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Exposing frog s skeletaldmusclt to AGOde urea for one hourixd
followed by réimmersion of the muscle in a urea-free Ringer s solution"~ff}
(i e. urea-removal treatment5 abolish:s the coupling betweennthe

If' '; action potential and the muscle twitc;. .Inﬂcontrast te“a similar‘

treatment with glycerol (iﬂe glycerol—removal treatment ) the f‘:

\>! e

majority of the T—tubules are still freely communicating with the'ﬁl

‘;l§J extracellular space.p It was demonstrated that the blopk of excitation—
e .contraction (e-c) coupling induced in urea-removal treated muscles wasf;bﬂ
due mainly to an inetease in the width of the triad junction, althoughﬂ-?J
: some detubulation may also have occurred*“'Placing the mushles in:d _
Ringer 5. with an elevated calcium concentrationn(S mM) following ifd“i{;ﬁ;
A exposure to the hypertonic urea—Ringer s solution preVented the b1°°k£§?
'dvof e-c coupling but not the increase in triad junctional width .
“' These results suggest the possibility that increasing the width of

:’ﬁthe tliad junction decreases the amount of trigger calcium ions s’

reaching the terminal cisternae during an action potenti'l; thereby

\A

y effects of a widening of the triad junction on the e-c coupling pro—
11cess.» :

A 60 minute exposure to a hypertonic glycerol solution :

{0

followed by a washout in normal Ringer s solution (glycerol—removal

E)
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o ool " v ' s “\\
ftreatment) also abolishes or greatly reduces e-c coupling in skeletal
*,muscle fibres+. This effect has generally been attributed to a’

”.closure of the transverse tubules at their surface ogpnings. When

V*lmuscles,were subjected to a short (10 min glycerql—exposure) glycerol-

,reatment the twitch response was reduced to the same extent

A

ibut meas rements of the late after potential indicate that the T~~*: w

.l--

- 7‘system was still communicating with the extrscellular space.v These
- results imply that‘the closure of the T—system from the/extracellular

x space may not have been the main cause for the lesion in e-c . L

-V5fcoupling following a (60 min) glycerol-removal treatment._uf

An attempt ‘wag made to elucidate the nature of the e-c

PR . i3

‘f‘coupling impairment in“skeletal muscles subjected to/a short glycerol— o

:jremoval treatment.v Unlike the effects of a’ urearremoval treatment,

l*no increase in the width of the’ triad junction was detected CODSiSﬁ‘-

tent with theseoresults was the finding that high calcium did not

K

;_antagonize the reduction in e-c coupling - %Electronmicroscopic obser—?“

N

:.'vations have indicated that the main cause for the e—c coupling :
R ! .

ﬁ‘ifi ’impairment following a short glycerol—removal treatment may be/

- /;
‘wf:partial breakdown of the continuity of the thubular 1umen and sub-

'Rffsequent str'ctursl E rrangements in the triads resulting from

;asmotically induced swelling and vacuolization of the T—system.-nff_“_.:i'

.8 n' .
The disruption of e-c’ coupling in muscles subjected to a’

*(60 min) glycerol-removal treatment is 1ike1y to be caused by a.

closure of the transverse tubules at their surface opening fol owed

':'iby the osmotically induced rupture of the T-tubular membranes._%*j‘

oyt
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CHAPTER I. INTRODUCTION

l;ijeneral Comment

Excitation—contraction (e—c) coupling is a- term used to .
- T Y . .
: Y

v‘disignate the processes that are involved in the coupling of electrical;_: ‘

':excitation of a muscle with its subsequent mechanical response.v These

‘processes are defined as a series of sucgpssive steps that are depicted

fschematically in Figure 1 It is well established (Huxley and Taylor,

g_1958) that excitatory stimuli i e. an action potential or depolariza—'

tion at the surface membrane of the twitch muscle fibres, are c0n;'
‘ ducted into the interior of the fibres along thextransverse.tubular
system. It is equally well established (Bianchi and Shanes, 1959
Jinegrad 1970) that an.action potential or depolarization will cause.

- a translocation of calcium from the sarcoplasmic reticulum to the

myofilaments,‘resulting in muscle;actiVatigh. However, the mechanigml

R
AR

bY‘Which the electrical events\at the.transverse'tubular-level'are1'
coupled with the relgasebof calcium from the sarcoplasmic reticulum '
::(Figure l, step 3). is not yet fully understood Regardless of the .7

. exact nature of this mechanism it is evident that the’triad junctidn
which forms the anatomical link between the transverse tubules and the
bsarcoplasmicvreticulum must be intimately‘involved in this particular‘
'<step of e-c- coupling |

| _,; A mechanism implicating calcium ions as the coupling link
_"between depolarization and contraction in skeletal muscle (Sandow,'x

11952) was first investigated by Frank (1958) and became known Iater as

the trigger calcium hypothesis (Bianchi and Bolton, 1967; Bianchi

Vet

‘f1968; 1969) Other hypotheses have, and are still being considered

o



- oA
aiﬁmcme o e ‘N S
mochinery e L
surfoce. © T-tubule  T-tubule = Teleass of | LT T L -
mémbrane . membrane SR ocoupling Ca from SR ‘reuptake of Calcium, -
./ - potential - potential : R I o O -
ﬁ;Figafe'i. Schematic representation of ghe different steps involved + _ ‘dg
S . . in e-c conpling _Excitatory stimuli at the surface mem- . '
N ‘ brane (1) are conducted into the: interior of ‘the -fibres’

along the transverse tubular system (2) and will cause
. the release ‘of calcium from the sarcoplasmic reticulum
- (4). The released calcium (6) will activate the . -
“contractile machinery (7) and is subsequently taken - .
‘up by the sarcoplasmic: ‘reticulum (5). Exactly how .
depolarization of the. tubular membrane causes the
~ 'release of calcium from the sarcoplasmic reticulum is
"~ ‘not known (step 3).
'_From Morgan and Bryant (1977)

3




. as possible’candidates_for ahcouplingimeehaﬁism (section 3)i'ﬁ

- attributed to a number -of outstanding experimental observations and in

o fibre.

22 Developments in E-C Coupling :; SRR

\

Our knowledge of the different processes involved in e=c’
SN

1 coupling has increased greatly over the past 20 yearS. This can be

ot

.particular to the elucidation of the ultrastructure of the 1nternal

E g-membrane system of skeletal muscle. The transverse tubular system,

the triad junction and the sercoplasmic~reticulum have now all been »
'recognized as separate;anatomical sites along which different steps

‘of the e-c coupling process take place._ In the}folldwing sections an . L

attempt will be made to briefly discuss the merits of the individual f?
experimental observations as they pertain to a specific step in thev"

‘-overall e—c coupling process.

2 l Transverse Tubular (T) System.l One of the most sig—ih“

nificant develOpments in the field of e—c coupling was the observa~ ,.f

'tion by Huxley and Taylor (1958) that the T-system represented the~.

" mo hological pathway of inwardly conducted electrlcal act1v1ty.

Thesk

workers produced highly localized depolarizations by applying“'““

”,an ele trical current to a pipette whose tip contacted the muscle

Only when the pipette was positioned ‘at. specific siteo along

-

f*the sar omere were they able to elicit a local contraction and it was

found that the 1ocation of these specific sites could be correlated -

- with the position of the T—system along ‘the sarcomeres of the myo—'

fibrils., o T " -"Lts i :.vf ’:‘

<

Wi




ff 'by the advance of the electron microscope which made it possible to N

e frog skeletal muscle fibres by electron microsc0py usually fails to 5‘1i1h

o molecules will enter the tubular network thus confirming earlier find—“:

o AThe interpretation of theif obserﬁafions was greatly aided-‘
R N S .

describe the internal membrane system as a system of tubular and ves— E

. icular organelles (Bennet, 1955) The term triad was first coined by _ﬂ

Porter and Palade (1957) ‘who observed a regular repeating pattern of

these organelles near the Z—lines of fast skeletal muscle fibres.d A
_ few years later Andersson—Cedergren (1959) demonstrated that the triads\lk
were composed of morphologically distinct structures; transverse tubu—

*1es flanked by two lateral sacs’ which were part of the sarcoplasmic

-reticulum Since that time it has further been shown that the T—

kS

;system in amphibian muscle is an invagination of the fibre surface

/' '.‘,

membrane and remains in continuity with it. Although examination of Jf"

v.provide direct morphological evidence that the tubules are opened at
rbthe periphery of the fibre (Franzini—Armstrong et al.; 1975) ' evidencei._j

iVobtained from extracellular marker studies (Endo, 1964 Huxley, 1964

Eisenberg and Eisenberg, 1968) show clearly that different marker

f‘ings bY Huxley and Taylor (1958) The paucity of observed openings of 5:

the transverse tubules at the surface'membrane may in part be explained

'by the fact that the tubular network is" sparsely connected to the N

T
periphery of the fibre (Figure 2) ' The apparent wide circumfgiential

s

"separation of active spots (Huxley and Taylor, 1958) supports this
:.notion The infrequent detection of such openings may also be

attributed to the fact that the tubules take a very tortuous course

v

”-near the periphery of the fibre (Franzini—Armstrong et al., 1975) and ff‘_

.“



Figuréfz

. Illustration of the 3carcity-oflthé‘openiqgs“ofithé »
. T-system at the surface membrane of a muscle fibre.

~
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:‘ that these operings are identical to the many membrane—bound vesicles

. or caveoli CZampighi et’ al., 1975) As a consequence of the continuity

- /

'7between the sarcolemma and the tubular membrane there is a considerable

increase in surface area of the muscle fibre. . For instance Peachey

' (1965) estimated that for'a fibre 100 um in diameter the total surface

ufarea would be augmented sevenvtimes-and_that-the volume-of the T—

o

system would be:0;3Z ofvthe total-fibre volume: These prOperties of

o the T-system play .an important part in the bioelectric behavior of the

b'muscle and°will be discussed in’ more detail later (section 5) The

'f:main strhctural features of the T—system may be summarized in

e
-

k _uity of ‘the. tubular network with the extracellular space.

