omission (Ball & Sansom, 1988). It is important to realise

however, that fitting of a.c.f.'s does not suggest a unique kinetic scheme. Many

different stochastic processes may have the same a.c.f.
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Non- st øtìon nry øn øly si s

Various voltage step protocols were applied to multi-channel patches and the

current response was recorded using the pCLAMP software, as described in

Chapter 3. Data were stored as individual current traces and ensemble averages

were produced from a number of sequential current recordings from the same

patch. Except for the ramps protocol, the mean current ensembles were

expressed in terms of the channel open probabilitf ,Ps, as described in Chapter 3.

a) Protocol for relaxation kinetics

Ensemble current relaxations were obtained using the voltage-step protocol

described in Chapter 3. Fifteen current traces were averaged for each voltage

step and expressed as a time-dependent Po relaxation which was then fitted with

an exponential iurve.

b) Protocol for reactiaation kinetics

The protocol for the reactivation kinetics was devised as a test of independence

between the reaction pathways at positive and negative potentials. In this case

the membrane patch was held at a potential where the channel was closed for the

majority of the time and then stepped to potentials where there is an increased

probability of finding the channel in the open state. Thus, from a holding

potential of +30 mV, a test-voltage step was made to +15 mV for 220 ms before

returning to the holding potential. In this case, the magnitude of the applied

electric field was changed but not the sign of the field. This was followed by a

220 ms voltage step to -L5 mV, such that both the magnitude and the sign of the

applied field altered. Similar reasoning follows for recordings made from a

holding potential of -30 mV for voltage steps to tL5 mV. Other recordings were

made from a holding potential of -50 mV, stepping to +50 mV for 220 ms before

returning to the holding potential. In each case, a period of 4 seconds between

each individual recording was allowed for the channel activity to return to the

steady-state level at the holding potential. In these protocols the data were
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filtered at L kHz (-3dB) and collected at a sample frequency of 2k}{z. Ensemble

averaged currents were produced from 24 sequential recordings in each patch

studied.

c) Rømps protocol

Voltage ramp protocols were applied to membrane patches, beginrring at a

holding potential of -60 mV, continuing through to +60 mV in 900 ms, pausing for

200 ms and then returning to -60 mV in 900 ms. A period of 4 seconds was

allowed between each individual recording for the channel open probability to

reach a steady-state level at the holding potential of -60 mV. For this protocol, the

data were filtered at TkFIz (-3dB) and collected at a sample frequency of 2kF{z.

Ensemble averages were produced from L8 sequential recordings in each patch

studied.

Curue fitting

Curve fitting was executed using the Levenberg-Marquardt algorithm for the

method of least-squares assessed by the chi-squared statistic. The fitting routines

used were a part of the pSTAT and CLAMPFIT programs of pCLAMP (Axon

Instruments) data analysis software for multi-exponentials and the InPlot

software (GraphPad Inc.) for other non-liner curves. An F test was used to

determine if a more complex curve fitted the data significantly better than a

simpler curve, with a significance level of p=9.91.

4.4 Results

Steady støte kinetic ønølysis

The nature of the channel behaviour meant that meaningful steady state

recordings could only be made over a limited range of potentials. At small

potentials, closures were infrequent and the recording times required to obtain a

sufficient number of events were often beyond the limited life time of the patch.
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This similarly applies for larger potentials where there are infrequent openings.

The most useful recordings were obtained at potentials which correspond to the

steepest part of the voltage dependent Po(V) curve. Different patches exhibited

variations in the steepness of the P o(V) curve, as discussed in Chapter 3 (see

Figure 3.6A), and to be cautious, data from recordings at the same potential in

different patches were not grouped together. Steady-state recordings were made

from four patches where only single channel activity was observed. The results

from a single patch are presented here to illustrate the behaviour of the channel.

a) T rønsition histories

The presence of munerous substates, as seen here with the anion channel, can

complicate the interpretation of charurel kinetics, depending upon the frequency

with which the substates occur and the position of the substates within the kinetic

scheme. To assess the contribution of the substates to the underlying kinetic

scheme, transition histories were compiled by placing a condition on the type of

event which is identified immediately before the events of interest.

For each of the transition histories (Figures 4.3, 4.4 and 4.5), the distribution of all

events longer than L ms (10 dú's) compiled from the same events lists is included at

each recording potential as a comparison, and they show peaks consistent with

the open and closed state amplitudes. The peak associated with the open

amplitude, has a shoulder which tails off towards the closed amplitude. This

distribution is associated with the presence of numerous substates which tend to

merge together: There is, however, a small peak in the shoulder distribution that

is associated with a predominant substate of an amplitude which is approximately

60% of the fully open state.

At each potential, open events are followed mainly by other events within the

open amplitude discrimination window (Figure 4.3). Transitions also occur to

substate levels, with a slight peak apparent in the frequency at an amplitude
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associated with the 60% substate. The frequency of transitions to substates

decreases the further they are away from the open state. The frequency increases

again at amplitudes associated with transitions directly to closed events and

substate events near the closed events.

Closed events are most frequently followed by transitions directly to the open

amplitude, with some transitions to nearby substates (Figure 4.4).

Substate events at approximately 60% of the open state amplitude are followed by

transitions to all levels, though there is greater frequency for transitions to open

events (Figure 4.5). There is a spread of transitions to nearby substates, which

tend to tail off towards the closed amplitude. Transitions to closed events were

least frequent.

The results from these transition histories influenced the way in which the

remainder of the steady-state data was analysed. The behaviour of the channel

was approximated as transitions directly between the fully open and fully closed

states, with sojourns to the 60% substate occurring only from the open state. This

represents the most frequent transitions observed. Transitions from the open

state to the closed state via the 60% substate (and other substates) and transitions

from the closed state to the open state via substates occur much less frequently,

and so for simplicity are not included in this kinetic treatment.

b) D uration fr equency distributions

From visual inspection, the anion charurel exhibited a shift from activity

dominated by long openings at small potentials, towards activity dominated by

long closures at large potentials. To estimate the number of kinetically distinct

states responsible for this behaviour, frequency distributions of the open and

closed durations were fitted with exponential curves.



FIGURE 4.3 Transitions following open events
The frequenry distribution of events longer than 0.5 ms which follow an
open event (O) are represented by the circles. Data was obtained from
steady-state recordings made at the potentials indicated. The bar at the top
of the distribution indicates the amplitude discrimination window used to
define an open event. As a comparison, the frequenry distribution of all
events longer than 1 ms is also displayed (squares). At both +10 mV and
+20 mV there is a similar frequenry of transitions to substates (S) as to the
closed state (C). At -20 mV, most transitions are to substates and few are to
the closed state. The frequenry of transitions to the closed state increases at
-30 mV.
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FIGURE 4.4 Transitions following closed events
Frequenry distribution of events longer than 0,5 ms which follow a closed
event (C) are represented by circles. Data was obtained from steady-state
recordings made at the potentials indicated. The amplitude discrimination
window used to define a closed event is indicated by the bar. As in Figure
4.3, the frequency distribution of all events longer than 1. ms is also displayed
(squares). Transitions were most frequent to the open state, except at
-20 mV where transitions to substates (S) were more frequent. Transitions to
substates tended to be to those substates nearer to the closed state eg. at
+20 mV and -20 mV.
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FIGURE 4.5 Transitions following a substate event
Frequency distribution of events longer than 0.5 ms which follow a substate
event (S) are represented by circles. Data was obtained from steady-state
recordings made at the potentials indicated. The bar indicates the
amplitude discrimination window used to define a substate. Again, the
frequenry distribution of all events longer than 1ms is also displayed
(squares). At all potentials, transitions to open events (O) were most
frequent. Transitions also occurred to other substate levels of greater or
lesser amplitude, with the frequency decreasing towards the closed state (C).
At all potentials, the transitions to dosed states were least frequent.
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The event detection criteria were set to collect the distribution of open times that

occur between trarsitions to the closed state. Transitions from the open state to

substates occur during these events, however the time spent in the substates is not

included in the durations. The reasoning for this is presented in the Discussion.

I¡Vhen plotted at a binwidth of L0 ms, the open duration distributions are

described by a short time constant of the order of milliseconds and a second,

longer tinie constant of the order tens of milliseconds, which was voltage

dependent (Figure 4.6). At +10 mV, the longer time constant was 102.43 ms

which is observed to shortento72.72 ms at +20 mV. Similarly, aI -20 mV the time

constant of 82.95 ms shortened to 27.96 ms for data recorded at -30 mV. The short

time constants, which ranged from 4.28 to 7.44 ms, were less than the binwidth

and so the data were replotted at a smaller binwidth of 0.1 ms (Figure 4.n. This

revealed a third time constant between 0.2 and 0.84 ms, and a time constant of a

similar order as the short one found when plotted at a binwidth of 10 ms. These

results indicate that there are at least tfuee kinetically distinguishable states in the

open aggregate.

The event detection criteria for closed times was set to collect the distribution of

closed times that occur between transitions to the fully open state. These closed

duration distributions, like the open distributions, appear to have three

exponential components, although there are inadequate numbers of the longest

events for satisfactory statistical analysis. Visual inspection of channel data

qualitatively suggests that the longest closed durations might be voltage-

dependent, becoming longer at larger potentials. These longer closed times are

possibly those included in the tail of long closures in the distributions.

Compiling the closed dwell time data at a wider binwidth did not assist in

determining the long time constant, because of the low frequency of events.

From the few long events in the tail, estimates of the mean duration were obtained

by taking the arithmetic mean of the events. These estimates ranged from 722 ms

lo 70 ms at the four recording potentials. Excluding the longest events, the
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remaining data were described by the sum of two exponentials (Figure 4.8). The

shorter time constants ranged from 0.39 ms to L.97 ms and the longer time

constants ranged from 2.53 ms to 11.51. ms. No consistent voltage dependence of

the closed time distributions is apparent over the range of potentials studied.

c) Aut ocorr eløtion functions

To obtain an estimate of the connectivity between the suggested three open states

and three closed states, autocorrelation analysis was performed on the series of all

open and closed durations. A significant autocorrelation was found for both the

open and the closed durations, at each of the recording potentials (Figure 4.9). In

each case, the a.c.f. decayed and tended towards zeto as the lag increased. The

p.a.c.f.'s were also calculated for the open and closed durations (Figure 4.10) and

in each case, the p.a.c.f. decayed to within the 95% confidence limits at much

shorter lags than for the a.c.f.'s. A number of peaks appeared in the a.c.f. of the

closed durations at potentials of +20, +1.0 and -20 mV (shown in Figurc 4.9).

These peaks occurred only at short lags and decreased in amplitude with the

p.a.c.f. The significant autocorrelation for both the open and closed durations

directly implies that the kinetic scheme is branched or cyclic, with a connectivity

greater than L.

The a.c.f.'s were fitted as the sum of geometrically decaying components to obtain

an estimate of the number of entry /exit states communicating between the open

and closed aggregates. The a.c.f. of the open durations was described by two

geometrically decaying components, while the a.c.f. of the closed durations was

described by a single component. Table L summarises all of the fitted parameters

to each of the a.c.f.'s. From these data it is proposed that there are th¡ee

entry/exit states that connect the open and closed aggregates (see Discussion).

Together with the requirement for three open and th¡ee closed states, there are

only six possible schemes that satisfy these constraints, and these are shown in

Figure 4.1.1.



FIGURE 4.6 Frequency distribudons of long open times
Log-log plot of the distribution of open times recorded at different steady-
state potentials, displayed with a binwidth of 10 ms. The observed data is
described by the sum of two exponentials. The continuous line indicates the
line of best fït. A voltage dependence is evidenÇ with the second time
constant becoming shorter as the magnitude of the potential becomes larger.
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FIGURE 4.7 Frequency distributions of short open times
Loglog plot of the distribution of open times recorded at different steady-
state potentials, displayed with a binwidth of 0.1ms. The observed data
reveals a shorter time constant between ().2 and 0.84 ms, which is not seen
when the data is displayed with a binwidth of 10 ms. Over the range
plotted, the data is described by the sum of two exponentials and the
continuous line indicates the line of best fit. Events longer than 40 ms are
not included in these plots, nor were they included in the fit. The number of
events longer than 40 ms is indicated in each case to the right of the vertical
dotted line.
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FIGURE 4.8 Frequency distributions of closed times
Log-log plot of the distribution of closed times recorded at different steady-
state potentials. The observed data is described by the sum of two
exponentials and the continuous line indicates the line of best fit. A
lengthening of the time constants is observed at -30 mV. At each potential,
there were several observations at longer times which were not included in
the fit, but are displayed here. They are the data to the right of the vertical
dotted line in each case and the number of these events is indicated. An
estimate for these longer closed times was obtained from the arithmetic
mean of the events, which ranged between 70 and 722 ms. There were too
few events to obtain a meaningful interpretation of these estimates.



104

103

102

101

+2O mV

T1 0,54 ms
T2 2.53 ms

20 events
est, 438 ms

oo
âtñtFn. 

^âã 
â 

^^100

104

103

a
E ro2

t{

L 101

o
o-\-/ loo

o
cc, ro3)u
E ro2
L

101

+1O mV

T1 O.53
12 2.78

ms

ms

o
olo.
^-â-

13 events
est, 206 ms
o
ô ,a atrt 

^

-2O mV

T1 O,39 ms

T2 3.48 ms

10 events
esl, 722 ns

ãâ

-3O mV

T1 1.97 ms

T2 11,51 ms

7 events
est. 70 ms

o
o

o

-oæ o

100

lo4

103

102

101

100

Closed Time (ms)

-¡
10



^=4794

Closed Durations Open Durations

20 mV

10 mV

-2O mV

-30 mV

r(k)

r(k)

r(k)

r(k)

r(k)

.(k)

r(k)

r(k )

FIGURE 4.9 Autocorrelations of open and closed durations
Estimated autocorrelalion functions, r(k), calculated for the series of closed
and open durations from steady-state recordings made at the potentials
indicated. In each case the dashed lines indicate the 95% confidence limits
for the variance expected for white noise alone, estimated from the number
of durations in each series (n). Autocorrelations which occur outside of
these limits are considered significant.
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TABLE 4.1.

AUTOCORRELATION FTINCTIONS
FOR THE OPEN AND CLOSED AGGREGATES

Vp State E-"1. i
(mV)

D¡ tSE 6¡ tSE

+20 O

+10

-20

-30

1

2
1

1

2
1

1

2
1

1

2

1

2

1

C

o

C

o

c

o

C

2

1

2

1

2

1

0,1431
0.0602
0.4280

0.0735
0.0602
0.2287

0.3040
0.0662
0.4159

0.1260
0.0454
0.1690

0.0097
0.0025
0.0112

0.0094
0.0032
0.0450

0.0496
0.0077
0.0318

0.0275
0.0050
0.0427

0.8209
0.9948
0.9805

0.8378
0.9947
0.9312

0.5755
0.9824
0.9327

0.5657
0.971.4

0.6779

0.0772
0.0005
0.0009

0.0322
0.0007
0.0231

0.0645
0.0033
0.0082

0,0895

0.0036
0.0814

The a.c,f.'s are described by the sum of E-1 geometrically decaying
components, where E is the number of entry/exit states which communicate
between the open (O) and closed (C) aggregates, according to the equation:

E_l

r(fr) = I
i=1

Ð for fr+0o¡t

where k is the lag of the a.c.f. The estimated parameter values rSE are listed
for the various recording potentials.
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N on- st øtíonøry kinetic øn aly s¡s

To distinguish between the six possible schemes proposed above, non-stationary

kinetic analysis was used. It provided an approach to find out more about the

relationship of adjacent kinetic states and the symmetrical behaviour of the

charurel.

a) Relaxation kinetics

Mean ensemble currents obtained from a voltage-step protocol were expressed as

time-dependent open-probability plots, and the Po(V) curve was routinely

determined, as previously described in Chapter 3. An example of the Po

relaxations obtained from mean ensemble currents is shown in Figure 4.72A for

positive voltage steps and Figure 4.t28 for negative voltage steps. With small

voltage steps in the range +20 mV, the degree of relaxation observed was small

and the ensemble currents remained at much the same level over the length of the

voltage step. This indicated that a high open probability was maintained in the

pseudo-steady state at these small potentials. The almost linear nature of these

relaxations meant exponential curves were unable to be fitted to these data

meaningfully. At potentials greater than +20 mV, Po relaxations reached a new

pseudo-steady-state level over the 900 ms period and were well described by

single exponential curves. It was observed that the mean time constants of the

exponential fits became progressively shorter with an increase in the magnitude

of the voltage step applied to the patch (Figure 4.12D). This was true for both

positive and negative potentials. In some cases/ at the +50 and +60 mV potential

steps, the relaxations were better described by the sum of two exponential terms,

in which case the fast time constants were examined because th.y were

consistently present, The slower time constants showed no consistent change

with potential and were regarded as being less reliable (data not shown).
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b) Reactiuation kinetics

So far, the voltage-step protocols applied to patches has been from a holding

potential of 0 mV, where the anion channel is almost always open. By holding at

a potential where the channel is mostly closed, the reactivation kinetics of the

channel were investigated with voltage steps towards 0 mV.

For each patch, a Po(V) curve was determined before the reactivation protocol

was applied. Isolated patches were then held at potentials of either +30 mV or

-30 mV, where there is a low Po for the channel. On applying voltage steps to

+15 and -15 mV, the Po was observed to increase, and reach a pseudo-steady-

state. On returning to the holding potential, the Po would relax towards the

initial low Po value. An example of this type of recording is shown in Figure

4.138.

The time course of the change in Po as the channel reaches a new equilibrium was

quite variable between each patch for both steps to potentials of the same sign as

the holding potential (that is for both +15 mV from a holding potential of +30 mV

and -15 mV from -30 mV) and for those of the opposite sign (that is for both

-L5 mV from +30 mV and +1.5 mV from -30 mV). In some cases the time course

was quite slow, reaching a steady-state in an exponential-like manner after

approximately L00 ms, while in other cases there was an initial rapid increase in

the first 10 ms followed by much slower component to reach the final steady-state.