/the mechaﬁism of inward conduction of the electrical activity has o f

attracted the attention of many workers. In general there are two -

-centre of a'muscle fibre.~ Firstly, an action potential confined to

'"‘purely electrotonic fashion, as proposed by several investigators

7(Falk and Fatt, 1964' Falk 1968 Adrian et al., 1969) Secondly,.

'/

.Figure 3 which represents a three dimensional reconstruction of the'

/

iinternal membrane system‘ and in Figure 2 which amplifies ‘the contin—'

Parallel to. morphological studies of the T—system have been »
+ v

studies of . its electrical activity and role in. e-c coupling Especially

1possible W ys by which an electrical signal is conducted into the

<

e ‘

'the sarcolemma may spread intq the transverse tubular system in a

results of a study by Gonzales—Serratos (1966) on the temperature ff.

dependence of the radial spread of activation in single muscle fibres;

were ‘more’ compatible with‘active propagation within the T-system

B This was g bstantiated by the work of Constantin (1970) who showed




- Figure 3;

o

\

A three- dimensional reconstruction of the internal membrane

system in association with the 1ndividual myofibrils of a.
muscle fibre. '

. From’ Peachey (1965). . R o '
Gly, glycogen: granules; Tt, transverse tubule; Lt, longitu~

dinal tubules, Fc,afenestrated collar, Te, terminal cis—

' terna. T R : J
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.that a surface membrane depolarization only slightly greater than the‘y‘lj L

lcontraction threshold could produce shortening throughout the entire'
rcross—section of a muscle fibre. He also- demonstrated that the- radial
_spread of contraction could be‘reduced either-by lowering the extra—
; cellular sodium concentration or by the addition of tetrodotoxin (TTX)
to the bathing medium The most logical explanation for these results

e

is that depolarization of the muscle fibre can produce an increase in

,’sodium conductance in the transverse tubular membrane and that the e

resultant inward sodium current‘contributes to the spread of depolar—
ization along the T—system. Subsequent studies by Gonzales -Serratos
1(1971) confirmed preliminary accounts of a regenerative process along
'the transverse ‘tubules (Gonzales Serratos,il966) Microscopiciobser— '
Mvation of straightening of the individual myofibrils w1thin an isolated
muscle fibre was - made possible by Setting a fibre in*gelatine and—com—’
‘pressing it 1ongitudinally The time course of shortening of the
'_myofibrils both near the’ surface and in j’e centre/of the fibre was
recorded by high—speed ciné micrdgraphy and from this measurements of
the velocity of inward activation were made.- The speed of inward
' transmission was estimated to- be about 7 cm/sec at 20 c, with a QlO
.‘of.2;l3. .The_Q-flvalue is similar.to that for the conduction vel—
'ocity”of'a muscle action_potential-(EccleS'sthal. 1941) and Gonzales—v
" Serratos (l971)ﬂconcluded thatvit'washunlikely‘that‘such;a high'Qlo
:.would‘be given by a passive electrotonic system.Thein:?lvementof

;_sodium in the excitatory process travelling along the 'T-éystem is.

valso indicated in the experiments of Bezanilla et . (1972) ‘This

X

"_group argued that,if tubular‘transmission»is electrotonic;‘the extent '."

B L R U I AT SR
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. . of radial activation should be a function of action potential magnitude .

P

L - R ' o : : . : L : S
or external Na .concentration, whereas if the transmission process is

,_regenerative,/aCtivatiqn{should‘be_independent of'action potentialva
fmagnitude, prbvidedvsuffiCient Na+ would:be present to support~an |
. action pOtential Aiheir,results indicate that tetanic tensionﬁof

: fibres in 1ow [Na ] solutions drops during tetanus while a similar»

"drop is not observed in normal Ringer s solutions. They concluded.

N

that these findings were consistent w1th‘the existencerof a regenera-

_tive sodium conductance in the'tubular.membranebduring the inward. -

spread of electrical'aCtivity-‘ Furthér'evidence implicating”tubular

' sodium in the spread of - inward activation was presented by Caputo and

thipolo (1973) who measured the speed of recovery of twitch tension in"

single fibres, following sudden changes in external [Na ] .The ré- -

- covery of twitch ten51on when fibres were exposed from a. sodium—free,

solution to one containing 46 mM Na '0ccurred more slowly in high

: viscosity me ia. The slow recovery of the twitch could be explained

as a delay 4n diffusion of sodium into the T-system caused by the

>

high viscosity medium and indicates the involvement of sodium in the

: spread,of,1nward,activation.v Using a double sucrose gap method

' Bastian and NakaJima (1974) applied simulated action potentials to :~‘

o muscle fibres treated with TTX and compared their contractile responses ’

L with'responSesfobtained from-real action potentials in untreated~fibres;

.

"¥<If the'inward spread of7electriéal\activ1tytwere passive no significant“

difference should have been observed between the- two methods. However

the twitch height was three times larger when it was elicited by means - -’

of a real action potential Again the ev1dence presented strongly L

- suggests that the transverse tubular system i\\excitable and is

: \




2%

- meability «of - the sarcoplasmic reticulum to calcium ions has not yet

'The sarcoplasmic

i

_ necessary for full activation of the twitch response. iIn'conclusioni

:llthe experimental evidence presented thus far supports the idea that -
'the inward transmission of excitation into the T-system of skeletal
'_muscle fibres occurs through action potential generation rather than
fby passive electrotonic spread The fundamental question of how .jl"

"action potentials in the transverse tubules may influence the per-

.

been resolved although different theories have been hypothesized

(section 3)

<

2 2 S rcoplasmic Reticulum (SR) and Calcium Regulation. g

eticulum is an internal membrane system that sur—"
S

z,f'rounds the myofibril ;t It consists of flattened sacs which extend
f;from YAS 1ine to Z= lin . The configuration of the SR varies along the 7:
" _ilength of the sarcom ‘e, appearing as terminal cisternae in the region
_'of the I—band and as longitudinal tubules and a fenestrated collar in
-the A—band region (Figure 3) The SR” appears to be discontinuous with
;(athe extracellular space of the- muscle fibre although there are reports.
' flin the literature (Birks and Davey, 1969 1972 Rubio and Sperelakis,
;'1972 Kulczycky and ﬂainwood 1972) that favor the extracellular nature R

- ‘of the SR. In 1963, Birks and Davey observed that thq;SR of frog

';vskeletal muscle swells when the normal bathing solution of the fibres i

:;was made hypertonic by the addition of sucrose or extra NaCl and

-

i_suggested that the swelling of the SR was caused by the free diffusion‘
‘»of these small molecules with their osmotic equivalent of water into.-» .

-‘the SR An earlier report based of electron microscopic data (Birks,

e e o b s oh Gt L abAm

oo,

r~;"i1965) had already described bridge—like structures between the membranes"‘ i



of the T-system and SR in the region of the triad junction. These .'

'-,cresults were interpreted to suggest that the SR was an extracellular

1

e compartment which communicated with the exterior through aqueous f"?/

x\ ”*

>'.,channe1s (i e. bridge-like structures) located 1in- the triadic region .
(Birks and Davey 1969, 1972) ‘From ext::::TIuiﬁr'zpace determinationsf”'l

- it is known ‘that the measured space varies with the choice‘/f the __}jf,'hﬁf‘:

o

.specific marker molecule (Tasker et al., 1959 Page, 19623 Bozler,-

_:1967) and that these variations in eXtracellular space are merely a’ :kiig

A e,

:.h:: reflection of the degree of intraCellular leakage of the different f,.id

I

marker molecules.. For instance sucrose (Tasker et al., ;59 Bozler,ub _
i>l967) with 4 molecular diameter of 4-5 A (Schultz and Solomon,_l96l) 'f,':"
v.is not confined to the extracellular space only. Efflux studies ur*'l
f”rwith radiosodium from whole muscles (Rogus and Zierler, 1973) indi—‘d
l‘cate that NaCl is washed out from the intracellular space at two_
rates.‘a fast one‘corresponding to the efflux- from the" SR and a - ”

slower rate corresponding to its efflux from qhe SarCOplasm fAn_g,."“

s alternative explanation of the swelling oﬁ the SR observed in hyper—'bb

“’_';tonic solutions of sucrose or NaCl (Birks and Davey, 1969) would

-ytherefore be that these small MW compounds slowly leak: intracellularly,.
. N . v '_ .
'f,preferentially into the SR.x«—-1:~:~m*].L"

, S R . :
Recent evidence grom Freeze fracture studies (Fra zini—

e

; e oo "
Armstrong, 1974)/and earlier morphological observations (Franzini— o e

.

'i'Armstrong, 1970) rule out the possibility that the SR ig freely
A . v , \,\
'T'accessiBIe from*the extracellular space through aqueous pores locaced

g'_in the triad junction (see also section 3 l) In addition electron

"~f'microscopic studies with extracellular marker molecules such as4_v/j”

l
:,'Ferritin (Huxley,_1964 Page, 1964 Peachey and Schild 1968), Thorium

>

Rl
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i

jidioxide (Birks, 1965) and the fluorescent dyes (Endo 1966) have dem—';'”\

I

3onstrated that these molecules remain restructed to the tubular space

. i?ﬂonly. Claims of other investigators (Rubio and Sperelakis, 1972

erulczycky and Mainwood 1972) that Horseradish peroxidase (HRP) will -

: ipenetrate into the terminal cisternae and longitudinal tubules of -
”ﬁathe SR are’ denied by the careful study of Eisenberg and Eisenberg
(1968) ' More consistent with the view that the extracellular spaces‘
g confined to the T—system and not the SR are the experimental results
: obtained from a number of electrophysiological studies (sections 3.1

i and 5) In these studies volume estimates of the extracellular space

'.were extrapolated from the different electrical parameters and fell

within 0.2% to 0 SZ of the total fibre volume. This value agrees well

:"Tj;ﬁwith theT'istologically determined volume of the transverse tubular '

B system (0 3/), but is roughly thirty times smaller than the f;actional

- volume of the SR (Peachey, 1965) These electrophysiological studies o L

...f,]

"1‘ztogether with ‘the observation that diffusion of large electron—dense

{cmolecules is restricted to the T—system only, Strongly support the \“:f

‘contention that the SR is excluded from the extracellular space of

: skeletal muscle.-.

v The main function of the SR is to regulate the availability g

of intracellular calcium to the myofilaments for muscle contraction ‘.‘3‘m

and relaxation._ The mechanism.by whichJﬂ!lcium causes.contractile

_‘activation has been worked out in great detail (Ebashi and Endo, 1968

. Ebashi et al., 1969 Ebashi l974) In short,.calcium ions released

-
s . .~4

o from the SR diffuse into the-myOplasm and bind to the calcium—receptivef"

a’

T[protein troponin, dhich together with trOpomyosin is located along the

-gacéin'filamentr The association of calcium with the troponin molecule
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'causes a configurational change in the troponin-tropomyosin~actin

o

:complex resulting in the remcval of tropomyosin s inhibition of
actomyosin ATPase and enabling the contractile reaction to‘start. '
’This process is rapidly reversed by the removal of calcium from the
_troponin mnlecule.v jt !‘ y" . |
Evidence obtained from a number of biochemical studies,
l"described below, indicate that active uptake of calcium ions into the'
'SR is respon51b1e for the relaxatlon process. The original experiments
carried out by ‘Marsh (1951) and Bendall (1953) established that a .f

:muscle extract could induce‘relaxation of either the actomyosin system

or glycerinated fibres. This muscle extract was named the relaxing

_factor -:and studles of Kumagal et alS,41%b5) proved it to be identical~.

-

" to ah earlier discovered ATPase frac ion (Kielley and Meyerhof 1948

a, b). It was. subseqqently discovered that relaxation of glycerinated"

0

fibres could also be mimmicked by calcium chelating agents (Bozler

-

;1954 Ebashi 1960) and that the/relaxing factor could accumulate

'calcium ions in the presence of ATP (Ebashi 19603 Ebashi ‘and Lipmann

o i 1962 asselbach and Makinose; 1961) G In addition electron microscopic

studies sh0wed that the-relaxing factor was composed of fragmented

- SR (Nagai et alw,rl960 Muscatello et al., 1961, ubashi and Lipmann,

_f1962) The exact details of the calcium uptake mechanism of the SR

-

v have not been worked out yet bUt two general models have been proposed
. N .
=Weber et al (1966) suggested that Calcium is actively transported

into the lumen of the/fragmented sarcoplasmic retlculum (FSR) where -
it is bound to a low affinity binding protein calsequestrin (MacLennan
and Wong, 1971) . An alternative model (Ebashi and Endo, 1968) pro- : 2L

: Vo
poses that calcium ions are first bound to sites of high calcium

v




affinity in the fragmented SR membrane and only part of the bound

calcium:is subsequently-transported into the.lumen of the SR. Fur-

RN
—

ther ‘studies will have to establish which of the two models is the
.correct one.
- S L &

Contrary gy calcium uptake processes, the molecular mech—‘
" anism by which calcium ions are released from the SR has not yet been

elucidated.. It is known however that a variety of different stimuli

4 ~

‘will cause the release of calcium from the. SR For instance the con—
4 ¥ )
tractile effects inducedf

y caffeine are mediated through calcium

release from the SR (Bianb i 1961, Neber and Herz, 1968) Other _
drugs such as thymol (Ebashi 1965), quinine (Isaccson et al 1970),
‘. halothane (Endo et al 1975), and the free base form of certa1n 1ocal
.ianaesthetics (Bianchi 1968, 1975) were shown to have a- similar action
‘-GD that of'caffeine. The ion0phores X-537A and A23187 when added to

Ced
'SR vesicles ‘loaded” with calcium'were shown to cause ‘an immediate

B //

1.re1ease of»calcium (Scarpa and Ine51, 1972' Entman et'al., 1972);

-'phenomenon referred to as the reversal of the calcium pump (Barlogle B

~ '

et al., 1971 Makinose, 1971 Makindse and Hasselbach 1971) operateS'

X /
.in SR vesicles- at low external calcium concentrations and can 1nduce

'calcium release when ADP and inorganic phosphate are added ‘to the med—

”ium. Nakamaru and Schwarz (1972) observed calcium release form SR

e

' vesicles when they raised the pH of the medium to 8 Magne51um w1th—-'

drawal has’been shown ‘to cause transient contractures in skinned

'flbres (Ford and Podolsky, l972b) _ When the ambient temperature of

e
o

intact fibres is suddenly 1owered in the presence of subthreshold

concentrations of caffeine a contracture results (Sakai -and Kurihara,

'1974); Exposure of skinned fibres (Endo and Thorens, 1975) or’

oot

C 14
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!

isolated SR vesiclds: (Kasai and Miyamoto, 1976a, b) to hypotonic media
will induce calcium release. Lannergren and Nouth (1973) observed
contractures ‘in fntact muscles bathed in hypertonic media and attribu—"
‘ted .these to calcium release from the SR. The different stimuli.that

]

were shown to release‘calcium from the SR are- not likely to play a. |
role in the natural functioning of muscle contraction although some .

._of them (i e. caffeine, caffeine-like drugs, rapid cooling and

magne51um withdrawal) may enhance the natural calcium—release mech—

anism (Endo, 1917). . . IR bﬂvé

Based on the responsiveness of the skinned.fibre prepara-

: tion to electrical stimulation or a changed 1onic environment Constanf
‘tin and Podolsky (1967) suggested that the’ signal for calcium release

" from the SR was a.depolarization of the SR membrane.- Their findings
"were substantiated by results obtained from,optical studies in intact
:muscle fibres (Baylor and Oetliker 1975 Bezanilla and Horowicz,‘:;'
.fl975). Baylor and Oetliker (1975) detected transient changes ‘<

'birefringence following electrical stimulation of 31ngle muscle Iibres.

The birefringence signal consisted of 3 components the first component vb

'was attributed to the surfacevmembrane potential ‘the second component
iwas thought to be-related to the voltagedchange across the SR and
assoc1ated with the release of calcium, and the third comoonent may
have reflected some conformational change in the‘actomy051n system
.Using a different optical technique, Bezanilla and Horow1cz (1975)

- .observed ‘a. fluorescence change upon electrical stimulation of muscles

stained w1th Nile Blue A. The fluoresconcechange followed‘the same’

time course as the second component of" the birefringence signal (Baylor'

and Oetliker, 1975) and the onset of both signals occurred in the

©
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falling‘phase of.the action.potential; some'3—6 msec befdré the!onset
,iof the contractilefresponse These results were consistent with the
| Speculation ‘that the optical signals reflect a SR potential change
associatéd with the release of calcium The SR potential change was.
?estimated to’ be around 135 mV (Baylor and Oetliker 1 1975) which implies
that calcium is: released f m the total SR membrane area. Depolariza-
.tion induced release”of calcium was also demonstrated in fragmented'
.‘SR (Kasai and Miyamoto, 1976 a, b Inesi and Malan, 1976) but it has-:
been suggestéd (Meissner and McKinley, 1976) that osmotic effects ‘:"c
_and not the membrane potential change of the SR wasithe real cause‘of
calcium release : Using an. 1ntracellular electrode recording technique‘:
'Strickholm (1974) detected small potential changes (l 2 mV) in muscle _"
fibres preceeding contraction and suggested that these potenti 'y
changes originated from the SR. Natori (1975) recorded propagated
‘potential changes in contracting skinned muscle fibres. These‘
internal action potentials‘ had a magnitude of lO .mV and were re— . : -
g:corded with glass microelectrodes 1nserted into the skinned fibre
Although these microelectrode studies support the idea that SR
‘ depolarization is the signal for calcium release, the morphological
*,observation (Peachey, 1975) that the T—system’takes a spiral course
:around the. axis of the whole flbre would seem to suggest that the
'4e1ectrical events assoc1ated with the SR are. in fact propagated poten— '
'tial changes in the ﬁ&ansverse tubular s&stem. Moreover the depolar—'
vizatlon in skinned fibres (Natori 1975) might have originated from
: sealed portions of the T-system in which a potentlal gradient had been‘

'.reestablished (Nakajima and Endo, 1973) The demonstration (Winegrad_'

kl965 1968 1970) that calcium release is confined to the terminal



-

'cisternae of‘the.SR conflicts with results from birefringenCe studies

(Baylor and Oetliker, 1975) which imply that calcium for contractile

-~

; activation is released from the total membrane area of the SR.. But;

'_by far the most compelling arguments against a.depolarization*indEEEE//

calcium release mechanism operating in 1ntact fibres are' firstly, the

':discontinuity of the surface membrane with the membrane system of the

SR (Franzini—Armstrong, 1970 1974, sections 2 3 and 3. 1), and secondly

'electrophysiological evidence (Ebashi and Endo, 1968 Constantin,

Avl975) which rules. that the current flow through the triad junction is o

too small/to cause a significant depolarization of the SR membranes.‘

' “fifi Experimental.evidence supporting a role for calcium—inducedl"

,relefse of calcium from the SR was presented Simultaneously by th
"gro ps of . workers. the study by Endo s group (Endo et al., 1970)

”yrev aled that a concentration of 10 6 M free calciumpcould,induce a fﬂ
’contraction of skinned fibres.‘ A‘Similar”responsevwas.demonstrated-'“hl
‘by gord and Podolsky (1970) The above exper1mental data.is compatible :

,with\the idea (Bianchi 1969, section 3. 3) that small amounts of cal—

cium\originating from the inner aspect of the transverse tubular

membranes and the tubular 1umen can trigger the release of additional

,fcalcium from the SR._ A great deal of supportive evidence for such a.