Despite these differences in the time course, a similar level of Po was attained at

the end of both the +L5 mV and -1.5 mV steps for an individual ensemble (Figure

413A and B). This was true of individual experiments from a holding potential

of either +30 mV or -30 mV and is consistent with the symmetrical Po(V) curve.

A comparison of the pseudo-steady state Po at the end of the 220 ms voltage step

(Po observed) is presented inTable 4.2. In all cases/ the open probability level

attained at the end of the voltage step was less than that expected from the PoU)

curve determined by voltage steps from a holding potential of 0 mV (Table 4.2, Po



FIGLJRE 4.12 Non-stationary analysis of current relaxations
Multi<hannel patches were stepped to a range of positive (A) and negative
(B) potentials for 900 ms, from a holding potential of 0 mV. The mean
ensemble currents are expressed here as time-dependent open-probabilities,
as previously described in Figure 3.5. C. The Po(V) curve obtained from the
time-dependent open-probabilities shown in A and B. Each half of the curve
was fitted with a Boltzmann equation as described for Figure 3.6. The
gating drarge values, z, weÍe -7.2x.1.3 and 12.2¡2.3, while the V, values were
-10.3t0.7 mV and 1.5.2t0.4 mV, for negative and positive potentials
respectively. D.Each time-dependent open-probability relaxation was
generally described by a single exponential for potentials of magnitude
20 mV and larger. Shown here are the average time constants obtained from
a number of experiments using the same protocol (n=7 to l7). The time
constants became shorter as the magnitude of the test potential increased.
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FIGURE 4.13 Reactivation from low open-probability condition
Ensemble averaged non-stationary behaviour of multi-channel patches in
response to applied potential steps of t15 mV from a holding potential of
-30 mV. A. The ensemble averaged currents were expressed as time-
dependent open-probabilities. When stepping to -15 mV, the averaged
behaviour shifted to a new pseudo-steady-state with a Po of 0.45 by the end
of the220 ms step. When stepping to +15 mV, a similar pseudo-steady-state
was reached, however the shift was much more rapid. On returning to the
holding potential, a peak increase in the Po was seen following the +15 mV
step but not the -15 mV step. B. The Po(V) curve (open cirdes) was obtained
for the patch before applying the voltage step protocol. The initial Po at the
holding potential and the pseudo-steady-state Po reached at the end of the
220 ms voltage step are plotted as filled circles. The initial magnitude of the
Po following the retum to the holding potential is shown as an open square
for the -15 mV step and a filled square for the +15 mV step.
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+15 mV -15 mV

Holding
Potential

Po
(obs.)

Po
(e^p.)

L,Po Po

(obs.)
Po

(e^p.)
L,Po

+30 mV 0.62
¡0.17

0.76
t0.06

-0.r4
+0.26

0.38
t0,19

0,61
+0.10

-0.23

¡0.72

-30 mV 0.58
+0.09

0.85
t0.08

-0.27
¡0.22

0.50
t0.09

0.60
+0.09

-0.10
t0.10

TABLE 4.2

PSEUDO-STEADY.STATE OPEN PROBABILITIES

Pseudo-steady-state values of the open probability obtained from current
relaxations in response to voltage steps from 0 mV (Po expected) are
compared to those obtained from voltage steps originating at +30 mV and
stepping towards 0 mV (Po observed), the difference being APo. Values are
mean + SEM for n=6.

TABLE 4.3

PEAK OPEN PROBABILITY ON RETURNING TO HOLDING
POTENTIAL

Analysis of peak current on retum to the holding potential of +30 mV,
following a test potential step to t15 mV. The non-stationary open
probabilities (Peak Po) are compared to the pseudo-steady-state open
probability (Po) at the holding potential, the difference being ÂPo, Values
are mean t SEM for n=6.

+15 mV -15 mV

Holding
Potential

Po Peak Po APo Peak Po APo

+30 mV 0.34
t0.10

0.52
t0.14

0.18
t0.09

0.60
t0.13

0.2()

t0.09

-30 mV 0.22
t0.08

0.65
t0.11

0.43
¡0.I2

0.38
t0.06

0.17
t0.06
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expectedi see example in Figure 4.138). The difference between the expected

Po(V) values and the observed PoU) values, LPo, at thó end of both the +15 and

-15 mV steps were calculated and then compared. No significant difference was

found between the APo values at +15 mV and -15 mV for either a holding

potential of +30 mV (p>0.05, two tailed t-test) or a holding potential of -30 mV

(p>0.05, two tailed t-test).

On returning from the test potential to the holding potential, the relaxations

exhibited an initial peak increase in the charurel activity, for those steps which

involved a change in the sign of the applied electric field (see example in Figure

4,13A, and group data summarised in Table 4,3). In comparison, those cases

where no change in the sign of the electric field occurred, the Po was not

significantly greater than that attained at the end of the test voltage step. This

was quantified as the LPo at the onset of the relaxation, above the Po expected at

the holding potential. In both cases, they relaxed in a similar manner toward the

pseudo-steady state Po level expected at the holding potential. Thus, for steps

returning from -15 mV to +30 mV the APo was 0.26 + 0.09 above the pseudo-

steady state level expected at the holding potential, and this was significantly

greater than the ÀPo of 0.18 + 0.09 observed for steps from +15 mV to +30 mV

(p<0.05, two tailed t-test). Similarly, for steps returning from +1.5 mV to -30 mV,

the ÂPo was.0.43 + 0.t2 and is significantly greater than the ÂPo of 0.I7 + 0.06 for

steps returning from -L5 mV to -30 mV (p<0.05, two tailed t-test).

The peak increase h Po on returning to -30 mV from +15 mV or to +30 mV from

-15 mV, suggests a voltage-dependent transition from closed state to an open

state. The relaxation which follows is the shift in equilibrium towards a new

closed state at the holding potential. Interpretation of this data suggests that the

open states form a link between the closed states that have voltage dependent

occupancies.
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To test specifically for independent closed states, voltage steps were made from a

holding potential of -50 mV (where channels have a open probability of 0.2 or
less) to +50 mV and then returning to -50 mV. Figure 4.1.4 shows an example of
the mean ensemble current expressed in terms of the channel po. upon
application of this step change in potential, the Po increased rapidly, such that
nearly all channels were opened initially reaching a peak of poof approximately
0'8' The increase was transient and the ensemble current was observed to relax
during the maintained test potential. The relaxation reaches a pseudo-steady-

state with a Po of 0.3, before returning to the holding potential of -50 mV. Here
again, almost all the channels are initially opened upon returning to -50 mV, as

indicated by a peak Po of 0.9. This process must be very rapid as there is no

distinguishable delay in the onset of the opening of channels. Over time, the po

relaxes until it reaches a new pseudo-steady-state at the holding potential. The

rapid increase and subsequent relaxation in Po upon applying the test potential of
+50 mv from the holding potential of -50 mv is qualitatively similar to a

relaxation from a holding potential of 0 mV, for the same test potential.

By itself, this might suggest that the closed state occupied at negative potentials is

different from that occupied at positive potentials and that they gate

independently and in parallel; opening from one of these states at positive
potentials and from the other at negative potentials. Certainly the first part of
this statement holds, but the results, where potentials are refurning from +1S mV
to -30 mV (or -15 mV to +30 mV), have only a small transient increase in po before

relaxing, which is less than the peak of po=O9 expected from independent gates.

Instead, it suggests that either (i) the closed states are linked and that the
proportion of chan¡rels that transit through closed states as against the proportion
that transit through oPen states before reaching the new closed state is voltage
dependent, or (ii) the closed states are linked by the open states only, and that the

transient increase in Po is determined by both the voltage dependent rates of
entering the open states and entering the new closed state.



0

0

P o
0

0

100 2

Time (rns)

FIGURE 4.14 Rapid opening with a change in the sign of the applied
potential.
Ensemble current relaxations expressed as a time-dependent open-
probability after stepping from a holding potential of -50 mV to a test
p.otential of +50 mV for 220 ms and then refuming to the holding potential.
At the onset of the test potential there is a rapid and large increase in the Po

which relaxes over the period of the test step in a manner similar to that
observed for steps to +50 mV from 0 mV. On returning to -50 mV, a rapid
increase in the Po is again observed which also relaxes. This is an indication
that the closed state occupied at negative potentials is not necessarily the
same as that occupied at positive potentials.
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A ramping protocol from a holding potential of -60 mV through to +60 mV in
900 ms, pausing for 200 ms and then returning to -60 mV was applied to
multi-channel patches. The arrows indicate the direction of the applied
ramp. The ensemble current is the average of 18 successive trials. Two
channels were present in this example and the linear portions of the
ensemble current near zero correspond to a slope conductance of 560 pS,
equivalent to fwo channels of unit conductance 280 pS.
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The ensemble average current obtained from a ramp experiment recorded in an

isolated Patch is presented in Figure 4.L5. When the potential was being ramped

from the holding potential of -60 mV towards zero, the conductance (the slope of
the mean current-voltage trace) did not increase until about -20 mV, and this is
described here as the point where the channels began to "turn-on',. Over the

range of -10 to +20 mV, the slope conductance was 560 pS, indicative of two anion

channels present in the patch, each with a conductance of 2S0 pS. Continuing the

ramp from zero towards +60 mV, channel "turnoff" was not until about +20 mV

where the conductance (slope) began to decrease. The amplitude of the current at

potentials beyond this "turnoff" region was larger than expected from the voltage

dependent PoU) curve, estimated from the pseudo-steady-state. This is likely to
be due to the ramP rate of 0.L3 mV/ms being faster than the movement of the

channel equilibrium towards the closed states. As the potential paused at

+60 mV the current continued to relax over this period. On the return ramp, the

channel began to "turn-on" at about +20 mV and was ftrlty open at +10 mV. On

reaching -15 mV, the conductance declined, indicating the point at which the

channels started to "tuln-off". At the rate this ramp was applied, the rate of the

"turn off" kinetics aPPeared to be much slower, with a delay in the reduction of
the conductance, compared to the rate of "tutn on" kinetics. In the example

shown, the cu¡rent did not relax to the same degree during the ramp at positive

potentials compared to the current at negative potentials. As discussed in
Chapter 3, some channels showed no such asymmetrical behaviour and others

were asymmetric in the opposite direction, so that overall, there is insufficient

evidence to suggest that this is a real asymmetry in the behaviou¡ of the charmel.

A possíble model

Of the six possible schemes proposed in Figure 4.1'1,, three of these, schemes I, IV
and VI, are likely candidates to describe the behaviour of the sarcoball anion



84 Chapter four

channel. All three are symmetrical, which is a characteristic that is thought to be

important in producing the symmetrical voltage-dependence of the channel.

Only scheme VI has each of the open states linked and each of the closed states

linked, as is suggested from the non-stationary analysis. Schemes I and IV,

however, were not discotmted entirely and they were also investigated for their

ability to predict a bell-shaped Ps(V) curve, The shape of the PoU) curve was

determined by calculating the Po for potentials between -60 mV and +60 mV.

This was done for several different arrangements of rate constants within each of

the three kinetic schemes. The kinetic schemes are shown in Figure 4,'1,6 to

illustrate the convention used to label each of the rate constants and states.

Transitions between the open and closed states are by either voltage-independent

rate constants or voltage-dependent rate constants. The voltage dependent rate

constants are described by the following equation:

cr, = cro exp(z VF/RT ) (4.10)

where, in this case, o is a voltage-dependent rate constant, V is the membrane

potential, the coefficient co is the value of the rate constant when V is 0 mV, z is

the gating charge, F is Faraday's constant, R is the Gas constant and T is

temperature in degrees Kelvin. The gating charge, z, will determine the

steepness of the voltage-dependence and the coefficient ao will influence the

equilibrium Po at 0 mV. The rate constants used in each case were first-guesses

obtained by visually fitting predicted p.d.f.'s (generated by the Q matrix method

of Colquhotm and Hawkes (1981)) to the open and closed duration frequency

distributions.

From these rate constants, the equilibrium probabilities of each state were

calculated to generate the predicted Po(V) curve. For example, for scheme VI the

equilibrium probabilities, pn(*), can be evaluated, using the conventions shown in

Figure 4.1.6, fuom the following set of equations.
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FIGURE 4.16 Three possible kinetic schemes
These are the three kinetic schemes, out of the possible six initially
presented in Figure 4.11, which are symnetrical and might describe the
behaviour of the sarcoball anion channel. For each of schemes I, [V and VI,
the labelling convention of the rate constants between each of the states is
shown. Each of these rates could possibly be either voltage-dependent or
voltage-independent.
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(4.11)

where

pr(-) + pz(-) + pg(-) + p¿(-) + ps(-) + pu(-) = 1 (4.12)

The open-probabilif of the channel is therefore the sum of the equilibrium

probabilities for each of the open states:

Po = p¿(-) + pu(.") + po(-) (4.13)

Further details as to how the equilibrium probabilities were calculated and how

the P o(V) curves were produced is presented in the Appendix.

The task was to determine where the voltage-dependent rate constants needed to

be placed in order to predict a bell-shaped Po(V curve. If the voltage-dependent

rate constants were to be placed only between the open states (On to Os, Os to Ou)

or between the closed states (C, to C2, C2 to Cr), voltage-dependent gating

between the open and closed aggregates would not be possible. Therefore, the

first choice was to place voltage-dependent rate constants between the open and

closed states ie. C, to 06, C, to Os, C3 to On. All remaining rate constants were

made voltage-independent.

Since scheme VI is a cyclic kinetic scheme, there is an additional restriction to the

nature of the rate constants, which is the necessity to maintain the condition of

microreversibility (Colquhoun & Hawkes, 1,983). This means that the product of

the rate constants in one direction arotmd a closed loop within the kinetic scheme

(say, clockwise) must be the same as the product of the rate constants in the other

direction around the same loop (anti-clockwise). For example, it is not possible to

have an increasing voltage-dependent rate constant going in one direction

without another increasing rate constant going in the opposite direction,

somewhere in the loop. To achieve this in scheme VI, either (i) ua = Êe, cro = Þo

and cr, = þ2, or (ii) ø. = 0s = p, and oa = oz = Fo.
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For each of schemes I, IV and VI, when the rate constants between the open and

closed states were voltage-dependent, the Po(V) curve predicted was sigmoidal in

shape. As an example, the rate constants and their arrangement is shown for

scheme VI in Figwe 4.I7. The results for all th¡ee schemes were qualitatively

similar to those shown in Figure 4.18, which were generated from scheme VI.

To obtain a bell-shaped Po(V) curve, the placement of the voltage-dependent rate

constants needed to be changed. For scheme I the only alternative placement of

the voltage-dependent rates is between C, to C, and C, to C3, though there must

still be some voltage-dependent rates between the open and closed states.

Therefore, voltage-dependent rates were retained between C, to Ou and C, to On.

Using these placements and the rate constants summarised in Figure 4.I9, abell-

shaped Po(V) cruve was predicted.

A similar situation applies to scheme IV. When voltage-dependent rate constants

were placed between O, to O, and Ou to 06, however, an inverted bell-shaped

PoU) curve being maximally open at large potentials either side of 0 mV and

closed at 0 mV was predicted. A much simpler arrangement, where the voltage-

dependent rate constants were placed only between C, to Ou and C, to On, as

summarised in Figure 4.20, was able to predict the required bell-shaped Po(V)

curve

Where the voltage-dependent rates were placed in scheme VI was influenced by

the results from schemes I and IV, and the restrictions of maintaining

microreversibility. The arrangement of the voltage-dependent rate constants as

in scheme IV violates the condition of microreversibility in scheme VI, and so this

option was discarded. An arrangement like that for scheme I is in keeping with

the restriction of microreversibility, and using the rate constants summarised in

Figure 4.2L, a bell-shaped Po(V) curve was predicted. The bell-shaped Po(V)

curves predicted by schemes I, IV and VI were qualitatively similar and behaved
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FIGURE 4.17 Conhgu¡ation of scheme VI which predicts a sigmoidal curve
Using the rate constants shown here, a sigmoidal Po(V) curve was predicted by
scheme VI and microreversibility was maintained. ln this case, voltage-
dependent rate constants were required between the open and closed states (C1

and 05, C2 and 05, C3 and Oa).
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FIGURE 4.18 Predicted siguroid al Po(V) curves
With the voltage-dependent rate constants placed between the open and
closed states, a sigmoidal Po(V) cuwe is predicted. By varying the value of
the gating charge, z, in the voltage-dependent rates, a change in the steepness
of the Po(V) cuwe results. Shown in the top panel is the effect of changing
the gating charge of the Group 1 voltage-dependent rates listed in Figure
4.77, from a value of 0.2 to 2.6 in steps of 0.4. The equilibrium Po value at
0 mV, however, remains constant. Only by varying the coefficient value is
the Po value at 0 mV altered, producing parallel shifts in the Po(V) curve.
The bottom panel shows the effect of changing the coefficient value of the
same Group 1 voltage-dependent rates, from a value of 0.1 to 1.3 in steps of
0.2. Similar effects are also found for the Group 2 voltage-dependent rates.
Changes in the independent rates had no effect upon tllre Po(V) curve with
either schemes I, [V or VI.
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FIGURE 4.19 Configuration of scheme I which predicts a bell-shaped curve
Using the rate constants shown here, a bell-shaped Po(V) cuwe was predicted
by scheme L Voltage-dependent rate constants were required between the
closed states (C1 and C2, C2 and C3), as well as between the open and closed
states (C. and 04, Ct and 06).
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FIGURE 4.20 Configuration of scheme IV which predicts a bell-shaped curve
Using the rate constants shown here, a bell-shaped Po(V) cuwe was predicted by
scheme IV. In this case voltage-dependent rate constants were only required
between C3 and 04, and between C1 and 06.
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FIGURE 4.21 Configuration of scheme VI which predicts a bell-shaped curve
Using the rate constants shown here, a bell-shaped Po(V) cuwe was predicted by
scheme VI and microreversibility was maintained. In this case, voltage-
dependent rate constants were required between the closed states (C1 and C2, C2

and Cr), as well as between the open and closed states ( C1 and 06, C3 and Oa,).