calcium—induced calcium release was obtained from experiments u51ng

uthe skinned fibre preparation. This preparation was first used by v

Natori in 1954 and consists of a single muscle fibre, 1ts sarcolemma- o

i

removed mechanically and placed ié an aqueous medium designed to B

mimmick the intracellular env1ronment. By varying the calcium ion

'concentration in the medium, their effects on the release of SR

llcalcium could be.studied. Calcium release ‘from the SR in_skinnedh

i



f ibres has been inferred in mostvcases'frOm the occurrence of the con-

:tractile reSponSe, butihas also beentdemonstratedfdirectly with‘a S

fvariety of techniques. radioactive tracer methods (Ford and Podolsky,

-

51972a' Stephenson 1975), methods employing the calcium—sensitive
lbioluminescent protein aequorin (Endo and Blinks, 1973) or the calcium—'."
iqbinding dye murexide (Endo et al., 1970) Apart from confirming the‘
,{earlier findings (Endo et al., 1970 Ford and Podolsky, 1970) subse—:l
»quent skinned fibre studies have helped to specify the conditions under
which the calcium—induced.calcium release occurs. It was shown that .
;the minimum effective concentration of free calcium required to induce
tée release of SR calcaum depends on. the concentration of free mag—
bnesium in the medium (Ford and Podolsky, 1972ﬁ§ Confirming this,
":_Endo (1975 a, b) found that with 'physiological' magnesium concentrae\
'tions (0 9 mM), a Ca++ concentration of 3 x 10- 4 M or greater is re--
1quired for Calcium—release‘tofoccur;'.He‘further questipned the’
’physiological significance of the calcium—induced calcium release,u =
‘since the calculated increase in my0plasmic free calcium during an

o

L action potent1a1 in intact fibres (Curtis, 1966) was considerably lower
'than 3-x 10 4';.; On ‘the " other hand it is still p0551b1e that such high
concentrations of free calcium are momentarily attained in the restric— _
- ted region of the triad Junction during the influx of trigger calcium’
'associated with a depolarization of the transverse tubular membrane..
.Also, the physiological' free magnesium concentration (O 9 mM) may
1'>have been overestimated (Gilbert 1960 btephenson and Podolsky, 1977), E
‘ resulting in erroneously high values for the free [Ca ] required to f

Jﬂj activate the release of SR calcium in skinned fibres. There is always

_ the possibility that mechanical removal of the surface membrane will i”

v -
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damage the integrity of the‘in%ernal membrane system and reduce the

sensitivity of ‘the calcium—release mechanism in skinned fibres.n It =~
would follow that.under these‘conditions'a=higher concentration oﬁ';

‘-'free calcium is required to- trigger the release of SR calcium -Studies

-

: vwith isolated SR vesicles have demonstrated ‘thag also in this -prepar- '

- ation free calcium is able ‘to induce the release of bound calcium into

the medium (Inesi and Malan 1976) Although the conditions under

~

which calcium—induced.release of calcium takes place have been studied
extensively, little is known about the: moleCular mechanism of this
process. It is assumed that the release of calcium results from a

changed permeability of the SR: membrane, triggered in some way by -

'dappropriate concentrations of free myoplasmic calcium (Endo, 1977)

» In conclusion, there is ample experimental evidence t 'suggest th

) : depolarization—induced calcium rel ase and the calcium 1nduced calcium .

release The evidence presented S0 ar seems to favour the calcium—

. induced calcium release as the mechanism that operates in intact
’ muscle fibres in vivo B

y

2.3 Triad .Jun'ction. The fine ‘str'uctur‘e'of“ the -triad' junc-
'-;tion has been con51dered extensively in the literature (Birks,11965
:Fahrenbach 1965 Peachey, 1965 Walker and Schrodt 1966 Kelly, 1969)
.vbut the most accurate description has been provided by the work of ‘H
"Franzini—Armstrong (1970 1971 1972 1973 1974 1975) _ The triad f
Junction is the area where the transverse tubular membrane and the mem—
N brane of the SR are separated by a narrow Junctional gap of approX1mately
.100 A.J At about 300 A intervals the SR forms small prOJections whose
“tips come to within 50 A of - the transverse tubular membrane and areh'
joined to~it by some‘unknown amorphbus material. :Ihe SR‘projections L

3



j’and-the amorphousfmaterial are normally.referred to as feet. In amphib?

ot ’

7'ian fast skeletal muscle they are dispersed in two parallel TOWS on

-,‘either side of the T—tubules. These junctional feet cover about 30/ of o

AN

the,T—system surface‘area and_3%“of-the‘tota1 SR area. ’ The junctional-'

‘*gap,represents;the region acrosshwhichrthe least understood'Step of the
eec coupling'prOcess takes place (Figure 1, step 3). Several attempts
o have been made to explain the nature of this e-c coupling step on the

- basis of the ultrastructure of the triad Junction (section 3)

s 3. Theories of'E—C Coupling; '

Three possible mechanisms whereby ‘the. potential across the

',: walls of the T tubules may influence the permeability of the SR mem—.‘

lbrane have been postulated/ One. is the existence of a low re51stance
pathway through which current may flow between the lumina of the SR -
. and T—tubules. A second hypothesis proposes that a voltage dependent

"'Charge movement is r/sponsible for: the regulation of calcium permea—

. bility in the SR. The third mechanism 1nvolves the entrance of extra— .

‘ikhcellular'or membrane—bound Calcium into the muscle'fibre during

.depolarization/of the T-system membranes and is usually referred to as
1 . : . .

the trigger c%lc1um hypothesis

|

i
I

' 3;1? birect Current Flow. Birks'(lQBS)‘obSeryed’cross- -

:bridges between the two membrane systems in the triad region and sug—

5_ gested that these would electrically couple the SR—T system Fahrenbach

1A(1965) stated that the whole triadic junction may be interpreted as a’

tight junction while Peachey (1965) compared the triad gap with the' -

s

'regularly spaced interconnections of the septate Junction ‘as it occurs

20
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amonglepithelial cells.: Still ogher workers (Walker and Schrodt 1966'

Kelly, 1969) observed membrane—like densities which were dispersed in

two parallel rows on either 'side of the T—tubules. The densities were.

L

evenly spaced at regular intervals along the transverse tubular system

h,and the distance between the SR and the tubular membranes was estimated

to be around 100 A. The morphological observations described above_have

'“led.to the hypothesis thatfthese interjunctional structures or den‘

~

sities represent the low resistance pathway which would permit membrane

depolarization to progress from the T—system to the ‘SR. However,

_caution is required with the interpretation of these membrane—like

Adensities, 31nce the dimen31ons of these structures are close to the

practical resolution limits of,the electron microscppe and this fact

sy e
i

may very well'account for the great variety'of ob3ervations made.

Rea1121ng these shortcomings Fran21n1—Armstrong conducted EM studies

- using differential staining techniques (1970) - and freeze fracture (1974,

1975) She showed'that the 1nter3unctiona1 structures were not an 7

integral part of the SR—T membrane system, but consisted of amorphous

material deposited between the tubular membrane and the progections

L of the SR (Fran21n1—Armstrong, 1970) Examination of the number and"

.Tftubular andeR membranes in”the triad junction showed.allackbof

arrangement~of'particles~andvpits on the exposed fracture faces of

regular disp031tion in contrast to the regular hexagonal array of the

. feet of the triad Junction (Franzini Armstrong, 1974 '1975). ? In this

respect the Junctional membranes at the triad strikingly_differ,froml

'those forming low—re51stance Junctions, i.e. gap junctions'in-epithelé ’

ial cells,_heart, smooth muscle and'in.electrotonic synapses. At all -

_these junctions the regular array of pits and particles on the exposed

o

*
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' fracture faces ofvthe junctional membranes matches the disposition of
.the‘structures that occupy the junctional gap so that the ex1stence
of continuous hydrophilic channels can be postulated (Perrachia, 1973
: a, b);. In view of the.results obtained by freeze fracture in skeletal

‘muscle;'Franzini?Armstrong (1975) concluded that direct electrical
' coupling between membranes of the SR—T system was an unlikely possib-
'ilityﬂj- |

; Evidence of .a more indirect nature 1s also consistent w1th

the results obtained from morphological studies: a number,of electro—

_physiological‘studies-have'failed to.demonstrate'that the SR membranes

prov1de a pathway for current flow from the.sarcoplasm to the extra-—

‘cellular space. These studies‘are of twg general types. (l) studies

i‘of potassium—ion accumulation and depletion within the 1nternal mem~
brane,»and (2) studies of the,effectivevmembrane-capacity ofvthe

: muscle ¢e11; - |

dpil)_ Electrophy31ological studies concerning‘the accumulation and

depletion of pota331um—ions in the internal membrane system as they.

relate to- estimation of intra and extracellular spaces have been men-
‘ ‘ J

'.tioned briefly in section 2.2 and will be dlscussed in more detail in .

'section 5. The experimental evidence obtained from these studies in-

_ dicates that the T-system has rapid access: to the extracellular spacehy4‘

and that the SR is contained intracellularly It should therefore:d

the T—system and the SR are separabed by a diffusion

.‘ follow tha
'Abarrier hich:is 1nconsistent with the hypothesis-that the tubular
'lumen‘an

tion as aq_eous pores (Birks, 1965)

»i(2) The capacity of biological membranes appears to be l uF/cm of

the SR are electrically coupled by cross-bridges that func—f'

2
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membrane (Curtis and Cole, 1938) The effective membrane‘capacity of

- frog skeletal muscle fibres is approximately 8 uF/cm -(Fatt and Katz, -

‘1951) and is Just the value that would be expected from the surface o ';5
_ ) ‘ ‘
‘ area of the T-system (Peachey, 1965). If the SR membrane had been

electrically coupled with the transverse tubular membrane, as was |

- proposed earlier, the value of the effective membrane capacity of

.skeletal muscle fibres would have to be considerably 1arger than 8

uF/cmz;

r

'”3.2 Voltage Dependent Charge Movements It has been pro— ,
posed (Schneider and Chandler,.1973) that in skeletal muscle con-
'.tractile activation is controlled by a voltage dependent charge move—':
ment 31m1lar to~ the gatlng concept in squid axons. (Armstrong and : VV”f”f*‘“*
Benzanilla 1973). Schneider and Chandler were able to detect small o
tranSient currents of capacitive origin that could be associated w1th

the movement of a definable amount' of charge._ They suggested that

“.fthese gating currents reflected the. displacement within the T—tubules

Of charged molecules that control the release of calcium from the'

"sarcoplasmic reticulum Subsequent studies by Chandler and co-workers

_(1967 a, b) have provided additlonal evidence relating these gating

" currents to contractile activation.