FIGURE 4.22 Predicted bell-shaped Po(V) curves
A bell-shaped Po(V) curve is predicted by schemes I, IV and VI with the
placement of voltage-dependent rate constants as shown in Figures 4.1,9, 4.20
and 4.21, respectively. The predictions shown here are for scheme VI. The
steepness of the Po(V) cwve is altered by clranging the either of the gating
charge values, while the Po value at 0 mV remains unchanged. The top
panel shows the effect of increasing the z value of the Group 1 voltage-
dependent rates from 3.8 to 7.0 n steps of 0.8, producing a steeper and
narrower Po(V) curve. Decreasing the z value to 2.8 and 1.8 produces a
broader Po(V) cuwe. Similar effects are seen for the z value of the Group 2
voltage-dependent rates. The peak Po value at 0 mV is influenced by the
coefficient values without altering the steepness of the Po(V) curve, though
as a consequence, the Po(V) curve also becomes narrower. This is illustrated
in the middle panel with the coefficient for the Group 1 voltage-dependent
rates increasing from a value of 0.05 to 1.65 in steps of 0.4, and decreasing to
0.03 and 0.01. The bottom panel shows the effects of dranging the voltage-
independent rate constants. As the Group 1 voltage-independent rate is
increased from 0.3 to 2.3 in steps of 0.5, the peak is reduced and the Po(V)
curve becomes narrower, but the steepness is constant. Decreasing the same
voltage-independent rate to 0.2 and 0.1 increases the peak Po and the width
of the curve.
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in the same manner as the results shown in Figure 4.22, whicfi were generated

from scheme VI.

4.5 Discussion

The kinetic behaviour of the anion channel found in the sarcoball preparation has

been investigated here using a combination of steady-state and non-stationary

kinetic arialysis techniques. The tendency to find multiple channels in the

patches made it difficult to obtain large amounts of steady state data for single

channels. The steep voltage dependence of the open probability of the channel

also meant that meaningful steady-state recordings of the channel could only be

made over a limited range of potenlials where there were sufficient numbers of

transitions within reasonable recording times (considering that patches have a

limited lifetime from which recordings can be made). Channel behaviour is also

complicated by the presence of numerous subconductance states. Nevertheless,

the voltage-dependent nature of the channel meant that non-stationary analysis

could be appropriately used to investigate the behaviour of the channel. So while

steady state information could not be investigated fully, non-stationary analysis

provided additional information on the kinetic behaviour of the channel.

Markov models of channel kinetics provide a well established framework within

which to describe the behaviour of ion channels (Colquhoun & Hawkes, L987,

1982). Th"y provided tools of analysis for determining a lower bound for the

number of kinetic states and in some cases the ability to estimate certain rate

constants. Kinetic analysis only detects those states that affect the gating of the

charurel which are within the window of time resolution allowed by the analysis.

Additional states may remain undetected if the time constant is sufficiently close

to that of another component such that the two cannot be resolved. As a

corìsequence, the models are minimalist and do not include the possibility of one

or more conformational states responsible for each kinetic state detected.
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Stendy state kinetics

To assist in the analysis of the complex kinetics exhibited by the anion channel,

the behaviour was approximated as transitions occurring directly between the

open and closed aggregates, with sojourns to the 60% substate occurring only

from the open aggregate. This approximation was reached after inspection of the

transition histories. \rl/hile other more complex transitions do occur, especially

between substates, th.y ate less frequent than those described by the

approximated scheme. By accepting this approximated scheme, the analysis of

the frequency distributions of open and closed durations is simplified. The

exclusion of transitions between the open and closed aggregates via the substates,

means it is possible to describe the transitions from the closed aggregate to the

open aggregate by a single set of rate constants.

With the open aggregate, transitions are possible to both the substates and the

closed aggregate. Successive transitions between the open aggregate and the

substates are treated like a burst, which is terminated by a transition to the closed

aggregate. The entire duration of the burst, including dwell times in both the

open aggregate and the substates, will have a frequency distribution dependent

upon the set of rate constants that lead away from the open aggregate to the

closed aggregate and the substates, as well as the set of rate constants that lead

from the substates back to the open aggregate, whereas the frequency distribution

of the individual durations spent in the open aggregate will be determined by

both the set of rate constants which lead to the closed aggregate and those which

lead to the substates. By summing only the open durations within a burst which

is terminated by a transition to the closed aggregate, the distribution of these

summed durations are, on average, determined only by the set of rate constants

leading from the open aggregate to the closed aggregate (see treatment in

Colquhoun & Hawkes, 7983 and more general principles in Colquhoun &

Hawkes, t982). Therefore, for the analysis of the sarcoball anion channel, open

durations were defined as beginning with a transition from the closed aggregate
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and terminated upon returning to the closed aggregate, and the duration of

soiourns in the substates during this event were not included in the summed open

duration.

ø) D uration fr equency distributions

Both the open- and closed-time distributions were well described by the sum of

exponential components, which appear as "bumps" on a log-1og plot of the dwell

time data. This characteristic is sufficient to reject the application of any fractal

model to the gating of this channel (McManus et al., L989). In terms of a Markov

model, the number of exponential components describing the duration frequency

distributiorìs are interpreted as identifying the minimum number of kinetic states

in the underlying scheme. This type of analysis suggested the presence of at least

three kinetic states in both the closed aggregate and the open aggregate of the

sarcoball anion channel recorded here. Previous analysis by Hals et al. (1989)

indicated the presence of at least three closed states and two open states, however

there are slight differences in the voltage dependence compared to the anion

channel recorded here. In the present case, the long open time was found to

shorten with increasing voltage steps in either direction from 0 mV, while Hals et

al. (1989) fotmd the open time to lengthen slightly. Little voltage dependence is

exhibited by the other open time constants. By far the greatest effect upon Po of

the channel, is the appearance of the third long closed state at large positive and

large negative potentials, which is also seen by Hals et al. (1989).

A voltage-dependent anion channel has also been recorded from cardiac SR

vesicles incorporated into bilayers (Rousseau,1989). This channel exhibits a

similar bell-shaped Po(V) curve, but is of a much smaller conductance (38 pS in

symmetrical 60 mM Cl-) than that observed here. The kinetics of the cardiac SR

anion channel exhibit only a single open state and at least three closed states, as

determined from the dwell time distributions. The open times became shorter

and the closed times became longer with an increase in the magnitude of the
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applied potential, which is similar to the behaviour seen here. \ ¡hy only a single

open state was detected can merely be speculated upon, but might have been due

to the bandwidth of the recording (filtered at 300 Hz), to the nature of the

threshold analysis of the open durations, or, indeed, to truly different kinetics of

this channel compared to that recorded here.

b) Autocorreløtions

Examination of the a.c.f. of the series of all open and closed durations provides, in

theory, a simple and general strategy for the extraction of information on the

number of pathways leading between the open and closed aggregates (Fredkin et

al., t985; Colquhoun & Hawkes, L987). Prior to the work of Ball and Sansom

(1988), a.c.f.'s were used only as a qualitative tool to assist in kinetic scheme

discrimination flackson et aI., 7983; Colquhoun & Sakmann, 7985; Labarca et a1.,

1985; Colquhoun & Hawkes, L987). Since then, a.c.f.'s have been successfully

applied to the analysis of the glutamate receptor in determining the number of

entry/exit pathways between aggregates of the underlying kinetic (Kerry et al.,

1e88).

The presence of significant short term autocorrelation for both open and closed

dwell times is interpreted as indicating a connectivity of at least two for the

kinetic scheme. Fitting of the a.c.f.'s with the sum of geometrical components

indicates that there are at least th¡ee entry/exit states in the open aggregate and

two in the closed aggregate. In a kinetic scheme of th¡ee open states and three

closed states it is not possible to have three entry/exit pathways from the open

aggregate and only two from the closed aggregate. Since the estimates of the

number of. entry/exit pathways are lower bounds, it is proposed that there are

three entry/exit pathways linking the open and closed aggregates. A

consequence of this is that the kinetic sdreme must be branched or cyclic; a simple

linear scheme is not sufficient. These results place important constraints upon the
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development of possible models to describe the charurel gating mechanism and

the six possible schemes are presented in Figure 4.11.

It is possible that the peaks observed in the a.c.f.'s at +20, +10 and -20 mV indicate

periodic behaviour in the closed dwell time series, however the significance of

this with regard to a kinetic scheme is not understood. It would seem that any

periodic behaviour is not in keeping with the Markov assumption of

independence of events.

Markov models are autoregressive processes and are time reversible (Box &

Jenkins, 1976). An autoregressive process is a stochastic process which describes

a random series of events, where each element of the series has a regressive

dependence upon the preceding elements. A time reversible process means that

analysis of the channel record from the beginrring to the end gives the same

results as analysis of the record in the reverse order. The form of the a.c.f.'s being

positive, decreasing and convex, indicates that the underlying process is time-

reversible (Box & |enkins, L976). Further, the p.a.c.f. for the same data indicates

that the underlying process is autoregressive, as the p,a.c.f.'s are seen to tend

toward zero for much shorter lags than observed for the a.c.f.'s (Box & Jenkins,

L976). Therefore, the use of a Markov process to model the behaviour of the

sarcoball anion channel seems to be most appropriate.

N on - st atio n øry kinet íc s

The interpretation of the non-stationary kinetics provides a qualitative description

of the relative relationship between the different identifiable kinetic states within

the kinetic scheme.

a) Relaxations

The voltage-dependent decline of the time constants describing the ensemble

current relaxations has also been reported by Za}:tradnik et al. (1990) for the
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sarcoball anion channel. They found that for voltage steps as small as +10 mV,

from a holding potential of 0 mV, the relaxations were described by double

exponentials. The first time constant decreased from 100 ms to 1.0 ms and the

second time constant decreased from L0 ms to L ms as the magnitude of the

voltage step was increased from 1.0 mV to 80 mV. Much longer time constants

were found here and this is may be why relaxations were mainly single

exponentials. The second exponential seen in some cases at larger potentials

might be too long to be detected within the 900 ms step at smaller potentials.

How these relaxations should be interpreted in relation to the kinetic behaviour of

the anion channel is uncertain. Current relaxations have been investigated

theoretically by Colquhoun and Hawkes (1977) who fot¡nd the number of

exponential components describing the relaxation is expected to be one less than

the total number of states in the kinetic scheme. In the present study, ensemble

current relaxations recorded from the anion channel could generally be described

by a single exponential and, at most, by a double exponential. While this

suggests first order kinetics with two states, it is neither consistent with the

presence of three open and closed states determined from dwell time analysis, nor

the presence of significant autocorrelation from the dwell time series. From the

steady-state analysis of the anion channel, it might be expected that the

relaxations should be described by the sum of five exponentials (one less than the

total number of kinetic states). In practice, the identification of all the exponential

components will be limited by the temporal resolution of the recording and

analysis, and those which are too fast or too slow will not be detected.

Alternatively, the relaxations might be useful in describing the distribution of

charurel openings between long channel closures. This has been the approach of

Schwarze and Kolb (1984) who described the kinetics of a large conductance anion

channel from mouse macrophages, which also has a bell-shaped Po(V) curve

similar to that of the sarcoball anion channel. The relaxations were able to be
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described as the sum of two exponentials, though they considered the second,

longer time-constant to be unreliable, and used only the faster time-constant in

developing the approximate kinetics of the channel. Using a derivation of the

Hodgkin-Huxley model, the charurel behaviour was approximated as two voltage

dependent gates, one operating at positive potentials and the other at negative

potentials, each with an open and a closed state. With this model, they show that

the time constant of the current relaxation is equivalent to the mean burst

duration. The similarities between this large conductance anion chamel from

macrophages (Schwarze &. Kolb, 1984) and the anion channel studied here are

enough to entertain ideas of similar gating kinetics. If this is the case, then the

voltage dependence of the current relaxations is due to the burst durations

becoming shorter with larger voltage steps from 0 mV. The rationale for this is

based upon the patch being held at a potential where the channel is open almost

all of the time. By stepping to a new potential where the open probability is

reduced, presumably by reducing the mean burst time, the relaxation of the

ensemble current to the new steady state will be describe by an exponential decay.

The time constant of this curve is an estimate of the mean burst time at this new

potential. The presence, however, of complex kinetic behaviour, with substates,

prevented an adequate definition of what is a burst for analysis of the events lists

here. So a comparison was not able to be made between the current relaxation

time constants and the mean burst durations.

The information gained from these relaxations is limited, but suggests that the

pathway leading from the open aggregate to the closed aggregate is dominated by

one rate constant. The symmetrical nature of the relaxations, and the P o(V) curve

derived from them, strongly suggests that there is a separate closed state occupied

at positive potentials to that occupied at negative potentials.
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b) SEarnte closed states

The presence of separate closed states was tested for by applying steps from a

negative voltage (-50 mV) where the channel is closed (Po <0.2), to a positive

potential (+50 mV) where it is also closed (Po <0.2). If the same closed state was

occupied in each case, it is expected that the majority of channels would continue

to reside in the closed state upon changing the potential. Quite the opposite was

found, with almost all the channels entering an open state extremely rapidly. The

ensemble Po then relaxed as the charurels entered into the closed states at the new

potential. The peak Po attained at the onset of this voltage step, was less than

.tnity which indicates not all of the channels were simultaneously opened. This

can be interpreted in two ways; either (i) the rate of leaving the open aggregate is

faster than that of entering the open aggregate from the closed state, or (ii) the

closed states are linked and a proportion of charurels shift within the closed

aggregate to the new equilibrium.

c) Linked open states

Non-stationary results also indicate the open states are linked, with the possibility

that there are two different open states; one which is preferentially occupied at

positive potentials, the other at negative potentials. This is inferred from the

reactivation kinetics, where a similar pseudo-steady-state Po is attained at the end

of voltage steps which are of the same magnitude but of opposite sign. The

change in the electric field is in the same direction for both steps. For example,

from a holding potential of -30 mV, there is a positive increase in the electric field

stepping to -15 mV and then a much larger increase with a step to +15 mV. This

will shift the equilibrium of the kinetic scheme in the same direction for each step,

and a much larger shift is predicted for the +15 mV step. The observable

outcome, however, is a similar Po. To accot¡nt for this shift in the equilibríum

and the symmetry of the Po behaviour of the channel, it is proposed that the open
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states are linked within the open aggregate. Of the linked states, one is

preferentially occupied at negative potentials and another at positive potentials.

A possible model

From the results of this study, three possible kinetic schemes are able to be

proposed to account for the bell-shaped voltage-dependence of the channel open-

probability. \Â/here the voltage-dependent rate constants were placed was

influenced by the concept of the kinetic behaviour of the channel developed from

the non-stationary analysis, and the ability of the kinetic scheme to predict a bell-

shaped Po(Ø curve. An equilibrium favouring the occupancy of C, at negative

potentials was arbitrarily assigned, so that C, would be favoured at positive

potentials. With schemes I and VI, the voltage-dependent rates between the

closed states cause this shift in the equilibrium between C, and C", Rapid access

to the open states is provided by two voltage-dependent gates; one from C1 to 05

for steps from negative potentials to positive potentials and one from C3 to 04 for

steps from positive to negative potentials. Voltage dependent transitions to

closed states occur from 06 to C1 at negative potentials and from 04 to C3 at

positive potentials to account for the current relaxations. These processes are

thought to be essential for describing the voltage-dependent behaviour of the

channel and are a part of schemes I,IV and VI.

At present, it is not possible to distinguish which of the three schemes provides

the better description of the anion channel kinetics, though scheme VI is favoured

as both the open states and the closed states are all linked. Better estimates of the

rate constants would be required to assist in determining which scheme best

describes the kinetic behaviour. With these estimated rate constants,

comparisons could be made between the predicted open and closed p.d.f.'s and

the frequency distributions obtained from channel recordings. Even more telling

would be the ability of the kinetic scheme to predict the non-stationary behaviour

of the channel,like that recorded here. This could be achieved by using the rate
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constants to simulate the stochastic behaviour of the channel and generate

ensemble currents in response to simulated voltage steps.

The model, whether best described by scheme I, IV or VI, is a first approximation,

as the subconductance states seen throughout the single charurel records are not

included in the model. Since the frequency of transitions between the fully open

state and the closed state is generally greater than for transitions from the

substates to the closed states, this is thought to be a reasonable approximation. It

is recognised that the contribution of the subconductance states is likely to be

quite important in establishing the pseudo-steady-state Po of the channel.

Inclusion of substates in this model, however, would be premature because of the

number of substates and difficulties in resolving the individual substates.

The contribution of substates to the behaviour of another SR anion channel has

been recently modelled using parallel conductances. This large conductance

anion channel, from SR vesicles incorporated into bilayers, has a rectifying

voltage-dependence, with a higher Po al negative potentials (cls side with respect

lo trans) (Kourie et al., L992). To account for the ten equally spaced, long-lived

conductance levels, nine parallel identical gating processes (or units) are proposed

(Laver et a1., 1993). While this is might also be able to describe the multiple

subconductance states of the sarcoball anion channel, it would not be sufficient to

describe the bell-shaped Po(V) curve.

Conclusìons

The sarcoball anion channel recorded here can be described by a branched or

cyclic kinetic scheme with at least three open and three closed states. The bell-

shaped Po(V) curve, which is an important characteristic of the sarcoball anion

channel, is able to be predicted by three different kinetic schemes which were

derived from the analysis of the channel behaviour. Of these th¡ee schemes, it is

thought that scheme VI is most likely to best describe the chan¡rel kinetics.
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5. GLIMPSES OF SARCOBALL STRUCTURE

5.1 Aims and Introduction

When the sarcoball preparation was first described, a solitary electron micrograph

accompanied the report, depicting sarcoballs as being bound by a single bilayer

and contai^i.g flocculent material (Stein & Palade, 1988). This structure seemed

inconsistent with the observations which had been made during the initial stages

of the present study. As described in Chapter 3, the sarcoball surface and shape

was much more pliable than might be expected from a single bilayer envelope

with a fluid filled interior and unlike sarcolemmal vesicles, the structure does not

collapse when it is punctured by a microelectrode.

The issue of structure was again raised when conducting antibody labelling

studies at the electron microscope level to determine the origin of the membranes

present in sarcoballs (presented in Chapter 6). The structure of the sarcoballs

processed for immuno-electron microscopy was different from that previously

published and warranted further description.

The aim was therefore to investigate sarcoballs using several fixation and

dehydration techniques to gain an elementary insight to the structure and

determine what elements were artefacts of processing. The effects of processing

were assessed by comparison with conventionally fixed fibres. Both the internal

membrane structures of the skinrted fibres and the structures of the extruded

membrane vesicles forming sarcoballs at the fibre surface were observed.
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Studies uith Xenopus laeais ffiuscle

Parts of this study using muscle fibres from Xenopus l"aeois were done in

collaboration with Dr A.F. Dulhunty and C. Stanhope, Muscle Research Group,

Division of Neuroscience, fohn Curtin School of Medical Research, Australian

National University, Canberra. I prepared and processed ^the sarcoballs at the

John Curtin School of Medical Research. This material was sectioned and

mounted by C.StanJrope, and the electron microscopy was performed by Dr A.F.

Dulhunty. Aspects of this study have been published in Lewis et al., (1992).

Studies with Bufo mørinus muscle

Those parts of this study using muscle fibres from Bufo marinils were done at the

Center for Electronmicroscopy and Microstructural Analysis, The University of

Adelaide. Assistance was provided by Dr M. Henderson and D. Smith, who

sectioned the material for me, and I carried out all other aspects of the study.

5.2 Methods

C ona enti on øl pto c e ssíng

Sarcoballs prepared, as described in Chapter 2, fuom the semitendinosus muscle

of the clawed toad, Xenopus laeais, were fixed in the Ringer's solution containing

2"/" glutaraldehyde for 2 hours at room temperature, washed in the Ringer's

solution and post-fixed with 2'/o OsOn in 1.00 mM cacodylate buffer for L hour. A

gradual procedure was used to dehydrate the fibres in methanol (70%, 80%,90%

and 100%) for t hour in each dilution at room temperature. The fibres were

infiltrated overnight with Spurr's resin (Spurr, t969) diluted in ethanol (L:1., v:v)

and then embedded in 100% Spurr's resin cured al70"C for 8 hours. Grey to

silver sections were cut with a diamond knife on an ultramicrotome (LKB

Instruments,Inc.,) and mounted on copper grids. Sections were stained with 5%

uranyl acetate and Reynold's lead citrate before being examined on a Hitachi H

7000 or a ]oel 1.00s transmission electron microscope at 80 kV.
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Modified processing

This modified protocol is similar to that used for immuno-electron microscopy in

Chapter 6. Skirured fibres with sarcoballs from the semitendinosus muscle of the

cane toad Bufo marinus, oÍ the clawed toad, Xenopus lneais, were fixed in Ringer's

solution wir}:. 2% formaldehydes (prepared fresh from paraformaldehyde) and

0.1% glutaraldehyde for 2 hours at room temperature. After washing the fibres

in Ringer's solution, dehydration was a single step procedure in 90% methanol for

t hour at room temperature. The fibres were infiltrated with LR White acrylic

resin (London Resin Company) overnight at 4"C, rinsed in fresh resin and then

embedded in LR White resin cured at 60'C for at least 12 hours. Grey to silver

sections were cut as before and motmted on collodion-coated copper grids or

nickel grids. Sections were stained and examined as for conventionally processed

material.

5.3 Results

The appeatønce of sarcobølls

A wide variety of sarcoballs were observed under the electron microscope, the

majority of which were similar to those routinely observed under the light

microscope during patch clamp experiments. A selection of sarcoballs seen on

conventionaUy fixed fibres are shown in Figure 5.1.. Some sarcoballs appeared

flattened and extended along the length of the fibre for 50 to 100 pm, as shown in

Figure 5.14. By inspecting several thick and thin serial sections of the same

skirured fibre, the flattened structure shown in Figure 5.LA was also found to

extend along the fibre in a direction perpendicular to the plane of the section.

Other sarcoballs with a similar flattened appearance were found to be elongated

at an angle between 45o and 90o to the plane of serial sections. This type of

flattened sarcoball comprised approximately 10% of the sarcoball population.

The majority of sarcoballs observed under the electron microscope exhibited a

hemispherical cross-section (Figure 5.1C and D), ranging in diameter from 1Fm
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to 150 ¡rm. In the patch clamp experiments described in previous chapters, it was

the larger sarcoballs of 50 to 100 ¡rm diameter (for example in Figure 1D) that

were normally chosen under the light microscope for recording charurel activity.

Structures were also seen which were composed of two or more sarcoballs joined

together (Figure 5.18 and Figure 5.2). A variety of these compound structures

were seen, ranging from the smaller sarcoballs stacked on top of each other,

extending L0 to 1.5 pm from the fibre surface (Figure 5.1B and Figure 5.24 and B),

to quite large neighbouring sarcoballs joined together (Figure 5,2C). In the

examples shown in Figure 5.2, a boundary is able to be seen where two sarcoball

or bleb surfaces are closely opposed to form a double membrane. During the

routine preparation of sarcoballs for patch clamp experiments, neighbouring

sarcoballs were often observed under the light microscope to merge during the

process of sarcoball formation and for a short time after the fibre had completed

the contracture. Presumably, the compound strucfures seen here under the

electron microscope were a result of neighbouring sarcoballs merging.

Internøl structure of sarcoballs

The internal structure of the sarcoballs was found to be quite sensitive to the

method of processing utilised for electron microscopy. Sarcoballs on

conventionally fixed fibres were defined by a continuous membrane enclosing

mainly flocculent material which is presumed to be cell debris (Figure 5.1 and

5.2). At the base of the sarcoball, the region in contact with the fibre surface

contained mainly rounded vesicles with diameters ranging from 400 to 500 nm.

Swollen mitochondria of diameter 600 to 800 nm were also packed into this region

and were identified by the electron dense mitochondrial matrix and the laminae

of internal membranes. This base region of vesicles extended only 2 to 3 ¡rm from

the fibre surface and at distances greater than this the vesicle structure was

disrupted. In some instances, large irregularly shaped vesicles extended from

this base region further into the sarcoball interior (Figure 5.lC and 5.2C). Those



Figure 5.1 Sarcoballs on the surface of skinned fibres.
A selection of four sarcoballs (S), representative of the variety of shapes and
sizes observed on the surface of conventionally processed skinned muscle
fibres from Xmopus laeais. A. Approximately 10% of the sarcoballs observed
had a flattened appearance like that shown here. B. Some sarcoballs
appeared to be compound structures, comprised of smaller membrane
blebs (B) which protruded from the fibre surface. C and D. Hemispherical
sarcoballs were the majority of structures seen. Mitochondria (M) were
often seen in the region of vesicles (V) covering the skinned fibre surface and
at the base of the sarcoball structures. The short arrows in A and D indicate
regions of the fibre surface covered by a monolayer of small vesicles.
Calibration bar: A, 8 ¡rm; B, 3.3 ¡-rm; C, 2 pm; and D, 6.6 pm,
Courtesy of Dr A. F. Dulhunty.
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Figure 5.2 Possible enlargenent of sarcoballs by fusion.
ln some cases, sarcoballs on the surface of conventionally processed skinned
fibres were found to be dosely associated. As shown in the examples here
fuom Xenopus laeaß, this varied from compound structures of smaller blebs
extending 1.0 to 15 pm from the fibre surface (4.) to neighbouring
hemispherical sarcoballs (C.). The arrows indicate where membranes of
apposed structures meet and might fuse to form a larger structure.
Calibration bar: A and 8,3.3 ¡rm; and C, 2.7 pm.
Courtesy of Dr A. F. Dulhunty.

Figure 5.3 A possible foam-like structure.
The surface and interior of sarcoballs processed with the modified protocol
were different from that of conventionally processed fibres. The sarcoballs
shown here are from Xmopus laæis. A. This shows the surface of a sarcoball
with some myofilaments (F) which had been pulled away from the surface
during skinning. The surface was not a single, continuous membrane which
bounds the sarcoball but was comprised of aggregated vesicles. The interior
of the sarcoball was a dose aggregation of membrane vesides, some of which
were identified as mitochondria (M). B. Some vesicles within the sarcoball
interior were tubular in form (T) And may have originated from the T-tubules
from within the skinned fibre (as shown in D.) where they are flanked by
terminal cistemae (TC). C. An overview of another sarcoball at a lower
magnification, showing the vesicle structure of the interior and at the surface
of the sarcoball. Calibration bar: A, 0.4 ¡rm; B, 0.54 Fm; C, 1.6 pm; and
D,0.46 pm. Courtesy of Dr A. F. Dulhunty.



B
--,{

A

C

l

i,

B
t't'rtt

¡

v

<\-\

i;¡
r'' {

,f _t,

F

tt ....
.i )i)

t

"|rI

C

J

tt;

I

.a
i'
t'

't \.\
t

r. i¡1..'ñr
l'

5



Glimpses of sarcoball structure 103

sarcoballs with a flattened appearance, extending no further than 5 ¡rm from the

fibre surface, showed no signs of disruption within the sarcoball interior, The

vesicle structure, including mitochondria, which is found only in the base region

of the larger hemispherical sarcoballs/ was found throughout the flattened

sarcoballs (Figure 5. 1A).

The disruption of structure within the interior of the large hemispherical

sarcoballs could be due to the processing of the skinned fibre. Variations in the

fixation step, with alterations in the proportion of formaldehydes and

glutaraldehydes were attempted, but these did not have noticeable effects.

Alternative dehydration processes were also attempted, on muscle fibres from

Bufo marinas, including making the dehydration step more rapid and using cold

acetorte to prevejnt lipid extraction in some cases. Often significant shrinkage of

sarcoballs was observed and the results were inconclusive. Sections of sarcoballs

with the greatest amount of interior detail were obtained when the fibres were

processed with the modified protocol, as for immuno-electron microscopy.

Skinned fibres processed with ttre modified protocol exhibited sarcoballs with an

interior composed entirely of membrane vesicle structures. The rounded vesicles

are tightly packed together in the sarcoball structure (Figure 5.34, B and C) and

ranged in size from 100 nm to 1 pm in diameter. The surface of these sarcoballs

was composed of closely abutting vesicles, as shown in Figures 5.34 and C, and

was not delimited by u continuous membrane as in the conventionally fixed

fibres. Most of the vesicles had lost any characteristic geometry which might

identify the origin of the membranes. There were no structures which could be

identified as intact triads or T-tubules in the outer regions of the sarcoball. Some

membranes close to the surface of the muscle fibre, however, did have

characteristic structures. For example, fubular membranes were seen (Figure

5,38) and presumed to be from T-tubules within the fibre (Figure 5.3D). Large

vesicles containing membrane laminae with an elect¡on dense matrix were
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swollen mitochondria (Figure 5.34). As these fibres were not post-fixed in OsOa,

the membrane definition is less distinctive than conventionally fixed fibres. It

would seem, however, that the vesicles within the sarcoball structure do not share

adjacent membranes and therefore have not fused together. Instead, the structure

appears to be an aggregation of vesicles.

The surføce of skínnedfibres

In the regions of the skirured fibres between sarcoballs, the myofilaments were

covered by layers of vesicles. In conventionally fixed fibres, vesicles at the

surface were covered with a membrane-like structure which was observed to be

continuous with that surrounding the sarcoballs (Figure S.aA-C). In some places,

this membrane protruded from the fibre surface to form small blebs (Figure 5.44

and B). These features were less prevalent in skirured fibres processed with the

modified protocol.

The thicker regions of vesicles were often associated with interfilament spaces

approaching the surface of the skirured fibre and had a similar appearance to the

base region of sarcoballs. Within the thicker layers of vesicles, some membrane

organelles were found, which were not normally seen where a monolayer of

vesicles covered the fibre surface.

A variety of mitochondrial structures were observed amongst the surface vesicles

(Figure 5.5). While some mitochondria remained intact (Figure 5.54), the

majority appeared swollen and in some cases contained large internal vacuoles

(Figure 5.54-D). Others had become a loose arrangement of membrane laminae,

no longer contained by u. outer membrane, which suggested that they were

disintegrating (Figure 5.54 and B). If, during expansion, the surface area of

sarcoballs increases by including vesicles from the interior into the surface layers,

then mitochondrial membrane might also be included at the surface of sarcoballs.



Figure 5.4 Presence of a membrane-like covering in conventionally fixed
fibres.
The surface of skinned muscle fibres and sarcoballs which were seen in
conventionally fixed fibres from Xenopus laeais. The vesicles which covered
the fibre surface varied from a monolayer to several layers, extending 0,5 to
1,5 pm from the surface. A. Mitochondria (M) were often seen amongst the
vesicles (V) and a membrane covered the surface of the vesicles (SM). The
Iong thick arrow indicates a triadic structure, possibly from an interfilament
space reaching the fibre surface. Blebs (B) of the membrane covering (SM)
were observed to protrude from the skinned fibre surface with diameters of
0.5 to 1Fm (A and B). C. The membrane covering (SM) was continuous
with that which bounded the sarcoball structures. D. Tubular vesicles (TV;
also seen in C), which might be from T-tubules, were often seen in regions
where several layers of vesicles covered the fibre. Calibration bar: A and B,
0.66 pm; C,2pm; and D,0.8 ¡rm. Courtesy of Dr A. F. Dulhunty.

Figure 5.5 Mitochondrial membranes.
Examples of mitodrondria that are intimately associated with sarcoballs from
conventionally processed Xmopus lneuis Íibres.. A. Some mitochondria
remained intact (M), though most were swollen and contained large vacuoles
(lufv). Some mitochondria appeared to be disintegrating (DM). B. This
region of tightly packed mitochondrial structures is from a base region
between the surface of a skinned fibre and a sarcoball. The vacuolated (MV)
and disintegrating mitochondria (DM) shown here suggest the possibility of
mitodrondrial membrane conÍibuting to the sarcoball structure. C. The
membranes from vacuolated mitochondria loose their identifying features.
D. This vacuolated mitodrondrion is near the surface of a sarcoball, close to
the comer with the skinned fibre surface. It suggests the possible
incorporation of mitochondria into the sarcoball surface. Calibration bar: A,
1.0 ¡rm;8,0.8 pm; C,0.85 ¡rm; and D,0.5 pm.
Courtesy of Dr A. F. Dulhunty.
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Figure 5.6 Interior of skinned fibres.
A. A relaxed, intact skeletal muscle fibre from Bufo mnrinus which has been
conventionally processed, showing regular A and I bands. The sarcomere
length between successive Z-lines was 2.5 pm. B. Conventionally processed,
mechanically skinned muscle fibre from Bufo mørinus, allowed to contract
unrestrained. tn this case the sarcomere length was 1.8 pm.
C. Mechanically'skinned muscle fibre from Bufo marinus, processed with the
modified protocol. \¡Vhile the terminal cistemae (TC) and T-tubules (T)
remained in register with the Z-line, they were considerably swollen in
comparison to normal membranes. D and E. The vesiculated intemal
membrane systems (V) deep within mechanically skinned muscle fibres from
Xenopus laeais following conventional processing. The short arrows point to
triad junctions of terminal cistemae (TC) and T-tubules (T), with electron
dense foot structures spanning the junctional gap. Calibration bar: A and B,
0.52 pm; C,0.20 Fm; D,0.54 ¡rm; and E, 1.0 ¡rm.
D and E courtesy of Dr A. F. Dulhunty.
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The interior of skinneil fibres

When observed under the electron microscope, a striking feature of these skinned

fibres was the very short sarcomere lengths of between 1.0 and 1.8 pm, compared

to relaxed, intact amphibian skeletal muscles which had a sarcomere length of

about 3.0 ¡rm (Figure 5.6). The short sarcomere lengths in the skirured fibres

reflected the extent of the unrestrained contracture which occurred during the

sarcoball formation process.

The internal membrane systems of the skirured fibres were found to be disrupted.

The normal geometry of amphibian muscle is for T-tubules to be in register with

the Z-line, flanked by terminal cisternae which are linked by longitudinal SR in

the A band (Figure 5.64). Ir skinned muscle fibres, the triads remained in

register with the Z-Iine (Figure 5.6C) and electron dense junctional feet were also

observed (Figure 5.6D and E). The T-tubules and the terminal cisternae,

however, were swollen and the longitudinal SR was vesiculated (Figure 5.68 and

C). The normal dimensions for the T-tubule short axis is in the range of 1.0 to

30 nm, while terminal cisternae are normally found to extend 80 to 100 nm into

the I band (Dulhunty, 1984). An example of a conventionally fixed skinned fibre

is shown in Figure 5.6B, where the T-tubule diameters were L00 to 200 nm along

the short axis and the terminal cisternae extended 200 to 300 nm into the I band.

In comparison, skinned fibres processed with the modified protocol exhibited a

similar length of 100 to 200 nm for the short axis of the T-tubules, though the

terminal cisternae were much more swollen, extending 350 to 550 nm into the I

band. Generally, it was foturd that the T-tubules and terminal cisternae of

skinned fibres which were processed with the modified protocol were swollen

more than skinned fibres conventionally fixed. Swelling of T-tubules and

terminal cisternae has been observed previously in relaxed, intact, amphibian

skeletal muscle fibres processed for immtmoelectron microscopy (Dulhunty et al.