From their experimental data Chandler et al (1976a) were
-able to calculate the number of fixed charge groups that were located

in the T-tubular membrane and found that the density of these charged/

'-Agroups was the same as the density of the SR feet (Franzini—Armstrong,.

_ 1970) » These workers (Chandler et al s 1976b) subsequently clalmed

that under resting conditions there ex1sf;M§bme mechanical linkage
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connecting both charged groups and SR feet on- a one to one basis and

- that during activation this mechanical 'SRET link could be momentarily

;broken resulting in the release of calcium from the SR. It is clear P

/'
_that this model is highly speculative and that the exact nature/gf/fhe"

mechanical link between charged groups and the SR would

zelucidated in future studies.: ln,view of ef Her conclusions (section

i

v_3 1) the presence of a mecha & -‘link extending’all.across thé triad
junction is a ‘er unlikely possibility Although the number of

charged groups in the tubular membrane may be the same,as the number

of SR feet the disposition of these charged groups does not corres-
: pond to: the location of the SR feet (Franzini—Armstrong, 1975) These.

'and other anomalies (Almers, 1975) would have to be explained before

:'”the involvementvof_these‘v“ltage:dep_ndentlcharge movements. in e-c

":coupling could be seriously considered

3 3 The Trigger Calcium Hypothesis. As'earlyﬁas\1883i

L Ringer demonstrated that calcium plays an essential role in the pro—
cess of muscle contraction;‘~Heishowed that the frog heart- failed to N
{_contract in: the absence of calcium ions in the perfusion fluid : Other.

"1workers observed that under these conditions electrical activ1ty still

persisted (Locke and Rosenheim, 1907 Mines, 1913) and that the f

- strength of contraction was proportional to the calcium concentration

in the bathing medium (Bay, 1933) These findings in hea t muscle led
.~Sandow (1952) to. suggest a general hypothesis concerning he role of
fextracellular calcium in e—c coupling He proposed that a depolariz—wj}
‘Iation or action potential along the muScle fibre promoted the entrance .

of calcium ions into the fibre and that these calcium ions would .
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.'“.subsequently initiate muscle contréction. The only direc é/idence .

t
s |
supporting Sandow s hypothesis for skeletal.muscle atithat'time was

the demonstration by Heilbrunn and Wiercinski (I947)’that,calcium‘wa3' -
the only physiologically occurring cation-that_would cause'shortening

when injected into bits of skeletal muscle'fibre. Also in agreement A

with this hypothesis was - the later*reported influx of calcium during _/”

E muscle activity (Bianchi and Shanes,‘l959) and the findings by Frank

(1958) who showed that removal of calcium from the bathing medium of

skeletal muscle abolished its mechanical response without affecti

the electrical properties.-' , fiﬁf' o i/?(l

- A.;f Although the experimental evidence presen ":so far seemed

to agree with Sandow s hypothesis,,s/me objecfion;/were raised

T

against a direct 1nvolvement of ex

: muscle activation;/,Ei

-

calcium ions from the surface membrane into the interior of the muscle

acellular calcium ions in skeletal

tly’Hill (1949) calc

ed'that diffusion;of o o

during an action potential was . too slow to account for the rapidity of
contractile activation Secondly, measurements of calcium influx
showed that the entry per twitch was. roughly one hundred times less‘

' than the amount required for full activation (Bianchi and Shanes, 1959
LNy

B o _ - r

Frank 1961 Curtis, 1966) L S o
‘ ' - N :
Hill s objection was overcome by the discoVery{fhat surface Xn
'.1 membrane depolarization was conducted into the/ifferior-of'the muscle o

fibre via the T—system (Huxley and/Taylor 1958) ' This system reduces

the diffusion path of calcium ions at the excitable membrane to fhe

'3 contractile elements such that its diffusion time falls well within

“the limits of the: latent period (Frank 1965) The involvement of

e calcium from a source other than extracellular or membrane—bound



:‘calcium would have to be postulated to support the calcium concentra—"

- tions require"for full activation, as calculated from the calcium
L flux studies\abovenj Evidence supporting the existence of another
calci source ‘was presented by Frank (1960 1962) who showed that

Fcaffeine—induced contractures could be obtained in calcium—free ‘

.solutions at a time when potassiumrinduced contractures/had ‘been. com-
pletely:eliminated‘ Bianchi (1961) subsequently showed that caf-"
feine releases calcium ions from muscles incubated in a calcium—free
medium , Thus these results were consistent w1th’the concept that

calc1um was - contained in an intracellular store, later to be iden—

~

tified as. the sarcoplasmic reticulum (see sectlon 2 2) In agreement

KN 5

< with earlier evidence (Frank 1958) calcium involved in muscle con;’
traction can be divided into‘mbrane calc1um, _associated with
3depolarization of the transverse tubular membrane and ”bound' cal-

- _cium located in the sarcoplasmic.reticulum (Frank 1965). Bianchi ff
(1967 1968 1969) was the first to a551gn ‘a’ functionalarole to thel~§

different calc1um stores. He postulated that depolarization of the

'»tubular membrane causes an influx of membrane - calcium which diffuses

across . the triad gap to . the terminal cisternae where it triggers the .'v-fi

o
v L

release of 'bound' ca1c1um from ‘the ‘SR. Consistent w1th the trigger. s v
- *calcium hypothesis were results obtained from different studies.f" .
_k'Two groups of workers (Endo et al al., l970 Ford and Podolsky, 1970
'ufsection 2. 2) observed that the release of Ca++ from the SR of skinned
'lfibres could be induced by raising the free [Ca ]'in‘theymedium to.a
f;certain thresﬁold concentratlon ‘ ‘:4 T“., ;{';”‘.fv: jl;. - ~v‘;v:

An interesting observation that a number of multi-valeq‘f

o .
R
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n

cations were able to réstore potassium;induced cdntractures when = . 4
‘added to'calcium—freevsolutions was made by Frank'(l§62). These
‘ - Vv‘

o

: cations were effective in restoring- the K contractures only if a

.. store of caffeine—releasable or 'bound' calcium was still present.~

<

There is evidence to suggest that some of these multi—valent ions

;
7

exert their action by binding to a membrane,site (Bianchi 1975)

The implications of these findings and some related observations'f

_ from our own work will be discussed. later. In general these experi-

','mental results are con51stent with the idea that at least some of

3

_ated by ca1c1um from other sources, a concentration#of 0 Ol mM Ca

M'Ca++—remova1 or EGTA complex1ng may Stlll be present and subserve o 0

'>these multivalent cations may prevent the loss of tubular membrane—4

- bound calcium into the T—tubules so that calcium would still be

available for excitatlon-contractlon coupling when extracellular

.,calcium is depleted :v : y SRR . ﬁf' < s

y)

e o At times the trigger calcium hypothesis has been challenged

(Curtis, 1963 Edman and Grieve, 1964; Armstrong et al., 19720 These

investigators claimed that the eventual failure of the twiteh response
in calc1um—free solutions resulted from a reduction in the resting
membrane potential of the muscle fibres It was also observed that

S

_Follow1ng calcium removal the twitch was maintcined for some time. '

. On the ba51s of these results it was concluded that extracellular

- o o

dfca1c1um plays no essential role in . e-c coupling. 'However~the pos—""

sibility Stlll exists that their Ca*f—free solutions were contamin—

#
++

e

‘.'1ons in solution (Frank 196Q§£is“5uff1cient to support ‘a mechanical

- »

““'S W .
uq :

response. furthermore, a-. source of membrane—bound calcium (Weiss,}

4 [

'__1970 ?utney and. Bianchi 1974 Oota et al 1976) less affected by

A . Bl

© e . . . ~
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‘the function" trigger calcium under these conditions. - The'failure to =
abolish the twitch response in virtually Ca _—free surroundings may-

—‘also be related to the choice of buffer in the physiological solu-

tion. It has been noted that phosphate—buffered muscle. fibres, like

the ones used by Armstrong et ald are: resistant to twitch loss after B
‘removal of extracellular calc1um (Frank 1978b) , Evidence has been'

'_presented that the reported f l-in membrane-potential (Curtis, 1963;

L v e . A -
Edman and Grieve, 1964; Armstrong et\al., 1972) is probably an arti-

 fact caused by the insertion of microelectrodes in membranes.exposed

to calcium free solutions,(Frank'and Inoue, 19735.

4. Hypertonicity atid E-C Coupling

It has been established“for quite some‘time that hypertonic
solutions can decrease the contractile response in frog skeletal muscle

(Overton, 1902) without greatly affecting the électrical properties of

7

the individual muscle fibres (Hodgkin and Horowicz, 1957) » The*lossz~

\ R
of tw1tch:response.induced by hypertonic solutions such as suCrose and

vNaCl is a rever51ble process. These molecules exert their action main—

1y by virtue of their relative 1mpermeability to the muscle fibre mem-

; ) |8 T X-,,.&\

" branes, which will give rise to an- osmotic gradlent and a consequent

N high intracellular ionic strength Rl
Physiological solutions made hypertonic by the addition of :
substances which are able to penetrate the membranes, i.e. glycerol and
iurea were'found to - affect exc1tatory and contractile properties of /
skeletal muscle in a completely drfferent fashion (FUJino et al., 1961

Yamaguchi et al., 1962) “For this reason ‘it is necessary to distin— i

-hvguish between hypertonic solutions of the non-penetrating (i e. NaCl,._

s
€

g\

S e Ll

~ vt el s 2




sucrose) and the ipenetrating' type.