Legn.
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Longitudinal SR was found to be vesiculated in all skirured fibres, irrespective of

the differences in processing for electron microscopy. The A band region in

skinned fibres was occupied with rotmded vesicles which were typically 300 to

400 nm in diameter (Figure 5.6D). These vesicles are somewhat smaller in

comparison to the 400 to 500 nm diameter vesicles seen at the surface of the

muscle fibre. The disruption in the normal geometry of longitudinal SR has also

been observed in mechanically skinned fibres fixed at resting length (Ford &

Surdyk, 1978).

5.4 Discussion

Clear differences exist between the structure of sarcoballs on fibres processed

conventionally compared to those processed with the modified protocol. A

membrane botmd structure with a disrupted interior was seen in conventionally

processed fibres, which is similar to the sarcoball shown in Stein and Palade

(1988). In contrast, sarcoballs on fibres processed with the modified protocol are

comprised of an aggregation of vesicles th¡oughout the structure. What is

responsible for the differences in the sarcoball structures has not been able to be

definitively identified. Many factors may be important, but it seems unlikely that

it is simply due to differences in the proportion of glutaraldehyde and

formaldehydes used during fixation. The more important factor apparent from

the present study seems to be the dehydration process,

The dilferences ffifly be due to the dehydratíon process

The actions of dehydration agents upon the strucfure may occur in two ways.

Firstly, the ability of the dehydration agent to dissolve lipids can cause the

extraction of lipids from membranes. The degree to which this occurs is

dependent upon the temperature, the partition co-efficient of the dehydration

agent and the length of time spent in the dehydration agent. Even post-fixation

with OsOn does not necessarily prevent extraction of lipids as OsO* only fixes
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phospholipids with enoic fatty acid bonds (Hayat, 1989). Thus saturated

phospholipids remain unfixed. A total of 4 hours dehydration in methanol

during conventional processing gives ample opportunity for extraction of lipids to

occur in comparison to the one hour dehydration during processing with the

modified protocol. Attempts were made to reduce any extraction of lipids that

may be occurring by using cold acetone, which had been proven to be useful in

preserving lipids in rat lu-rg lamella bodies (Hallman et al., 1976). With the

sarcoball preparation however, the use of cold acetone was severely hampered by

the shrinkage which accompanied the dehydration. It should also be noted that

during infiltration with the resin, extraction of lipids has also been known to

occur (Hayat, 1989).

The second possible action upon the sarcoball structure by the dehydration agent

could be to cause the rupture of membrane vesicles. Vesicles can be induced to

aggregate upon addition of Ca2+ which reduces the hydration forces between

neighbouring vesicles and the ensuing fusion step is mpid, resulting in rupture

and collapse of the vesicles, with few exceptions (Rand et al., 1985). Analogous

effects have been described by Pattle (1950) for both ethanol and methanol upon

foams of saponin and egg albumen. The effects of ethanol and methanol upon

these foams was brief, causing the outer layers of a foam to collapse rapídIy, while

the rest of the foam remained intact. It is possible that the dehydration agents

used in the processing are able to cause the rupture and collapse of vesicles. If

this is the case, then the continuous membrane surrounding the sarcoballs and

surface vesicles in conventionally processed fibres may be due to rupture of outer

layers of vesicles which collapse upon the vesicles beneath them.

It is most likely that the continuous membrane seen in conventionally processed

fibres is an artefact, even if not produced by the procedure described above. The

fact that ski¡ned fibres prepared for contractile studies can release and take up

Ca2+, and external Ca2+ is able to penetrate and activate the myofibrils, indicates
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there is not a conti: Ðus ion-selective membrane surrounding the skinned fibre.

If a membrane is present, it must be very leaky.

P o ssible fo øm-like structure

The aggregation of vesicles observed is reminiscent of a foam-like structure. It is

recognised that any fixation and processing of the skinned fibres with sarcoballs

will interfere with the membrane structure in some way but to what degree

cannot be predicted. Ideally, this could be minimised by application of

techniques which rapidly fueeze the tissue, followed by cryosectioning for direct

inspection, ot free2e substitution before normal sectioning for inspection. kr the

absence of these techniques, however, it is assumed that the greater structural

detail found inside sarcoballs processed with the modified protocol is a

reasonable reflection of the true structure.

This foam-like structure also assists in explaining other observations encountered

when working with sarcoballs under the light microscope. \¡Vhen sarcoballs are

punctured by an electrode they do not collapse, unlike sarcolemmal vesicles

(Bretag, Feutrill and Fink, unpublished observations). Sarcolemmal vesicles are

fluid filled vesicles containing ribosomes and glycogen granules, bounded by a

single membrane bilayer (Burton et a1., 1988). A foam structure for sarcoballs

would not be expected to collapse, since only some of the vesicles would have

been punctured, with the other vesicles maintaining the structure. When

sarcoballs are approached by patch pipettes with a high positive pressure, they

can be deformed by flattening or spreading them over the fibre surface. In some

cases the sarcoballs eventually return to the hemispherical shape they were

before. This behaviour would be possible with an aggregation of vesicles in a

foam structure, but a single-bilayer, fluid-filled structure would be expected to

only dimple in response to the applied pressure and return immediately to its

previous shape once the pressure was removed.
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A foam structure might also provide an explanation for the common occurrence of

tethers forming when patching onto the sarcoball surface, as described in

Chapter 3. IiVhen removing the patch electrode from the sarcoball surface, a

string of vesicles might pull away from the aggregated vesicle structure, forming

a tether. There is also the possibility that a single vesicle might be removed from

the structure at the tip of the pipette, which is in accord with the behaviour

described in Chapter 3 that suggests vesicles were sometimes present.

Disruption of the intemøl membrønes

The internal membranes of the muscle fibre are disrupted within the interior of

skinned fibres which have been allowed to contract uruestrained to form

sarcoballs, Clearly there are two interventions which could contribute to this

disruption; the skinning process and the unrestrained contracture. The effects of

the skiruring process upon the intemal membranes has been investigated in both

amphibian (Ford & Surdyk,1978) and mammalian (Eastwood et a1., 1979) skeletal

muscle fibres which were maintained in the relaxed state. Swelling of both the

SR membrane compartment and mitochondria was seen in each case. The

longitudinal SR was extensively vesiculated and disrupted in the mechanically

skinned amphibian muscle fibres (Ford & Surdyk,7978), while the chemically

skin¡red mammalian fibres were swollen only in the terminal cisternae (Eastwood

et al., 1979). Only after storage at -20"C for one week did more extensive

disruption occur in chemically skinned fibres (Sorenson et a1., 1980). The results

of these previous studies suggest that the disruption of the internal membranes

observed here is likely to be due to the mechanical skinning process, though a

further contribution to the disruption from the unrestrained contracture cannot be

discounted.
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Contribution of mitochondriøl ønd T-tubule membrønes to sørcobølls

In the base region of sarcoballs, close to the fibre surface, both mitochondria and

tubular vesicles were observed. In many cases the mitochondria were apparently

disintegrating and the tubular vesicles, thought to be T-tubules, were not

associated with triad structures. These types of organelles were not seen further

out in the sarcoball structure, which might mean they are physically restricted to

the region near the fibre surface. If this is the case, ttren neither mitochondrial or

T-tubule membrane would be expected to contribute to the surface of the

sarcoball. Alternatively, as the mitochondria and T-tubules disintegrate, they

may lose any identifying feature and might not be restricted to the fibre surface.

These membranes could assimilate into the foam structure during the formation

of sarcoballs and be anonymous to visual inspection.

Possible mechanism of formøtion

The hypothesis proposed here assumes that when the fibres are mechanically

skinned, the intemal membranes become vesiculated. These vesicles of internal

membrane are then squeezed out of the interfilament spaces and stream to the

surface of the fibre under the force of the unrestrained contracture. At the

surface, they form stable aggregated foam structures, which are the sarcoballs

observed.

Observations suggested that smaller diameter vesicles occurred within the fibre,

compared with those seen at the fibre surface. Assuming that they are of the

same population, it is thought that the increase in vesicle diameter from the

interior of the fibre to the surface is an indication of a pressure gradient,

decreasing from the interior towards the surface. An applied pressure is able to

alter the diameter of a vesicle. This is derived from a special case of the Laplace-

Young equation for spherical vesicles

P =4T /r (s.1)
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where P is the pressure difference across an interface of principle radius of

curvature r (assuming the vesicles are perfectly spherical), and y is the bifacial

tension, since there are two aqueous-lipid interfaces. The bifacial tension is not

simply twice the surface tension of a monolayer aqueous-lipid interface, since the

leaflets of the lipid bilayer are closely associated due to steric, Van der Waals and

ionic forces between the two lipid layers.

If vesicles are extruded from the interfilament spaces, emerging at the fibre

surface where the applied pressure is less, any increase in vesicle diameter will be

influenced by the bifacial tension of the membrane. Measurements of bifacial

tension for native SR membrane do not appear to be present in the literature.

Although the SR membrane is known to be composed of phosphatidylcholine,

phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol (Owens

et a1., t972), artificial membranes composed of these lipids do not appear to have

had measurements made of the bifacial tension. Even if estimates of the SR

bifacial tension were available from artificial lipid membrane mixtures, it may not

accurately reflect lhe in aiao SR membrane because of the large amounts of

çu2+ ¡¡¡g2+-ATPase protein present, In model membranes, addition of

gramicidin (at <50 mol%) sigmficantly reduces the elasticity of the membrane

(Toumois et al., 1989). The elasticity describes the capacity of the membrane to

absorb small changes in surface area with a compensatory change in bifacial

tension. It is likely that the presence of Caz+ /Mrg2*-ATPase protein in the SR

membrane will influence the elasticily.

Once the extruded vesicles reach the surface of the fibre, it is my view that there is

not extensive fusion of vesicles within the sarcoball structure, but that the

sarcoball is comprised mainly of a stable aggregation of vesicles. This is

suggested from observing vesicles in sarcoballs processed with the modified

protocol where there does not appear to be sharing of common bilayers between

adjacent vesicles. If this is the case, then for a stable aggregation to occur the
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hydration, ionic and Van Der Waals forces between adjacent membranes need to

be overcome to some degree. The stable aggregation may be achieved by

capillary attractive forces which are known to contribute to the formation of foams

(Bikerman,1973).

There may be some fusion of vesicles to produce the larger 1 ¡rm vesicles observed

within the sarcoball structure. Since the active phase of vesicle extrusion in the

formation of sarcoballs is completed well before the fibre is processed, non-bilayer

structures indicative of the fusion process occurring (Siegel et al., 1989) may not

be seen. A reduction in free surface energy would provide the thermodynamic

driving force for fusion to occur, although an initial perturbation is required. L:r

isolated vesicle systems, spontaneous fusion of small liposomes (<50 nm

diameter) occurs because of the inbuilt tension with such small diameters, which

drives the fusion with a reduction in free surface energy (Schullery el al., 1980).

Larger liposomes need to be aggregated first before fusion can occur (Wilschut &

Hoekstra, 1984) which requires a reduction in the hydration energy between

adjacent bilayers (Rand et al., 1985). If the hydration energy is sufficiently

overcome, then intermediate non-bilayer structures are formed to accomplish

fusion. In isolated systems, this is achieved by addition of millimolar

concentrations of Ca2+ ot polycations to reduce the hydration energy between

vesicles comprised of acidic phospholipids (Papahadjopoulos et aL.,7990). Fusion

of cells can be induced by dehydration of phospholipid head groups to allow

aggregation followed by rehydration to initiate the fusion process (Ahkong et al.,

1975). In contrast, the process of vesicle fusion to planar bilayers in the presence

of an osmotic gradient and Ca2+ (Miller & Racker, 7976), although a well

established technique, is thought to occur in a quite different manner to the fusion

of spherical vesicles (Rand et a1., L985), and therefore may not be relevant to

sarcoball formation.
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Conclusions

The results of this study suggest that sarcoballs are composed of an aggregation of

vesicles in a foam-like structure. It is proposed that the SR and T-tubules are

vesiculated when the muscle fibres are mechanically skinned. It is.also likely that

mitochondria disintegrate and produce vesicles, which could contribute to the

sarcoball structure. The vesicles are thought to be extruded to the surface from

the interfilament spaces by the force of the uruestrained contracture. At the

surface, the vesicles aggregate to form sarcoball structures.



6. ANTIBODY LABELLING OF MEMBRANES

6.1 Aims and Introduction

The ion charurel activity which has been recorded from the sarcoball preparation

has shown, in addition to the high conductance anion channel (Hals et al., 7989;

Lewis & Bretag, 1991), a K+ channel (Stein et al., 1989) and a Ca2+ charurel (Stein

& Palade, 1.988; Wang & Best, 1992). Both the K+ and Ca2+ charurel recorded

from the sarcoball have similar characteristics to their cot¡nterparts recorded from

SR vesicles incorporated into bilayers. On the basis of this similarity, the

sarcoball preparation has been considered to be a preparation of mainly SR

membrane. Consequently, the high conductance anion charurel recorded in

sarcoballs has also been considered to be from the SR membrane.

Identifying the origin of the anion channel by this association with the K+ and

Ca2+ channels in the same preparation is insufficient. Unlike the K+ and Ca2+

channels, the anion channels recorded from SR vesicles in bilayers (Miller, 1978;

Tanifuji et a1., 1987; Rousseau et aL, 1988) have some different properties from

those in sarcoballs, for example, they don't exhibit the same steep voltage

dependence (Hals et al., L989; Lewis & Bretag, t99L). There is an indication from

my structural studies (Chapter 5) that mitochondrial membrane may be

incorporated in the sarcoball structure. The voltage dependent anion selective

channel (VDAC) from outer mitochondrial membrane has a similar steep voltage

dependence, though there are also some properties which are clearly different.
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Therefore, the aim of this study was to ascertain what internal membranes might

be contributing to the membrane in sarcoballs by using immunolabelling at the

electron microscope level. The presence of SR membrane was investigated using

specific antibodies to the çu2+ ¡¡¡g2+-ATPase and the ryanodine receptor, which

are distinctive marker proteins of SR membrane. An antibody to the VDAC was

used as I considered that it would be a marker for the presence of mitochondrial

outer membrane, and particularLy for mitochondrial VDAC.

Studies utith Xenopus laeais muscle

The immtmolabelling with the D12 antibody to Ca2+ /Mg2*-AT?ase and 5C3

antibody to the ryanodine receptor was done in collaboration with Dr A.F.

Dulhunty, Dr P. ]unankar and C. Stanhope, Muscle Research Group, Division of

Neuroscience, |ohn Curtin School of Medical Research, Australian National

University, Canberra. I prepared and processed the sarcoballs at the fohn Curtin

School of Medical Research. This material was sectioned and mounted by C.

Stanhope. Post-embedding labelling with the D12 and 5C3 antibodies was

performed by C. Stanhope while training me in this technique. Electron

microscopy of this material was performed by Dr A.F. Dulhunty. Aspects of this

study have been published in Lewis et al,, (1992).

Studies with Bufo møtinus muscle

Immunolabelling studies with the antibody to mitochond¡ial VDAC, using muscle

fibres from Bufo marinus, were done at the Center for Electronmicroscopy and

Microstructural Analysis, The Universify of Adelaide. Assistance was provided

by Dr M. Henderson and D. Smith, who sectioned the material for me, and I

carried out all other aspects of this study.
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6.2 Methods

Immunolabelling of sørcoballs for SR membrane

Sarcoballs were prepared, as described in Chapter 2, fuom semitendinosus muscle

of the clawed toad, Xenopus laeuis. The skinned muscle fibres with sarcoballs

were fixed in Ringer's solution containing 2/" formaldehydes (prepared fresh

from paraformaldehyde) and 0.1,% glutaraldehyde for 2 hours at room

temperature, washed in Ringer's solution and then dehydrated in 90% methanol

for L hour at room temperature. Some shrinkage of sarcoballs was seen during

the fixation and dehydration procedures. The fibres were infiltrated with LR

White acrylic resin (London Resin Company) overnight at 4'C and then rinsed in

fresh resin at room temperature. They were embedded in LR \Á/hite resin in

small gelatin capsules and cured at 60oC for at least L2 hours.

Grey to silver sections were cut with a diamond knife on an ultramicrotome and

mounted on collodion coated, copper grids. Grids were blocked for 1.5 hours

with 5% skimmed milk powder (Diploma) in water and rinsed in 0.5% bovine

serum albumin in phosphate buffered saline (PBS) containing (inmM): 7.0

Na2FIPOa, 2.6 NaH2PO4, 1.37 NaCl, pH 7.0. The primary antibodies used for

labelling were a) the purified DL2 Ca2+ /Mlgz*-O*ase antibody as prepared by

Dulhunty g! al. (798n diluted with PBS to a final protein concentration of

1.7 ttg-1-1; or b) the ryanodine receptor antibody, 5C3, as prepared by Dulhunty

et al. (1992), diluted 1:10 with PBS. Sections were exposed for t hour to the

primary antibody, washed in PBS, exposed to the second antibody (5 run gold-

conjugated goat anti-mouse antibody; ]anssen Pharmaceuticals) for t hour,

washed in distilled water and lightly stained with 5% aqueous uranyl acetate.

Type I controls, where serial sections were labelled according to the above

protocol, except for omitting the primary antibody labelling step, were performed

to check for non-specific labelling by the gold-conjugated antibody alone. All

sections were examined on a Hitachi H 7000 electron microscope.
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The specificity of each of the antibodies used here has been well established.

lrdependent studies have shown that the D12 monoclonal antibody is specific for

the ATP binding region of skeletal muscle çu2+ ¡¡¡1g2+-ATPase (Molnar et al.,

Lggz). The specificity of the 5C3 antibody for labelling the ryanodine rbceptor

was shown by immunostaining of Western blots obtained from electrophoresis

gels of junctional face membrane proteins (Dulhunty et al., 1992).

Immunoløbelling of sarcoballs for VDAC

Sarcoballs produced by mechanically skinning single muscle fibres from the

semitendinosus muscle of the cane toad, Bufo mørinus, in 200 mM CsF, were fixed

with 2% formaldehydes (prepared fresh form paraformaldehyde) and 0.25/"

glutaraldehyde in the following solution (in mM): L17 KCl,,4.7 NaCl, I.2 CaCI2,

5.0 TES, p}J7,4 adjusted with KOH. Fixation was for t hour at 4'C. Fibres were

then washed in the same solution before being dehydrated in methanol with 20%

(w:v) polyvinylpyrrolidone (PVP, MW 25 000; BDH Chemicals) at 4"C, at the

following dilutions: 15 minutes each at 50% and 70% methanol and 25 minutes at

90% methanol. The fibres were infiltrated with LR White acrylic resin (hard

mixture; Bio-Rad Laboratories) overnight at 4oC and then rinsed in fresh resin at

room temperature. The fibres were then embedded in LR White resin in small

gelatin capsules. These were filled and degassed under vacuum for 30 minutes

before being capped and polymerised at 60oC for at least 48 hours.

The fibres were sectioned as before and mounted on nickel grids. The mounted

sections were first pretreated with glycine (20 mM) in PBS. Pretreatment with

glycine chemically reacts with residual fixative and other reactive groups in the

resin to render them neutral and prevent anomalous reactions with the antibodies

(Roth et al., 1989). Sections were blocked with 1% fish gelatin (teleostean gelatin;

Sigma Chemical Co.) in PBS for 15 minutes and then exposed for 2 hours to the

primary antibody raised against bovine heart mitochondrial porin (VDAC) (De

Pinto et al., 1989) diluted 1:200 in PBS. Sections were then washed with 1% fish
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gelatin in PBS and exposed to the second antibody (5 nm colloidal gold

conjugated to goat-anti-rabbit antibody; Sigma Chemical Co.) diluted 1:60 in PBS,

for t hour. The second antibody was spun down at 10 000 g for 1.5 minutes in a

bench centrifuge to pellet any aggregated antibody before treating the sections.

Washes with 1% fish gelatin in PBS and then distilled water were applied to

sections before being stained with 5% aqueous uranyl acetate and Reynold's lead

citrate. Two types of controls were performed on serial sections of the same

skinned fibres: Type I, omitting the VDAC antibody labelling step to check for

non-specific labelling of the secondary antibody; and Type II, replacing the VDAC

antibody with normal rabbit serum at the same dilution in PBS, to check for non-

specific binding of the primary antibody,

All grids were lightly coated with carbon to stabilise the resin sections tmder the

electron beam. Sections were examined on a Phillips 300EM transmission

electron microscope at 80 kV.

The antibody to bovine mitochondrial VDAC was a gift from Dr V. De Pinto,

University of Bari,Italy. The specificity of the antibody to identify mitochondrial

VDAC has been established with immunoblotting of mitochondrial proteins after

SDS gel electrophoresis (antibody diluted L:1000; De Pinto et al., 1989).

Interpret øtion of re sult s

The observations have been interpreted with an understanding of the limitations

inherent in post-embedding immunolabetling. Labelling can only occur at those

antigenic sites exposed at the surface of the thin sections. Thus, labelling is less

than that expected from the amount of membrane present in the thin sections,

although the density of labelling is proportional to the densily of antigenic sites

(Duthunty et al., 1987). Label can also be remote from the antigenic site for a

number of different reasons. The physical dimensions of the two antibodies and

the conjugated 5 nm gold particle means that label can be displaced up to 30 nm
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from the antigenic site. The shearing action of the sectioning knife can displace

membranes slightly away from the normal orientation at the surface, resulting in

remote label. Label can also occur at antigenic sites separated from the

membrane or portions of membrane by sectioning in the same plane as the

membrane. This gives the appearance of the labelling not being associated with

any membrane at all.

6.3 Results

SR øntibodìes løbel sarcoballs

ù ca2*/tvtf+-ATPøse

Both the interior of the skinrted fibres and the sarcoball structures were inspected

for specific labelling with the çu2+ ¡¡¡gz+-ATPase antibody. Sites where the

çu2+ ¡¡¡g2+-ATPase is localised are approximately marked by the electron dense

5 nm gold particle conjugated to the second antibody. Type I control sections

showed no labelling at all. All sections exposed to both the primary and

secondary antibodies were inspected for non-specific labelling in the extra-cellular

regions of the section, which would indicate unsuccessful blocking or

contamination of the section surface. Those few sections with non-specific

labelling in the extra-cellular regions were rejected and only uncontaminated

sections were examined further.

Membranes at the surface of sarcoball structures, which are therefore accessible

for patch clamping, were dearly decorated with the electron dense gold (Figure

6.14-6.1C). This indicates the presence of the ç6,2+ ¡¡y1g2+-ATPase in these

membranes. Labelling was also observed on the membrane structures within the

interior of sarcoballs. Within the myofibrillar regions of the skinned fibres,

specific labelling was observed only on the vesiculated SR membrane. No

labelling was observed on mitochondrial membranes (Figure 6.1D) or on the

myofibrillar filaments (Figure 6. 1E).



Figtue 6.1 Labelling of nembranes with Caz+NlE2+-ATPase antibody.
Skinned fibres from Xmoptts laeais, witl:. sarcoballs, were labelled with a
monoclonal antibody to the Ca2* ¡Mgz*-ATPase. The arrows indicate small
electron dense spots which are the 5 nm gold particles conjugated to the
second antibody, marking the approximate sites of the Caz* ¡Mg2*-ATPase.
A, Shown here is a serial section of the same sarcoball shown in Figure 5.34,
where the vesicles and myofibrils (F) are at the top of a sarcoball structure.
Labelling can be seen at the surface of sarcoball structure. B and C. Further
examples of labelling at the surface of sarcoballs, which are 30 to 40 ¡rm from
the skinned fibre surface. D. Vesiculated longitudinal SR within the skinned
fibre was also labelled but not mitochondrial membranes (M), E. Labelling
within the myofilament lattice was confined to the SR. Calibration bar:
A,B,C and E, 0.13 pm; and D, 0.2 ¡rm. Courtesy of Dr A. F. Dulhunty.

Figure 6.2 Labelling of membranes with ryanodine receptor antibody.
Sections of skinned fibres, fuom Xmopus laeuis, with sarcoballs were labelled
with a monoclonal antibody to the ryanodine receptor. The arrows indicate
the gold label which identifies the presence of the ryanodine receptor. A.
This is a serial section of the same sarcoball surface shown in Figure 6.14.
The arrow points to the area of the sarcoball surface magnified in B. which
shows clear labelling with the ryanodine receptor antibody. C. This is taken
from further along the same sarcoball surface shown in 8., showing
additional labelling. D. Membranes within the interior structure of
sarcoballs were also labelled with gold particles. Calibration bar: A,
0.58 pm; B,C-and D, 0.L ¡rm. Courtesy of Dr A. F. Dulhunty.
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Ð Ryønodine receptor

Gold particles were observed to decorate membranes at the surface of both

sarcoball structures and small blebs, in sections of skinned fibres labelled with the

ryanodine receptor antibody (Figure 6.2). These results indicate the presence of

the Ca2* release channel and junctional SR membrane in the sarcoball

preparation.

A low density of labelling was expected with the 5C3 ryanodine receptor

antibody, as it has been shown to bind to fewer than L% of potential ryanodine

receptor sites (Dulhunty et al.,1992). The low levels of labelling observed on the

skinned fibres are unlikely to be due to non-specific labelling. Type I control

sections were found to have no evidence of labelling. As with the D1.2-label1ing,

sections labelled with the 5C3 antibody which showed non-specific binding in the

extracellular regions were rejected. All of the specific gold labelling seen in

sections was associated with either sarcoball membranes or membranes which

could be identified as SR terminal cistemae within myofibrillar regions of skinned

fibres. No labelling was seen on the myofilament lattice or within the empty

interior of vesiculated membrane strucfures.

Labelling utith ø WAC øntibo dy

Sections labelled with the VDAC antibody were examined for specific labelling on

mitochondrial membrane, SR membrane, T-tubules and sarcoball structures.

Type I controls on serial sections from the same skinned fibres showed no

labelling. Lr type II controls, rare occurrences of background labelling were

fotmd on the nucleus of the muscle fibre, but no labelling was fotmd on any of the

other structures examined. As above, all sections were examined for non-specific

labelling in the extracellular regions and contaminated sections were rejected.
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ù Mitochondrin

Specific labelling was clearly observed on the outer membrane of mitochondria

within mechanically skinned skeletal muscle fibres. This is to be expected, since

this is the known location of the VDAC. Figure 6.3 shows examples of the

labelling observed, which was distributed around the outer membrane of

mitochondria in a similar manner to that shown by Weiler et al. (1985) with a

specific antibody to mitochondrial VDAC on isolated mitochondria. It is also

similar to labelling on isolated mitochondria with antibodies to hexokinase I,

which is known to be associated with the VDAC in mitochondria at contact sites

between the inner and outer membranes (Weiler et al., 1985; Kottke et al., 1988).

b) Sørcoplasmic reticulum ønd T -tubules

Surprisingly; regions of SR within mechanically skinned muscle fibres were also

decorated with electron dense gold-label (Figure 6.4.), however, the amount of

label found on SR membrane was not nearly as much as that found on

mitochondria. Although the densif of this labelling is low, it cannot be

dismissed as non-specific since no labelling of SR membranes was observed in

either type I or type II control sections.

In those few cases where intact triad structures could be identified, labelling was

seen only on terminal SR and not on T-tubules (Figure 6.44 and B). Most

labelling on the SR was seen on the vesiculated membranes within the

myofibrillar region of the skinned fibres (Figure 6.4C and D). It could not be

determined if there was any localisation of the antibody labelling to particular

regions of the SR. These results indicate the presence of a protein in SR with an

antigenic site which is recognised by the VDAC antibody.

c) S arcobøll structures

Membranes at the surface and within the interior structure of sarcoballs were

decorated with gold label in sections of skinned muscle fibres exposed to the



Figwe 6.3 Outer mitochondrial membrane labelled with VDAC antibody.
The presence of mitodrondrial VDAC was identified in skinned fibres by
labelling with a specific VDAC antibuJy. The fibres shown here are from
Bufo mørinus. The arrows indicate the ltrcation of VDAC marked by the gold
label. Labelling is shown here on the outer mitochondria membrane, whidr
is flre established location of VDAC. Calibration bar: A, 0.53 Fm; B, 0.48 pm;
C and D,0.40¡rm.





Figue 6.4 VDAC antibody labels SR membrane.
As in Figure 6.3, the arrows indicate the location of VDAC antibody, marked
by the gold label. The VDAC antibody is shown here to label SR membranes
within the myofibrillar region of the skinned fibres from Bufo marinus. A.
One of the few examples of labelling in a region which could be identified as
junctional S& in alignment with the Z-ltne of the myofilaments. B. An
enlargement of the labelling region shown in A. C and D. Labelling on
vesiculated SR. Calibration bar: A, B and C,0.M ¡rm; and D, 0.10 ¡rm.
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Figure 6.5 Sarcoball membranes labelled with VDAC anübody.
Again, as in Figure 6.3, the arrows indicate the location of VDAC antibody,
marked by the gold label. Labelling with the VDAC antibody is shown here
on the surface membranes of sarcoballs frorn Bufo marinus. Each of the
sarcoballs shown extended 80 to 100 gm out from the myofibrillar surface.
These are regions which would be accessible for patch clamping. Labellirrg
was also found on rner¡branes which form the interior structure of the
sarcoball. Calibration bar: 0.10 pm for all.
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VDAC antibody (Figure 6.5.). There did not appear to be any bias in the

distribution of the labelling on the sarcoball and not all membranes associated

with sarcoballs were labelled. The presence of label at the surface of the sarcoball

is significant as this is the surface accessible for patch clamp recordings.

6.4 Discussion

Sørcoballs contain SR membrøne,

Immuno-gold labelling with ¡}re Ca2+ /Mg2+-4*ase and ryanodine receptor

antibodies conclusively demonstrates that sarcoballs contain SR membrane. The

extensive labelling with the ça2+ ¡¡v¡g2+-ATPase antibody over much of the

sarcoball surface and interior suggests a large contribution from SR membrane to

sarcoball composition. The labelling of ryanodine receptor indicates the presence

of some junctional face membrane in the sarcoball too, which is consistent with

the recordings of the Ca2+ release channel from this preparation (Stein & Palade,

1988; Kwok & Best, 1990; Wang & Best, 1992). Prior to the results presented here,

it had been assumed that the sarcoball structure contained SR membrane on the

basis of. Ca2+ and K+ channel recordings similar to those obtained from SR

vesicles in bilayers.

Not all membranes within the sarcoball interior or at the surface were labelled

with the Ca2+/Mg2+-ATPase and ryanodine receptor markers. This can indicate

either that these membranes did not have antigenic sites available for binding or

that the membranes were not of SR origin. Evidence from Chapter 6 suggests

that mitochondria and T-tubules may contribute membrane to the sarcoball

structu¡e. From stereological measurements on amphibian skeletal muscle, SR

(including terminal cisternae) membranes comprise 73% of all internal

membranes, mitochondria L9% and T-tubules comprise 79% (Mobley &

Eisenberg, 1975). If the relative contribution of internal membranes to the

sarcoball structure is dependent upon the relative proportion within muscle
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fibres, then sarcoballs would be comprised overwhelmi.gly of SR membrane, but

with a significant contribution from mitochondria.

Míto chondrial membr ane ønd VD AC

The VDAC antibody was chosen to determine whether mitochondrial membrane

was present in sarcoballs. It was also expected to resolve the possibility that

VDAC is at the sarcoball surface where it may be recorded using patch-clamp

techniques. This possibility was raised when patch-clamp recordings with many

channels present were observed to have a reduced voltage dependence, similar to

the VDAC from outer mitochondrial membrane. While the surface membranes of

sarcoballs were labelled with the VDAC antibody, both the mitochondrial and SR

membranes within the interior of the skirured fibre were also labelled. It is not

possible from these results to distinguish the origin of the labelled membrane in

the sarcoballs, though it is likely that both mitochondrial and SR membranes

contribute.

An antibody to a marker protein of the mitochondrial irurer membrane would be

useful in determining to what extent mitochondrial membranes do contribute to

sarcoballs. If irurer mitochondrial membranes were identified in sarcoballs it

would also confirm speculations that mitochondria disintegrate before

contributing lipid mêmbranes to the structure.

The labelling observed on the SR with the VDAC antibody poses the interesting

possibility that there is a protein present in the SR membrane which is similar to

the mitochondrial VDAC. At least there is a protein which has an antigenic site

similar to that of the VDAC. Further evidence of a VDAC-like protein in SR has

been provided by western blot analysis, where the VDAC antibody recognises a

protein of the same molecular weight from fractionated SR vesicles as

mitochondrial membranes (]unankar et al., 1993). It could be speculated that

perhaps the anion channel recorded from sarcoballs could also be the protein in
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SR recognised by the VDAC antibody. Since the VDAC and the sarcoball anion

charurel do share some similar biophysical properties, it may be not unreasonable

therefore to propose they also share some similar structural properties. The

application of the VDAC antibody to the bath solution of excisþd patches of

sarcoball membrane had no detectable effects upon the charurel behaviour

(Chapter 3), though this does not necessarily exclude the channel as the protein

recognised by the antibody. There could be a number of reasons for this,

including the antibody binding to a region of the channel protein which has no

effect upon the channel behaviour. VDAC-like proteins have been found in a

range of different tissues (Thirures, 1992) and have been identified by protein

sequence analysis. So far, there has been little investigation as to the ion channel

properties of these proteins (see Chapter 7).

Expected contribution of eøch internal membrane

Not all of the SR, or all of the other internal membranes are extruded to the

surface of the skinned fibres during the unrestrained contracture, as these

membranes can still be observed in the myofibrillar spaces. Thus, the portion

which remains may represent a fraction of the membranes which are perhaps

anchored in some way and so are not as mobile. The contribution of the internal

membranes may also be dependent upon their initial position, such that those

which are close to the surface of the skinned fibre will contribute more than

membranes which are deep within the bundles of myofilaments.

The suggestion that not all membranes contribute equally is also supported by

observations made by Stein and Palade (1988), who found that the distribution of

SR Ca2+ release channels was estimated to be an order of magnitude too dilute if

it is assumed that there is an even distribution of all membrane components in

sarcoballs. Thus, it is possible that regioru of internal membranes, and

particularly junctional (or terminal cisternae) SR with associated Ca2+ release

channels, remain anchored in the fibre structure, unable to contribute to the
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sarcoball. The results of the present study show that terminal cisternae

membranes, indicated by the ryanodine receptor, are a part of sarcoballs and so

are not precluded entirely from inclusion by any structural restrictions.

Conclusions

This study conclusively demonstrates the presence of SR membranes, including

terminal cisternae membrane, in the sarcoball structure and more significantLy, at

the sarcoball surface. Immunolabelling with the VDAC antibody indicates that

the SR membrane contains a VDAC-like protein.



PART III.
GENERAT DISCUSSION



7, AFAMILY OF HIGH CONDUCTANCE ANION
CHANNELS

7.1 Recapitulation

A high conductance anion channel was recorded here from a preparation of

internal membranes extruded to the surface of skinned skeletal muscle fibres from

Bufo mørinus. Although a modified method and different species was used, this

is considered to be homologous to the anion channel previously recorded from

skeletal muscle fibres of Rana catesbeiana (Hals et al., 1989). This channel was

selective for anions over cations and the conductance saturated with increasing

anion concentration. Multiple substates were a characteristic of the complex

gating behaviour of the channel.

Of particular interest was the bell-shaped voltage-dependence, where the channel

was maximally open at potentials near 0 mV and closed at potentials >t30 mV.