2 4 1 Hypertonic Solutions of the Non—penetrating Type.' The-
reduction in contractile ten51on in hypertonic solutions had originally

been attributed to a decrease An shortening velocity of the contractile

’

proteins (Howarth 1958 Podolski and Sugi 1967) and was thought to bel

a reflection of a decreased actomyosin ATP -ase activity of the myofila-

ments (Weber and Herz, 1963) under conditions of. high ionlc strength
April et al (1968) confirmed that an increase ‘in. 1onic strength

t.}

rather than a decrease -of’ intracellular volume was the causative factor‘

involved in the reduction of contractlle responsewunder hypertonic

: 'vconditions.j Experimental results obtaihed by Gordon and Godt (1970)
: \
suggested that at high tonicities some disruption of e-c. coupling

took place in addition,to the direct inhibition of ‘the contractile

“vfilaments. In support of this hypothe51s was the observation by

]

'HOmsher et al. (1974) that the activation heat whlchiis associatédb '
with e—c coupling, was decreased Measurements of the actlve state of'
skeletalvmuscle indicate.that the'reduction'of the twitch response in{
7: hinger s solution made hypertonic with sucrose may have been a conee
‘“,‘sequence of a diminished release or.activating calcium from the -
h*f sarcoplasmic reticulum-(Andersson, 1973) _ It is pOSSible that h1gh

tvintracellular ionic strength will cause structural changes in thev
éR membranetsystem and thus interfere with its abllity ‘to regulate :
o calcium required for contractile activation.’ ‘The 1mpairment of SR— l
’ calcium regulation under hypertonic conditions?may Well have attribu—
ted to the observed 1n1t1al release of calcium’from intracellular |

; : :

stores-(Isaacson, 1962)wand'conséquent‘phasic;cOntractures (Lannergren

29



and Noth, 1973).

v

Thus it seems that the major effect of hypertonic solutions

of the non-penetrating type on- skeletal muscle resulté’from a direct

inhibition of'néﬁf{lament movement induced by an increase in intra-

4

cellular ionicvstrength.: In addition -a defect in ‘e-c coupling becomes

DU

l apparent at tonicities of 2'times'normal or higher. The initial-phasic
" contracture in hypertonic sucrose results from an enhanced release of
calCium’from the SarcOplasmic reticulum (Lannergren'and Noth; 1973)[

4.2 Hypertonic Solutions of the Penetratlng Iype The'loss

'Of.twitch response~of muscles incubated in hypertonic glycerol (Howell
and Jenden, 1967 Howell 1969). or urea (Oota and Nagal, 1973) was
found ‘to be transient,.the ability to tw1tch recovers during the 1ncd-
h-bation‘perlod When the muscle is subsequently placed in an isotonic
'Ringer s solution the twitch response disappears ‘while action poten-’
1tials can still be generated This;procedure,w1ll be referred to_as
the glycerol— or‘urea—removal‘treatment;‘ | |

| Caffeine 1s still able to clicit a contracture 1n glycerol—
Cor urea;removal treated muscle fibres (Howell 1969; Oota and Nagai
l973); This would indicate that the 1oss of twitch response under

' o
“these conditions.is_not-caused by a direct.inhibition of the actomyosin
?svstem,“but occurs in:an’earlier;step in,efc coupling;':Inbthefcase‘of'
'.glvcerol-removalitreated musclestit was'suggested that,the interruption

'.of e~cfcoupling was'associated/with a'general'disruntion'of the. trans-

' verse tubular system (Howell and Jenden 1967 Gage and Eisenberg, v iy-'

'~1967 l969b) These findings ‘were later conflrmed in electron micro— ’

"scope (EM) studies,which showed that extracellular markers such as

. .
) . : . -
; ‘ .

'
AT

L
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'

Ferritin (Nakajima et al., 1969 Krolenko, 1969) and Horseradish

‘(peroxidase (Eisenberg and Eisenberg, 1968) could not penetrate the

'T-system of glycerol—removal treated muscle fibres., More recent

experimental evidence however, has revealed that the transverse

tubules are merely constricted at: their openings with the surface

,;membrane (Nakajima et al., 1973) and it was suggested that the loss "

of e-c coupling in glycerol removal treated muscle could ‘be" attribu-'

vted to an effect on the triad junction instead (Dulhunty and Gage,

/

_1973a)

" In. the case of urea-removal treated skeletal muscle there )

ﬁis evidence supporting the hypothesis that the blockade of e-c coupling‘

‘is caused by an increase in the width of the triad junction (Oota and

Nagai 1973) The results obtained in the present study demonstrated

fthat placing ‘a skeletal muscle in Ringer s solution with an elevated

.fcalcium concentration immediately following the hypertonic urea’

‘ incubation antagonized the block in e~c coupling. A preliminary reportf

| on. some of these findings has been published (Frank and Treffers, 1977). yj-‘

5. Electrophy51ological ConsiderationS‘ 'fk‘, , . T ‘

Many properties of skel%tal muscle have been explained in'

7::terms of properties of the transverse tﬂbular system, in: particular

the membrane capacitance (Falk and Fatt, 1964 Gage and Eisenberg,'

' l969a' Hodgkin and NakaJima 1972b) the early after potential (EAP)

following a single action potential (Gage and Eisenberg 1967 1969b),

[the late after potential (LAP) following a train of action potentials

(Freygang et al., 1964), and the slow potential change or creep

v

?produced by a prolonged hyperpolarizing current (Adrian and Freygang,



>1962) The observation that disruption of the T—system induced by

| glycerol removal treatment abolished the EAP LAP and creep (Gage and

,-Eisenberg, 1967, 1969b) and greatly reduces ‘the membrane capacity
/-
(Gage and Eisenberg, 1969a), strongly implies that these electrical

parameters are associated with the transverse tubules.q
v Vs . .
2
Measurements of/the effective membrane capacity (uF/cm™ of

surface area) in fast skeletal muscle fibres of the frog were higher

/

' (5 uF/cm R Katz, 1948 '8 uF/cmv; Fatt and Katz, 1951) than measure—

' ments reported for slow striated muscle fibres (2 5 uF/cmz; Adrian and

.Peachey, 1965) or for nerve. (l uF/cm s Curtis and Cole, 1938 Hodgkin ,

and Rushton 1946 Hodgkin et al l952),,vThe relative high values

0

/- :
'in frog fast skeletal muscle fibres were consistent with the presence'f_

of a well developed T—system. On the other hand transverse tubules in.

'frog slow skeletal muscle are’. sparse and, nerve: fibres do not posess a

) T—system at all Falk and Fatt (1964) have separated the capac1tance,:‘

v

'”of frog sartorius fibres into two components by. measuring the 1mpedance

-

-,qu muscle fibres over. a range of frequencies. They suggested that a’
large part of the capacitance resides in the tubular membrane (C
'~4 l uF/cm Y and assigned the value of 2. 6 uF/cm2 to. the surface merm-

4 brane (C ). Similar values for C (3 9 uF/cm ) and C (2 2 uF/cm )

were obtained by Gage and Eisenberg (l969a) who compared the electric :

‘properties of glycerol—removal treated fibres with those of normal

5-

f,fibres. Glycerol—removal treatment (Howell 1969 Eisenberg and Eisen—

&',berg, l968) functionally disconnects the T—system from the surface mem=-.

brane and thus allows the separate capacities of the surface and trans—.

verse tubular membranes to be determined Hodgkin and Nakajima (1972

va b) investigated the paSSive electrical properties of the T-system

.
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 from a different approach.‘ Theyfstudied the-dependence of fibre. - yy
' diameter on low and high frequency capacity measurements and showed
that the capacity measured with rectangular current pulses (low
R
‘frequency capacity) increased with fibre diameter while estimates of
,the high frequency capacity (determined from the exponential'rise of
the foot of the action potential and conduction velocity) did not
change according to the‘fibre diameter. Since the membrane area of
'vthe T—system increases in. proportion with the diameter of the fibre,"‘
the effective capacity of a muscle cell expressed per unit area of
surface membrane would be- expected to increase likewise.-vIt W s
concluded that the low frequency capacity represented thebtotal
capacity of the fibre (C +C ) while the high frequency capacity
.measured the surface membrane capacity (C ) only. All these observa;
,._tions point to the contribution that the: T—system makes to the over—
all effective membrane’ capacity of a muscle fibre and. indicate that o
transverse tubular and surface membranes are continuous.”"'i |
Hodgkin and Horowicz (1960) showed that repolarization of

.the-membrane potential of single fibreS'following a sudden-decrease

in pota531um concentration followed a much‘slower time~course than.i-‘

iwould be. expected from the time constant ofﬂthe muscle- membrane The'

7slow time.course of repolarizatiOn was consistent.with the diffusion '
hfof K ions from a space whose volume corresponded well with that of ;E
'.bthe T-system.‘ In agreement with these findings (Nakajima et al al., 1969,
;1973) later showed that disruption of the T—system induced by glycerol—
removal treatment also abolished the slow repolarization following the =

' reduction of external [K ] Accumulation of potassium—ions in the

T—'system, _is~ also ,in,dilc.:_ated by the_ work"af Fre‘ygang et al. (19_64).



;

These workers studied the longlasting depolarization (LAP) which occurs '

Y

after muscle fibres are stimulated tetanically. The LAP is thought to,

be caused by ‘an accumulation in the transverse tubules of potassium '

]
ions which leave the fibre during each succeSSive action potential
Because of diffusion delays caused by the. long and narrow tubular sys—

tem, the potassium ions take;some time to be diluted to the normal

A_extracellular potassium’concentration, Thus the observed slow decline

-

of the LAP (T l/2 350 msec) to normal resting potential levels’can

be explained in terms of the slow diffusion of K —ions to the exter—.
ior of - the muscle- fibre“ Kirsch et al (1977) showed that the slow.
decline of LAP (Freygang et al 1964) and potas31um repolarization 3'
(Nakajima et al., 1969 1973) occurred at similar rates and confirmed
that both phenomena could be explained by the potassium accumulation

theory. In a.similar fashion, the creep which is.a slow‘increase in . =

potential to a more hyperpolarized value when a muscle is subjected "

to a prolonged inward current has been attributed to a progressiVe

depletion of potassium ions from the tubular system (Adrian and Frey—dv

gang, 1962) A further 1nvestigat10n of these slow conductance changes

- was carried out by Almers (1972 a, b) who showed that the creep.,

potential cons1sted of two components. The first component is notic-'

' able at membrane potentials less than —120 mV and is exclusively

) caused by depletion of K ions within the T—system.‘ At ‘morée negative

potentials the decline in potassium conductance does not only arise

from K —ion depletion but also from a. voltage dependent decrease in

_potassium conductance._ Barry and Adrian (1973) suggested that measure—‘

ments of theﬂpagnitude_of the 1creep could be»used as axdiagnostic

“tool to monitor’changes'in tubular,System.parameters.j ln'our,studies.

Lo
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the creep and the LAP were selected as a means to assess the functional
‘state of the tramsverse ‘tubular system under conditions of. urea- or

‘glycérol—rEmovél treatment. :
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CHAPTER II. MATERIALS AND METHODS

1.  Tissue Preparation

e ¢

;o

Extensor longus digiti IV (toe) muscles and sartorius mus-\v'

cles of the frog, Rana pipiens, were used in the. experiments. Each

.frog was decapitated pithed and the ﬁée and/or the sartorius muscles'

/

were removeddfrom the frog. The toe/muscle was dissected free from

/

' /

. neighbouring muscles,to which its tendons.were attached Tde connec— :

tions of both-ends‘of;the’tOe‘muscle with surrounding muscles'Were;.
heft intact-and werehused to tie the toe muscle:to a silk thread-

ut damaging the- muscle éibnes. The toe muscle was then placed

r

muscle,/di#sected from the frog with a portion of the pelvic girdle

. 'was placed in a dissectlng dish and some remaining connective tissue

was carefully removed under the dissecting microscope. The inner sur—h

o ‘\
'face of th%\sartorius muscle was used for microelectrode work Since

this Side of the muscle contains,lesspconnectiveﬂtissue than its

superficialpsurface. Muscles.were allowed-to'equilibrate’for-30’min—.'

"y

utes following dissection before an- experiment was started. ALl

'V:experiments were carried out at'room‘temperature (203‘0).

o

2. Solutions S : - B e u}ﬂp : L

i

Ringer s solutlon with the following compos1tion was used

‘ (1n mM): NaCl, 111.8; xet, 2. 47 CaCl 1.08; Nanzpo4 2H 0, 0.44;

NaHCOs, 2 38; glucose, ll 1 and tubocurarine O 1 mg/ml The osmo--

larity_qf this solution‘was 235 mOsm/kg (Osmometer, AdvanCed Instru~

- . . . .
Y . : Seetn
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High calcium (5 mM) Ringer s solutions were prepared by add-
ing the apprOpriate amount of calcium chloride to the Ringer s solu—-f-
htion. Hypertonic solutions of urea ‘or” glycerol ‘were made which conc
sisted of Ringer s solution in which 400 mM urea or glycerol was
added to produce a total osmolarity of 635 mOsm/kg The urea— or
'glycerol removal treatment consisted of a one hour incubation in hwper; T
tonic urea ‘or glycerol followed bf reimmer31on of the muscle prepara—

~

‘tion into an isotonic Ringer s solution.

.

‘3; ‘ﬁechanical,Recordings‘
| For twitch recordings toe muscle preparations were mounted B
: vertically in a 8 ml bath containing Ringer s solution The lower
_'end of the muscle was fixed near the bottom of the bath and the‘upper
o end was attached to. the arm of a strain gaug&ghy means of a silk
thread | o
Supramaximal, rectangular pulses, 2‘§ milliseconds in dura~
tion were applied to the, muscles by mean§‘of two platinum electrodes,;:'
‘one situated at the bottom of the bath and the other at- the top of: the_
bath. In most ‘cases stimuli were applied every 30 seconds throughout

S
the experiments o

The tension produced was recorded w1th a strain gauge whose
active elements consisted of two pixie transducers in a wheatstone
bridge configuration ‘ The output ‘was recorded with a Speed—servo
recorder (Esterline Angus), a Beckman type R dynograph or. an oscillo—

scope (Tektronix,;type 565) Values of the resting tensibn on“muscles

:ranged from 150~200jmgt- Muscles were aerated with a mixture of 5/

she .
iy
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'>4; Electrical Recordings

\ . T, - ST R

: The two. electrical parameters that were measured were the

' late after potential and the creep potential These'were,monitored

~ with conventional glass micro electrode techniques.k.;.n

2 . W B ‘ . . e
y L . L. . o . .

4 l Electrodes._ The glass micro—electrodes were drawn by

g micro-pipette puller (Narishige Japan) frOm melting point capillary

o ‘tubes of l 5 2 mm diameter.' The- settings of the micro—pipette puller '

were adjusted such that the tip length of the electrodes measured

-japproximately 6 mm.

" - The. glass electrodes were filled with a solution of 3 M KCl

'rusing a modified version:of Tasaki's technique (1954) , The electrodes

. _\0‘

were mounted on a microscope slide held together with a rubber band

= and’ were then put in a jar with their tips facing down The jar was ;

e

f filled with methanol and the solution was. boiled under reduced pres—

lfminimum of 24 hours before use., The resistan“"

sure by placing the: jar in a vacuum desiccator for 10 minutes. Meth—

. anol was subsequently replaced by distilled water and the jar was 1eft

-

fovernight at atmospheric pressure. The following day the Jar was _
S filled with 3 M KC1 which ‘had been filtered through a millipore filter

‘with pore size of 0 45 um.v The electrodes were left in 3 M KCl for a

< / :
'_of the micro-electrodes

i was measured (Danameter model 2000 Dana Laboratories Inc. ) and only

K

‘_those electrodes having resistances between lO and 40 MQ were selected

'for use, - e B
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4,2 Late After Potential (LAP) For measurements of the C it

k.

LAP muscles were»mounted horizontally in a bath and viewed from above
’i with ‘a’ dissecting microscope (Figure 4) Illumination was provided ;y
— o

' light passing up’ through the glass bottom of the bath In order/to

'i“reduce muscle movement and consequent membrane damage duri' ‘the '

vrecordings of the after potentials, toe muscles ‘were stfetched around

"a glass rod of 2 o diameter .which was. suspended across- the bath in

~o

* the Ringer s solution (Stefani and Schmidt, 1972) 4 v SRR

Muscle fibres were stimulated electrically by means of two-

platinum wires (75 um in diameter and lSO wm apart) which were insul—
4 B
aded to their tips with a coating of teflon.* Function.generators<'
bp(Tektronix 160 series and Grass SD9) were arranged to<provide trains.“ﬂ'

_of 10 pulses. A stimulus isolation unit (Bioelectric Instruments

.A.//

'QfInc ). was used to reduce the stimulus artifact. The stimulating pulse

nconsisted of a train of lO individual square waves of O 2 millisecond
. duration and,lO milliseconds aparty"The'stimulus strength was'ad— f{ 2

'justed'somthatWlthuccessire'action potentials were‘fired&with.each'
"pulse train.' Action‘potentials, resting:membrane potentials andvlate
/after potentials were recorded b; means of glass capillary micro—
v/electrodes filled with 3 M KCl \ The glass micro electrode was held in
| a micro—electrode holder (W%P Instruments, modellEH—lS) which waS' ’ »
‘connected through a probe to the main amplifier (W—P Instruments,v
- 'model ML701). The_output fromgthe amplifier'was displayed on’'a type:,.

’ 565”dual‘beam Tektronix oscilloscope atktwo different sweep'speedsl-no

(Figure 4) Only the fibre under.study and sometimes a few nearby

fibres were stimulated 7 The slowirepolarization to resting membrane

S—

- leVels that follows the burst of action potentials, was monitored at .

7 : P S

i
5
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3 . - microxopic obsevation . cro - . .

SR S I S| ‘“H" . |0

“function ¥ stimulus o
~ generator .. isolation y : J
o it S P ‘gainx4 -

' IO, L . ' - . :_;'u':l', T sweepxd

e | wer
© | omplifier

light source - / S . .

I

~,Fignre'4. '_Experimental set up for the recording of Late after S =
- potentials in toe muscle fibres. Stimulating pulses . - .- .

. “were-delivered to - the muscle by means of extra- -~ ~ ¢t

ST . cellular Pt electrodes resting on the fibre surface. LT ';.d S

Vo " Action potentials and the late after .potential -were = ¢

: - - :recorded ‘Intracellularly by means of a ‘glass micro— -
F O - ¢lectrode." The electrical signal was amplified and =

o f_displayed on the oscilloscope at different gains and e

’ ' . sweepspeeds.. The toe musc¢le* prepggation is wrapped e cE
PR around a glass bar several times.to prevent excessive S

T - . ., movement. CRO,. cathode ray oscilloscope. .See’text . . -

Qfor further details.‘ A DT L T
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10 regular intervals-over a time pefiod of 888 milliseconds;l The first

measurement (time zero) was recorded 35 milliseconds after the last'

stimulating pulse. Measurements were made from a 35 mm film whose
image was projected on a screen to provide a twelve—fold magnification,
The above procedure was kept constant throughout the course of the

: {
experiments.