The number of kinetic states underlying the behaviour was inferred from the

steady-state analysis. A description of the dynamic behaviour was obtained from

the non-stationary analysis and inferences were made about the arrangement of

the kinetic states. From this analysis, three possible kinetic schemes were fotmd,

each of which predicted a bell-shaped voltage dependence. Each of the schemes

consisting of 3 open and 3 closed states, which were linked by 3 entry/exit

pathways between the open and closed aggregates.
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A description of the structure and composition of sarcoballs obtained from

electron microscopy studies has been presented here. Sarcoballs were shown to

be an aggregation of vesicles, similar to a foam structure. It is proposed that

sarcoballs form by the extrusion of vesiculated internal membranes to the surface

during the uruestrained contracfure. By using specific monoclonal antibodies to

SR marker proteins, it was shown conclusively that SR membrane was present in

the sarcoball preparation. It was also shown that mitochondrial membrane was

likely to be present. It had always been a concern that the anion channel had

some characteristics similar to the VDAC channel from the mitochondrial outer

membrane and by using a specific antibody to the VDAC protein, it was hoped

that the presence or absence of the VDAC in the sarcoball membrane could be

determined. As it turned out, a definitive answer could not be provided because

of the unexpected cross-reactivity of the VDAC antibody with an SR protein. The

labelling which occurs in the sarcoball membrane cannot be attributed solely to

the VDAC from mitochondrial membrane/ as it may also indicate labelling of the

VDAC-like protein from SR membranes.

Is the sarcobøll ønion chønnel the mitochondriølWAc7

It is still unclear as to whether the sarcoball anion channel is from SR membrane,

or is the mitochondrial VDAC exhibiting different behaviour because of the

preparation. As proposed by Hals et al. (1989), the differences in the biophysical

behaviour suggests that the sarcoball anion channel is not the mitochondrial

VDAC. The divergent behaviour of these two channels is: (i) the sarcoball anion

channel has a saturating conductance with increasing anion concentration,

whereas the VDAC has an increasing linear relationship; (ii) the sarcoball anion

channel has a high selectivity for anions over cations, while the VDAC is only

weakly selective for anions when it is in the open state, and becomes selective for

cations when in the closed state; (iii) the closed state of the sarcoball anion channel

is a non-conducting state, whereas the VDAC still has a significant conductance,
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though smaller than that of the open state. These characteristics are consistent

between isolated VDAC incorporated into artificial bilayers and recordings made

from whole mitochondrial membranes reconstituted into liposomes (Wunder &

Colombini,l99l). In comparison, the anion channels recorded from SR vesicles

reconstituted into bilayers (Tanifuji et a1., 1987; Rousseau et al., 1988) or into

liposomes (Hals et a1., 1989) are relatively voltage-independent in comparison to

the steep voltage dependence of the anion charu:rel recorded from sarcoballs.

The immunolabelling of sarcoball membranes with VDAC antibody might

indicate the presence of mitochondrial VDAC in this preparation, although an

anion channel with behaviour matching that of VDAC in planar bilayers has not

been reported in sarcoballs. Alternatively, the labelling might indicate the

presence of the VDAC-like protein identified in SR membranes. It is possible that

the large conductance, voltage-dependent, anion channel recorded here is the

VDAC-like protein from SR membranes. As the identity of the VDAC-like

protein in SR is unknown, this is yet to be resolved.

7.2Large conductance anion channels in other cells

The characteristics of the anion channel recorded from sarcoballs are not peculiar

to just this preparation. There are a range of other cell types with anion channels

that are similar to the sarcoball anion channel. The common properties of these

channels are: (i) a large conductance which is generally >300 pS, (ii) a steep

voltage-dependence, where the channel is maximally open at potentials near 0 mV

and closes at potentials >+30 mV, (iii) complex gating behaviour with multiple

subconductance states, (iv) generally a weak selectivity for anions over cations,

and (v) generally only seen in excised patches where large shifts in membrane

potential are often required initially to induce channel activíly, after which the

channel displays the normal bell-shaped voltage-dependence. A selection of the

different cell types whichr have anion channels that share these properties is

shown in Table 7.1.. Although there are variations, the degree of similarity across
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such a diverse range of cells, suggests that these channels all belong to the same

family. The SR anion cha¡nel recorded in sarcoballs is also likely to be a member

of this family. While the SR channel displays a better selectivity for anions over

cations than most other large conductance channels, it is comparable to the anion

channels in alveolar type II cells (Schneider et àI., 1935) and human

T-lymphocytes (Schlichter et aL, L990).

Vo lt age ilep en dent b eh øo ì our

The bell-shaped voltage-dependence is a prominent feature of all these anion

channels. Typically, recordings from patches containing several anion channels

show a staircase-like closure as the channel behaviour relaxes in response to

applied voltage steps, In most cases this behaviour is symmetrical, though rat

myotube anion channels inactivate much more slowly at negative potentials (Blatz

& Magleby,1983) and those from alveolar type II cells inactivate more slowly at

positive potentials (Schneider et al., 1985). Where there is a resting membrane

potential (-50 mV approx. for macrophages; Schwarze & Kolb, 1984), this voltage-

dependence means that the charrnel is normally closed at resting potential; while

for the SR anion channel where the membrane potential is close to 0 mV, the

channel is normally open.

Moduløtion of ønion channels

Voltage dependence is often the only modulatory process reported for these anion

channels. There have been no reports of large conductance anion channels of this

type being modulated by changes in intra- or extracellular free Ca2+

concentrations. Though, there has been one recent report of an anion channel of

smaller conductance (75 pS in symmetrical 250 mM C1-) from SR vesicles in

bilayers which is activated by increases in free Ca2+ concentrations on the cls side

(Kourie et al., 1993). It would seem logical that an SR anion channel might be

modulated by free Ca2+ concentrations if the channel is a counter-ion pathway for



Table 7.1 A farnily of large-conductance, voltage-dependent anion channels. Shown here is a
selection of large conductance anion channels from a variety of different cell types. All channels
listed exhibited a bell-shaped voltage-dependence of channel open probability. The selectivity for
Cl- over Na* is given as the permeability ratio determined in each study from the shift in reversal
pote¡tials. Where values are missing indicates the selectivity was not determined in the study.

Epithelial cells
bovine kidney cortex induced (>t30 mV) 300 pS P6¡/P¡. = 5 to activity independent of changes in free Velasco et al., (1989)
epithelial cells only in excised (150 mM Cl-) 13 Ca2* concentration

patches

alveolar type II cells spontaneous 3tÌ2 pS Pçy/ P¡1o = 67 mu ltiple subconductance states; Schneider et al., (1985)
Krouse et al., (1986)(apicar membrane) in excised patches (r45 mM cr ) 

:J:li:::iîïiilïJ: 
"ut 

patches

Endothelial cells
pig aortic
endothelium

PcrlPN,=4to5delayed appearance
in excised patches

spontaneous
in excised patches

induced by large
polarisations
(>t30 mV) only in
excised patches

spontaneous
in excised patches

385 pS
(1a0 mM Cl-)

activity can be induced by 423787
ionophore or by polymyxin B applied to
cell-attached patches

activity independent of ATP and changes
in free Ca2* concentration;
numerous substates; at least 4 identified

Groschner and
Kukovetz (1992)

Olesen and Bundgaard
(tee2)

bovine aortic
endothelial cells

Muscle cells
rabbit colonic
smooth muscle

rat myotubes

382 pS
(140 mM Cl-)

309 pS
(130 mM Cl-)

Pç1lP¡u = 6

430 pS
(143 mM Cl-)

activated by NK1 on outside-out patches
and CTPIS on inside out patches;
multiple substates

inactivation slower at negative potentials;
only found in 5-10% of patches

Sun et al.,(7992)

Blatz and Magleby
(1e83)



Table 7.1 continued.

Location
Leukocytes
mouse B-
lymphocytes

humanT-
lymphocytes

mouse macrophages

induced (>t30 mV)
in both excised
patches and cell.
attached

95 % spontaneous;
quiescent patdres
can be induced

delayed appearance
in excised patches

a00 pS
(165 mM Cl)

305 pS
(140 mM Cl)

342p5
(1tø mM Cl-)

Ps¡lP¡. = 10

Pç1/P¡. = 30

PcllPNa =4to6

Activation Conductance Selecti Remarks

bell-shaped voltage dependence in cell
attached recordings and shifted to the
right in excised patches; multiple
subconductance states

conductance saturates with increasing
Cl- concentration;
fwo subconductance states

subconductance states;
activity can be induced by A23L87
ionophore applied to cell-attached patches

Reference

Bosma (1989)

Schlichter et al., (1990)

Schwarze and Kolb
(1e84)
Kolb and Ubl (1987)

Neural cells
rat astrocytes

rat Schwann cells

rat hippocampus
pyramidal cells

spontaneous
in excised patches

delayed appearance
only in excised
patches

spontaneous
in excised patches

200 pS
(165 mM Cr)

450 pS
(150 mM Cl)

577 pS
(1a0 mM Cl-)

multiple subconductance states Jalonen et.al., (1989)

Pg/PN. = 5 to 6 multiple subconductance states Cray et al., (1984)

activity independent of changes in free
Ca2* concentration

Gage et al., (1986)
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Ca2+ release. The large conductance anion channel from sarcoballs, however, is

insensitive to changes in free Ca2* concentrations.

In contrast, channel activity in the cell-attached mode has, in some cases, been

induced upon the addition of the Ca2+ ionophore A231,87 to the bath (Schw arze &.

Kolb, 1984; Groschner & Kukovelz, 7992). The long lag time between the

addition of 423187 and the appearance of activity suggests that there are

intermediate steps in the regulation of the channel activity. This is further

indicated in the case of pig aortic endothelial cells, where the action of A23I87 can

be mimicked by the protein kinase C inhibitor, polymyxin B, suggesting the

involvement of phosphorylation-dephosphorylation in the chamel regulation

(Groschner & Kukovetz, 1992). This may also be the case with rabbit colonic

smooth muscle, where the anion channel is activated by neurokinin 1 (NK1) from

the extracellular surface and GTPIS from the intracellular surface (Sun et al.,

1ee2).

Apart from these specific examples, there is also indirect evidence of a more

general regulation of large conductance anion channels. In most cases, chamel

activity only appears in excised patches and then only after a short delay (Gray et

aL., L984; Schwarze & Kolb, L984) or upon a large depolarising potential applied to

the patch (Bosma, 1989; Velasco et a1., L989; Sun et al',1992). The lack of channel

activity in cell-attached mode suggests that perhaps the channel is tightly

regulated in intact cells, and this regulation is lost upon excising the patch. One

way this might occur is by regulation associated with the cyto-skeleton.

Filamentous actin (F-actin) is one of the cyto-skeletal elements and it has been

implicated in the regulation of several ion channels. In snail ganglionic neurons,

"run-down" of the Ca2* charurel activity occurs with an increase in intracellular

free Ca2+ concentration and a decrease in intracellular ATP (Johnson & Byefly,

1993). In large excised patches of neuronal cell membrane, the Ca2* channel run-

down cotild be prevented by using the mushroom toxin phalloidin, which
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stabilises F-actin polymers. By applying cytochalasin B to disrupt the F-actin

network, the Ca2+ channel activity from these neurons was rapidly reduced even

in the presence of ATP. These results suggest that F-actin plays a role in

regulating the behaviour of the Ca2+ channel. In a similar marìner, the NMDA

receptor channel from hippocampal neurons also shows nrn-down behaviour

which is regulated by the state of the F-actin cyto-skeletal elements (Rosenmund

& Westbrook, 1993). Further, the regulation of the NMDA channel involves a

secondary protein which confers Ca2* sensitivity in whole-cell recordings, but in

excised inside-out patches where the protein is lost or the F-actin is disrupted, the

channel is Ca2+ insensitive. A Cl- channel from renal proximal tubule cells also

appears to be regulated by F-actin (Suzuki et al., 7993). The Ct- channel activity

in excised patches and whole-cell Cl- currents were rapidly reduced upon the

application of cytochalasin D, and additiorr of F-actin polymer restored the

channel activity. It is conceivable that the large conductance anion channels are

normally closed r¡nder the regulation of F-actin and with excised patches, channel

behaviour appears as the actin filaments are altered in some manner. This might

be equally applicable to the sarcoball anion channel, with the cyto-skeletal

elements of the SR being left behind when the membrane is extruded to the fibre

surface.

Alternatively, the anion charunels might be regulated by a cytoplasmic protein or

by phosphorylation, both of which do not need to be independent of the cyto-

skeleton. In this regard, the regulation of a large conductance anion channel from

pig aortic endotheliuni by phosphorylation (Groschner & Kukovetz, t992) has

already been mentioned. A small anion channel (116 pS, 500 mM CI' cis,50 mM

Cl- trans) from cardiac SR membrane also appears to be regulated by

phosphorylation (Kawano et a1., L992). This channel is activated by the catalytic

subt¡nit of protein kinase A in the presence of MgATP and activation is prevented

in the presence of the protein kinase inhibitor. The regulation of the VDAC from
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mitochondrial outer membrane by a soluble protein has previously been

discussed in Chapter 3.

There is also the question of how, in some cases, the large conductance anion

chamel activity can be induced in excised patches by large depolarisations, and

whether this is related to the normal regulation of the chamel. In only one case

has depolarisation been successful in activating channels in cell-attached patches

(Bosma, 1989). Perhaps the depolarisation causes a conformational change in the

channel protein that releases any bound reguiatory factor which is able to diffuse

free in excised patches, but is held in place, perhaps by the cyto-skeleton, when

the membrane is still attached to the cell.

These ønìon chønnels me not just øn ørteføct of cultured cells

It has been suggested that the large conductance anion channels are a feature only

of cultured cells (Schneider et a1., L985; Gage et al., t986). Certainly, a number of

the anion channels reported are from cultured cell lines, but there are a number of

acutely isolated cells such as the mouse macrophages (Schwarze &. Kolb, L984)

that also show these channels. There is also a report where the large conductance

anion charurel is able to be recorded from the freshly isolated cells, but not after

two days cell culture (Kolb & Ubl, 1987). I^ pig aortic endothelial cells, the same

large conductance anion channel can be recorded from primary cultured, sub-

cultured and freshly isolated cells (Groschner & Kukovetz, \992). It is concluded

that these anion channels are a normal part of these cells and not a response

induced by the culturing of the cells.

7 .3 Extr a-mitochon drial VDAC

The finding of large conductance anion channels in a diverse range of cells has an

interesting parallel with the finding of VDAC in a similar range of cells. VDAC

had been characterised as an ion chanrtel exclusively from the mitochondrial outer

membrane, but like the immtmolabelling studies in Chapter 6 where a VDAC-like
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protein was found in SR membrane, VDAC-like proteins have now been localised

in the plasmalemma of a number of different cells (Thinnes, L992). A 31 kDa

VDAC-like protein was first isolated from the plasmalemma of human B

lymphocytes ("Porin 31FIL", Thinnes et a1., 1989) and subsequent sequencing of

the protein indicates 24% to 29% identity to the mitochondrial VDAC of

Neurospora crassø and Sacchnromyces cereaisine (Kayser et a1., 1989). Reconstitution

of the "Porin 3LHL" in bilayers showed it to exhibit behaviour very similar to the

mitochondrial VDAC (Benz et al., 1992). The protein has also been specifically

localised to the plasmalemma of B lymphocytes using immunogold labelling at

the electron microscope level (Cole et a1., 1992).

From the published sequence of the human B lymphocyte "Porin 31FIL", probes

were produced to screen a human pituitary cDNA library, which identified a

single clone with a protein sequence perfectly matching that from B lymphocytes

(Blachly-Dyson & Forte, 199I). Subsequenlly, a second clone with a similar

sequence was also found (Blachly-Dyson et aI., L993). These human VDAC-

homologues were expressed in yeast lacking endogenous VDAC, and the human

VDAC was isolated to be incorporated into planar bilayers. Both VDAC-

homologues show very similar channel characteristics to those previously

described for mitochondrial VDAC (Blachly-Dyson et a1,., L993). A porin has also

been purified from â crude plasma membrane preparation from human skeletal

muscle, again showing an identical protein sequence to that of B lymphocytes

flürgens et a1., L99L). Immtmoerìzyme labelling using antibodies directed against

the N-terminus of the "Porin 31FIL", localised the presence of the VDAC{ike

protein to the sarcolemma and mitochondria in cryosections of human skeletal

muscle (Babel et al., t991).

Indirect evidence also exists which indicates the presence of VDAC-like proteins

in other tissues. Preliminary immunofluoresence has indicated the presence of

VDAC at the apical membrane of bovine tracheal epithelial cells and in rat
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peripheral myelin (Thirures, 1992). Jürgens et al. (1991) make mention of

immunological and biochemical data that indicates VDAC is expressed in the SR

of mammalian skeletal muscle. The nuclear envelope also appears to have VDAC

present (König et al., 1991). Patch clamp recordings from the nuclear envelope of

isolated rat liver nuclei exhibit a large conductance (150 pS in symmetrical

140 mM KCI) anion selective channel, however, unlike the VDAC, the voltage

dependence indicated an increase in activity as the cytoplasmic side of the

membrane was made more positive (Tabares et al., 1991).

VDAC co-purifies u)ith rcceptor proteins

Most intriguing is the identification of a 36 kDa polypeptide which co-purifies

with the benzodíazepine (BZD) receptor protein (GABAA) from mammalian

cerebral cortex (Bureau et al., 7992). This polypeptide has a 24% sequence

identity with the mitochondrial VDAC protein f.rom Sacchnromyces cereuisine and at

leasI7}"/" sequence identity with the porin from human B lymphocytes, Clearly

this VDAC-like polypeptide is tightly associated with the GABAA receptor, as

indicated by co-purification with BZD, and a 60"/" reduction in the [3H]muscimol

binding to the GABAA protein complex by immunoprecipitation with a specific

antibody to the 36 kDa polypeptide.

There is also a range of biochemical and immunological evidence that indicates

that the peripheral BZD receptor is the VDAC from mitochondrial outer

membrane (reviewed by McEnery, 1,992). Thte solubilised peripheral BZD

receptor complèx is comprised of tfuee subunits; a32kDa protein identified as the

VDAC, a 30 kDa protein identified as the adenine nucleotide carrier (ADC) and

an 1.8 kDa protein (McEnery et a1,., 1992). This association between the VDAC

from the mitochondrial outer membrane and the ADC from the inner membrane

is thought to be the contact sites between these two membranes which are

associated with hexokinase and creatine kinase binding (Weiler et al., L985; Kottke

et a1., 1988; Brdiczka, 1990). The role of VDAC in mitochondrial respiration has
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been recently demonstrated (Liu Y & Colombini, 1992) and peripheral BZD

Iigands are also known to inhibit respiration in isolated mitochondria (Hirsch et

aL,L989; Moreno-Sanchez et al., l99L).

Evidence from the association of VDAC with the GABA¡ protein complex in

mammalian cerebral cortex, and with cytosolic hexokinase and the ADC at contact

sites in mitochondria, suggests that this channel may not normally occur or

operate in isolation. At present there is no explanation for the presence of a

voltage gated charurel so closely associated with a receptor operated channel.

The VDAC family may prove to be a ubiquitous anion channel which performs a

specific role according to the complexes which it forms with receptor or regulator

proteins. A similar association between Cl- channels and a conseryed 64 kDa

integral membrane protein has been demonstrated to occur in both the

intracellular and plasma membranes of kidney cortex epithelial cells (Redhead et

al., L992), It is possible that this might also be the case for the family of large

conductance anion charurels described here.

7.4 Role of the SR anion channel

From SR permeability studies and the incorporation of vesicles into bilayers, it

was thought that the SR anion conductance provided a passive pathway for the

movement of anions to balance the movement of Ca2+ during release or uptake

(Miller, L978; Meissner, 1983). When the anion channel was recorded in

sarcoballs, the steep voltage-dependence suggested that the channel might have a

more active role in the SR (Hals et al., 1989). Any changes in potential across the

SR membrane which might occur, would influence the contribution of the anion

conductance to the overall state of the SR membrane.

Potentìøls øcross the SRmembrane

Electron-probe analysis of skeletal muscle at rest indicates no asymmetric

distribution of ions between the myoplasm and the SR which might support a
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membrane potential (Somlyo et al., 1981). Even when the K+ selective ionophore

valinomycin is present, which would allow K+ to distribute across the SR in

accordance with any electrochemical potential, there was no detectable change in

the K+ distribution (Kitazawa et a1.,1984). So, the resting SR membrane potential

is estimated to be close to 0 mV. The rapid release of Ca2+ from the SR will

generate a potential across the SR and with compensating counter-ion movements

to balance this flux of Ca2+, it is estimated that the potential would be at most

+7 mY (potential of the myoplasmic space with respect to the SR lumen; Oetliker,

L982; Garcia & Miller, 1984). Electron-probe analysis of skeletal muscle fibres

after a 1.2 s tetanus, in the presence of valinomycin, reveals an increase in the K+

content of the terminal cisternae, demonstrating the electrogenic nature of. Ca2+

release (Kitazawa et al., 1984).

If these estimates are correct, with such a small shift in potential of. +7 mV during

Ca2+ release, the membrane potential is still within the range where the anion

channel is mostly open. Hals et al. (1989) propose that the voltage-dependent

behaviour of the charurel could make a much more significant contribution to the

channel function if there is a small resting potential of +8 to +10 mV across the SR

membrane. A resting potential of this order is in the steep shoulder region of the

Po(V) curve, and so a small change of +7 mV would result in a significant decrease

in the anion channel open probability. This reduction in the contribution of

anions to the counter-ion flux might then act to slow the rate of Ca2+ release and

aid in the electrogenic uptake of Ca2+ into the SR by the Ca2+ /Mg2+-A*ase (Hals

et a1., L989).

Is the in aioo conductønce uhnt is seen in aitro?

As yet, there has been no functional demonstration that anions play a

physiological function in the Ca2+ release or uptake mechanisms. The evidence

from electron-probe analysis indicates that while K+ and Mg2+ balance part of the

release of. Ca2+, there is no detectable contribution from Cl- (Somlyo et al., 1981).



140 Chapter seven

Even if the anions were bicarbonate or phosphate, which are not detected by the

electron-probe, the lack of Cl- movement is inconsistent considering the anion

channel shows weak selectivity between monovalent anions and a preference for

monovalents over divalent anions (Hals et a1., 1989). Alternatively, there might

be little or no movement of any of these anions, though this would be inconsistent

with the large permeability of the SR in isolated systems (Kometani & Kasai,

L978). This may mean that the anion permeability in aiao is actually less than that

seen in isolated systems. This has been forurd to be the case for the K+

permeability, which was much less when measured with radio labelled lracer in

skinned muscle fibres compared to isolated SR vesicles (Best & Abramcheck,

1e8s).

There is a real possibility that the SR anion permeability is less than that estimated

from behaviour in isolated systems. This might be due to a regulatory

mechanism, which is lost when SR membranes are isolated and even when

excised patches are formed from sarcoballs. In addition, the bell-shaped voltage-

dependence of the anion channel might also be different in aiao. Differences in

the voltage dependent behaviour exist between anion channels recorded from SR

vesicles incorporated into bilayers, from liposomes and from sarcoballs.

Asymmetrical distributions of permeant anions across the membrane are also

known to shift the bell-shaped open-probability curve along the voltage axis (Hals

& Palade, 1990). Although there does not appear to be an asymmetrical anion

distribution across the SR membrane which might cause such a shift, a regulatory

action could possibly have a similar influence upon the voltage-dependence.

7.5 Future directions

The understanding of the sarcoball anion channel is confounded by the lack of a

higily specific binding agent or ligand. Without such an agent, it is difficult to

be absolutely certain of the localisation of the anion channel. It would also assist

in the isolation of the channel protein for sequencing and other biochemical
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studies. Localisation will need to be more definitely established in the SR if the

charurel is to continue being thought of as a counter-ion pathway. A specific

ligand which modified charurel activity would also allow a functional assessment

of the role this charrnel performs.

In the absence of such a ligand, aspects of the channel regulation can be pursued

in isolated patches from sarcoballs or in bilayers. The role of cyto-skeletal

elements and cytoplasmic soluble factors have been discussed above in relation to

other large conductance anion channels. In particular, the regulation of activity

by phosphorylation-dephosphorylation observed with the cardiac SR anion

channel (Kawano et al., L992) might also occur with the skeletal muscle SR anion

channel. It is important to explore these ideas of regulating large conductance

anion charurels, because the sarcoball anion channel might behave quite

differently in the intact SR membrane compared to isolated systems. It might also

provide an explanation for the differences in behaviour between sarcoball anion

channels and those from SR vesicles in bilayers or liposomes.

The identif of the protein recognised by the VDAC antibody and any charurel

forming properties which it might have also needs to be established. Without

this information, the doubt remains about the nature of the sarcoball anion

channel. One way this could be approached is by immobilising the VDAC

antibody on a separation column and using it to affinity purify the protein from

the SR which is recognised by the antibody. If sufficient protein is able to be

recovered, it could be reconstituted into planar bilayers and its channel forming

properties assessed. Further characterisation of the channel might be possible

using a molecular biological approach similar to the used for mitochondrial

VDAC (Colombini,1.984; Blachley-Dyson et al., 1989).

The presence of multiple subconductance states is a characteristic shared by many

large conductance anion channels. Strategies need to be developed to address

adequately the contribution of these substates to the kinetic behaviour of the
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charurel. The approach of Laver et al. (1993) to model the behaviour as a number

of parallel processes depends upon sufficiently long-lived substates for

characterisation. This may be appropriate for the sarcoball anion channel, but at

this stage it is not clear how the voltage-dependent behaviour would be

incorporated in such a model.

The ultimate aim of the investigation of the SR anion channel is to be able to

describe the contribution of the chanrtel to the normal processes of Ca2+ release

and uptake by the SR membrane. In considering the contribution of the anion

channel, the characteristics of the other components in the SR membrane need also

be considered. At this stage there is insufficient information to be certain of the

role of the anion channel, but with further investigation it is hoped that a model of

the SR membrane , with'each of the contributing conductances, might be able to

be proposed.



APPENDIX

Modelling the voltage-dependent behaviour of the sarcoball anion channel

The voltage-dependent behaviour of the sarcoball anion channel was modelled using several
different kinetic schemes. The equilibrium probabilities of each of the states were evaluated from
the rate constants, which were first guesses. The exact value of the rate constants is not critical to
determine the shape of the Po(V) curve predicted by the kinetic schemes.

At equilibrium, there is no net movement between the kinetic states. Therefore, using scheme VI
as an example (Figure 4.21), the equilibrium probabilities, as previously shown at Equations 4.77,
are:

Pr(-).Þr=Pz(-)'ar
Pz(*). Þz = P¡(-) .dz

Ps(-). Þg = P¿(-)'as

P¿(-) 'Þ¿=Ps(-).o¿
Ps(-).Þs=Pe(-)'au
Pe(-) .Þe = Pr(-) . 0e

The sum of the equilibrium probabilities for each state is unity, so:

pr(-) +pz(-) + ps(-) + p¿(*)+ps(-) + pe(-)= 1 (4.2)

Now, by rearrangement, p2(*) (from Equations 4.1) can be expressed in terms of pr(-) in the
following m¿ìnner:

Pz(-) = Pr(-) ( þ, / ur) (4.3)

This expression for pz(-) can subsequently be used to express pr(*) (from Equations 4.1) in terms
of p,(-) also:

Ps(-)=Pr(-)(ÞrÞz) /(art,z) (4.4)

Following in the same manner, pa(-), ps(-) and pr(*) can also be expressed in terms of p,(-) .

With each of the state equilibrium probabilities expressed now in terms of pr(-), substitution back
into Equation 4.2 gives:

(4.1)

-1
(4,5)

B rpz p:paps
p t(-)+p t(-) Þ 1 

+ p r(-¡-P-lF 
2- 

* p r1-¡ -Ê-'Þ,Þ,- + p,1-¡Þ'.Ê 3P1Ên

û,r'd.1ù.2-a1a2a3'a1cx20.3a4
+p t(-)

cL 1Cf,2 CL3 d,4 d,5
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and by rearrangemenÇ

p t(-) =
1

., Þr ÞrÞz Brpzpo prpzB:pa prpzp:Baps
r1- T- T- T- T

c,1 c,1c,2 û, 1û,2C[3 C[1C[20,3d,4 0, 1d,2C[,3CL4CL5

(4,6)

Thus, p1(-) can be evaluated from the rate constants. Once p,(-) is known, all of the other state
equilibrium probabilities can also be evaluated, as they were expressed in terms of p,(-) (eg.
Equalion 4.3 and 4.4). The open-probability of the channel is then the sum of the equilibrium
probabilities for each of the open states:

Po = pa(-) + ps(-) + pe(-) (A1)

A structured Quick Basic (Microsoft Inc.) program was written to calculate the open probability
for a range of potentials. The listing of the programs fotlows.

. OPEN PROBABILITY
'This program models the equilibrium probabilities of a six state kinetic scheme, comprised of
'three open states and three closed states, all of which are linked to form a cyclic scheme. This is
'equivalent to Scheme VI described in Chapter 4. This scheme can be represented in the following
'manner:

cr --- c2 --- c3
ttt
ttr

06 --- 05 --- 04

'The states are linked by either voltage-dependent or voltage-independent rate constants, which
'are the variable arrays Alpha! and Betaf The rate constants used are first guesses. The
'equilibrium probabilities are calculated from these rate constants. The sum of the equilibrium
'probabilities for states 06, 05 and 04 gives the open probability. The open probability was
'determined for a range of voltages between -60 mV and +60 mV.
'Trevor M Lewis, Department of Physiology, The University of Adelaide, May 1993.

Declare subroutines
I

DECLARE SUB PopenDisplay 0
DECLARE SUB CalculatePopen (ConductingSta tes#)
DECLARE SUB Microreversibility 0

Declare shared variable arrays

DIM SHARED EquilProb#(lTO 6)
DIM SHARED Alpha!(lTO 7)
DIM SHARED Beta!(l TO 7)

CLS O

SCREEN 3 'Hercules Graphics display mode
'OPEN "c:\kinetic\programs\bell2.dat" FOR OUTPUT AS #1 'optional output of data
CALL PopenDisplay 'Set up viewport to display open probability curve
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OldMVl = -60: OldPopen# = 0 'Set starting values

' Rate-constantparameters

Z1= 3.8 : 22 = .6
Coeff1 = .05 : Coeff2 -- .3
IndepOne =,3 : IndepTwo = 3

Voltage-independent rates

Alpha!(4) = IndePOne
Beta!(5) = tndepOne

'From 05 to 04
'From 05 to 06

Alpha!(5) = lndePTwo
Beta!(4) = lndepTwo

Alpha!(7) = lndePTwo
Beta!(7) = IndePOne

'From 06 to 05
'From 04 to 05

'From C2 to 05
'From 05 to C2

FOR lvtv! = -60 TO 60 STEP 5 'Membrane potenlial in millivolts

' Voltage-dependentrateconstants
' ================== ================================
'The constant 25.4 is the value of (R.T)/F, where
'R is the gas constanÇ T is temperature in degrees
'Kelvin (295.16 in this case, equivalent to 22 degrees
'centigrade), and F is Faraday's constant.

Alpha!(3) = Coeff1 * EXP(-21 * l\I\l! / 25'4) 'From C3 to C2
Beta!(2) = Coeffl + EXP(-21. * I¿tV! / 25.4) 'From C3 to 04

Alpha!(2) = Coeff2* ExP(22 + l\ÃVl / 25.4)'From 04 to C3
Betal(3) = Coeff2* EXP(22 * MV! / 25.4) 'From C2 to C3

Alpha!(l) = Coeffl * EXP(27 * l\ÃV! / 25.4) 'From Cl to 06
Beta!(6) = Coeffl + EXP(ZI 'T MV! / 25.4) 'From C1. to C2

Alpha!(6) = Coeff2 * EXP(-22* l\/Í\¡l / 25.4) 'From C2 to C1
Beta!(l) 

= 
Coeff2* EXP(-22 + MV! / 25.4) 'From 06 to Cl

CALL CalculatePopen(Popen#)
CALL Microreversibilify 'Diagnostic subroutine to check for microreversibility

Plot the open probability curve

VIEW (432,712)-(584,231),,1: WINDOW (-60, -.1)-(60, 1)

LINE (OldMV!, OldPopen#)-(Mv!, Popen#)
'PRINT #1, USING "lftf .lfllltif"; MV!; TAB(1); Popen#
OldPopen# = Popen#
OIdMV! = MV!

NEXT MV!
CLOSE #1
END

SUB CalculatePopen (ConductingStates#)
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'This subroutine calculates the equilibrium probabilities for each state, and subsequently the open
'probability from the sum of the equilibrium probabilities of the conducting states. The variable
'Sum# is equivalent to the denominator in Equation 4.6

AlphaProduct# = L: BetaProduct# = l.: Element% = 1: Sum# = 0
FOR Element% = 1TO 5 'Since there are 6 states

AlphaProduct# = AlphaProduct# * Alpha!(Element%)
BetaProducf# = BetaProduct# * Beta!(Element%)
Sum# = (BetaProduct# / AlphaProduct#) + Sum#

NEXT Element%

EquilProb#(7) = | / (1 + Sum#)
EquilProb#(2) = EquilProb#(1) * Beta!(l) / Alpha!(l)
EquilProb#(3) = EquilProb#(2) * Beta!(2) / Alphar(2)
EquilProb#(4) = EquilProb#(3) * Beta!(3) / Alpha!(3)
EquilProb#(5) = EquilProb#(a) * Beta!(4) / Alpha!(a)
EquilProb#(6) = EquilProb#(5) * Beta!(S) / Alpha!(5)

'** Diagnostic checks
'** EquilProb#(1) = EquilProb#(6) * Beta!(6) / Alphaf(6)
'** EquilProH(2) = EquilProb#(5) * Beta!(7) / Alpha!(7)

ConductingStates# = EquilProb#(4) + EquilProb#(5) + EquilProb#(6)

END SUB

SUB Microreversibility

'This is a diagnostic subroutine to check for the condition of microreversibility. The product of
'the rate constants around closed loops within the kinetic scheme in clockwise and anticlockwise
'direction are calculated and printed on to the screen. The product in the dockwise direction
'must be equal to the product in the anticlockwise direction if microreversibility is to be
'maintained.

VIEW PRINT 5 TO 17

PRINT "Clockwise Product";
PRINT Beta!(l) * Beta!(2) + Beta!(3) * Beta!(4) * Beta!(S) + Beta!(6)
PRINT "Anticlockwise Product";
PRINT Alpha!(1). Alpha!(2). Alpha!(3) + Alpha!(4) * Alpha!(S) * Alpha!(6)
PRINT "Left -hall clockwise";
PRINT Beta!(1) * Alpha!(7) + Beta!(5) * Beta!(6)
PRINT "Left-half, anticlockwise";
PRINT Alpha!(l) * Alpha!(6) + Alpha!(S) * Beta!(7)
PRINT "Right-half, clockwise";
PRINT Beta!(2) + Beta!(3) + Beta!(4) + Beta!(7)
PRINT "Right-half, anticlockwise";
PRINT Alpha!(2) . Alpha!(7) + Alpha!(4) * Alpha!(3)

END 5,'

SUB PopenDisplay

'This subroutine sets up the viewport and draws the grid lines for the display of the calculated
'open probability curve.

VIEW (432,112)-(584,231),,1: WINDOW (-60, -.1)-(60, 1)
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LINE (-60, .5)-(60, ,5),, , &H5555
FOR Grid% = -50 TO 50 STEP 10

LINE (Grid%, -.1)-(Crid%,1), , , &H5555
NEXT Grid%

END SUB
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