4, 3: Creep ?otential. Muscles were mounted horizontally in .
Py :
"~ «the tissue bath, supported by a glass pedestal at the site of electrode

-

;penetratiOn (Figure‘S). Two micro-electrodes were inserted into the
_same fibre approximately 50 pm apart. A rectangular hyperpolarizing
current. pulse of ‘2 seconds duration was passed through oﬁe electrode
and. the resultingfdisplacement of membrane potential ‘was measured with

- the other electrode. The current passing system was designed to check

_proper insertion of the micro-electrode into the cell and to monitor

‘ the current that was passed through the micro—electrode."

R

A constant current generator was used for passing current,
“(Philbrick 1966) The advantage of a constant current source is that.

'.7the output current remains constant regardless of changes 1n micro-

' electrode resistance. This feature is extremely useful in situationsbv
,\

in which 1ong duration stimulating pulsesépust be delivered, since

;’the micro-electrode changes its. resistance during such prolonged pulses.

- :An added advantage of the consfant current generator is that higher
resistance electrodes, which produce less membrane damage can be used..
. .
' The arrangement of - stimulating and recording electrode assembly is

" shown in Figure 5 aud the electrical circuitry of the constant current

7’generator and the current monitor is shown in Figure 6

L3

41



© ' Figure 5.

-3 L
.'/
i !
.. constent .
function  current o ' ’
generator  source oo ~ microscopic . —LRO
= e[GO
—+ % S * ¥
current ‘ . ]
[ moniter -
1o B
. WP
probe  amgplifier
‘¢.:“. 1

light soirce ~

*_.

Arrangemeﬁt of stimulating and recording electrode .

assembly designed to monitor creep potentials.
Constant hyperpolarizing current ‘pulses. were passed
intracellularly into the fibre through one elec-

trode and subsequent membrane displacements were

recorded through the other electrede placed in the

‘same fibre. The current monitor fulfills a dual

purpose: 1) it ‘can be used to ‘monitor the current

., passed. through the stimulatingelectrode, 2) it can
also be used to monitor resting membrane potentials -
“(see Figure 6).. CRO, cathode ray oscilloscope See

text for furthex»details.‘

42
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"‘hyswitch as a current monitor (position- l) or ‘a membrane

S osMe. T
- 2MQ | : :
Ju —AN— >
. zMszlf T 1
O5Me

-+ ¥ electrode -

. { - .

" The electrical circuitry of the constant” current
generator’ “and the current monitor. The operational
.amplifieg in the .upper left hand corner is comnected

as a: .constant current source. - The operational

'Vamplifier in the right hand~corner has a gain of 10

tandﬁis connected via a double pole, two position

'potential monitor (position 2) for' checking proper

”m;lectrode insertion. See text for further details.v

CRO
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The stimulating electrode was selected to have a resistance

_of . approximately 10-20 MO and was connected to. the input of the cuqﬁet

| ren} monitor by means of a ;hlorided silver wire that contacted the 3 M

KC% solution “of the electrode.,ﬂihe electrode was held in place with a
k —-
rubber stopper fitted in the shaft of the electrdde holder (Figure 7),

which in turn was attached to a micro-manipulator. Another micro-

: manipulator held the probe of the recording electrode.

‘a sudden drop in resting membrane potential indicated a successful

'measured“as a drop in voltage across a 100 KQ resistor.

5. Electron Microscope Preparation. .-

Both manipulators were positioned such that the micro-

Y.

1“k

‘electrode tips were close‘together, just above the muscle fibre mem—

brane The recording electrode was . first inserted into the fibre and

Y

3

'penetration.. This was followed by the lowering of the stimulating

electrode while the switch of the current monitor Was in position 2

(Figure 6) aAgain the insertion of this electrode was monitored as

a sharp drop in. resting membrane potential In order to check that ©

1both electrodes were situated in the same. fibre the switch of the

g

current monitor was changed to position 1 and a hyperpolarizing current

was applied The presence of an electrotonic potenyial detected by

_the recording electrode indicated that both stimulating and recording

_electrodes were: in the _same cell The stimulating current was’

--x‘-

+

et

Lt

-

5'1'tConventionalwﬁlectron Microscope_Preparation;.,Toef,
- - O . . N .
muscles were used for all:electron microscopic work and these muscles

were fixed in 57 gluteraldehyde buffered at pH 7. 4 with Millonig s

e

~e
'+




SRR O S TG BNE Ve e <. B e AT £t 1 i T A e T g o e e s e -

_45“

S to Current monitor

)

_electrode holder
;(//f' ﬂ. R

| chlorided silver wire

rubbervs‘top'pe'r'_ | e o

.o

__—glass microelectrode - o

3MKC

i e b s SR EL L

S AL AT it i

Figure 7.“f~Stimulating electrode ‘assembly. - The glass micro-
' . electrode was held in place with a rubber .stopper ..
which fitted the electrode holder. . The chlorided
.silverwire was connected.to the current monltor.
fSee text for. further details e _
t
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'phosphate'buffer (Millonig, 1961) 'Thereafter;-the muScles were‘re—

L.

moved from the bath and stored at’ 4° c in a buffered gluteraldehyde

solution until muscles from several experiments had accumulated _Prior

atovpostfixation the muscles were thoroughly washed in phosphate buffe
‘and'cut.across into'strips'of tissue:3—4 mm in lengthr Tissuesgﬁgre
postiéi(//for 40 minutes at 4° C in 1% osmium tetroxide buffered with
Millonig s buffer solution "The tissue strips were rinsed in three
5 minute changes ok distilled H20 and were’ dehydrated in graded con~
centrations of ethanol followed by prOpylene oxide and were embedded
Epon resinr ” .

The dehydration and embedding procedure was ‘as follows~

/

\dehydration in successive solutions of 50% 704, 954 ethanol for 15

minutes in each concentration, followed by two 10 minute 1ncubations'
in 987 ethanol further dehydration in two 10 minute changes of pro—
pylene oxide and a 3 hour immersion in a 1 l mixture of epon and

propylene oxide.. The mixture was replaced by epon and the tissue

strips were left overnight. Finally the epon was allowed to set in

molds and left to cure in an oven &or two days at 60° C.

%

dodecenylsuccinic anhydride, 15 ml nadic methylanhydride, 5 ml and

g DMP 30,\9 35 ml (Polysciences Inc ) was thoroughly mixed before the'

h»immersion of the tissues.--'

r

in

The epon resin consisting of epon 812 epoxy resin, 15 ml

- ; 'Longitudinal Sections of the,superficial fibresnwereﬂcut on

R ,

-sections had ‘a. thickness of . approximately 60 nm as judged by their

“'a Porter—Blum MT-2- ultramicrotome using glass or diamond knives The.

silver—grey color when floating in the collecting trough of the knife'

assembly. ‘The sections were mounted on copper grids - of 300—mesh and |

-
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fstained with uranyllacetate'(15 minutes) followed by lead'citrate
(5 minutes) and were examined with an AEI Corinth 275 elettron micro-

IscOpe or in some cases with a JEMr7A elec@rqn microscope.

B
.

5.2 Exgracellular Markers. For comparison of the effects ,.

. \

of a urea— or glycerol—removal treatment on the distribution of = R X
'Ferritin/Horseradish peroxidase in the T—system, two toe muscles of -
. the same frog were used in all cases.- One muscle was " always subJected

to the particular urea- or glycerol—removal treatment while its

untreated counterpart served as a control Both muscles were. subse—

/ .
'quently exposed to the same extracellular marker and processed for

electron—microscopy in an identical fashion.p
1., Ferritin. The commErcial solution of Ferritin (Horse

’spleen ferritin, twice recrystallized Nutritional Biochemicals

'Corporation) was further purified by a method described by Huxley

3(1964). - The purification procedure consisted of centrifugation of

the commerc1al solution for 2 hours at 50, 000 rpm (R x'é 218 OlO'g;

_Rav = 159, 315 g) in a Beckman L2 GSB ultracentrifuge., The resultant B

.pellet was suspended in Ringer s solution and taken through 2 further
cycles of sedimentation being redissolved each time in Ringer s

solution. The final concentration of Ferritin was arranged to be

Ivapproximately 20/ w/v. For exfracellular marker studies toe muscles 4

. were- incubated in a Ferritin—Ringer s suspension for 30 minui
';subsequently prepared for electron—microscopy as described previously

(secrion 5. l)

»o
.‘/

'ii.‘-l Horseradish Peroxidase: Horseradish peroxidase type

JII (Sigma Chemical Co ) was. the other marker molecule used in these
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siydies._ The method for staining extracellular spaces is. similar to" B
.that described by Eisenberg and Eisenberg (1968) . Toe musclebprepara-
tions were incubated for 36@ﬁ1nutes in Ringer s solution to which
0.05% horseradish pé&oxidase had been added In ‘the case of urea- or

,:glycerol removal treated preparations, the muscle was first incubated

'in the hypertonic medium, then returned to isotonic Ringer's solution

for 30 minutes and subsequently incubated in horseradish peroxidase o

.Ringer 8 for 30 minutes.' Following the 30 m%te exposure to horse-— B
radish peroxidase, the muscle.waszfixed in cold phosphate buffered

- gluteraldehyde (3%) prepared frOm‘a 70/ gluteraldehyde stock solution

- (LADD Research Industries) for 90 minutes After gluteraldehyde

: ;fixation and three 5 minute buffer washes the muscles were placed in a
reaction mixture containing 10 ml (0.05 M) tris. HCl buffer (pH 7. 6),

5 Mg 3 3'—diaminobenzidi%ggtetrahydrochloride (Sigma ‘and- Polysciences

e Inc ). and 0.1 ml H (17) prepared freshly from a 30% H O stock solu-"

" ‘tion.: This mixture “is stable for at least. one hour and the incubation

time was 30 minutes. During the exposurebto the reaction mixture the
hmuscle preparations were kept away from: excessive light (Forssmann,
‘1969) Three 5 minute washes’in distilled HZO preceeded a 45 minute"
. postfixation period at’ 6° C in 1/ osmium tetroxide in phosphate buffer.

Subsequent dehydration and embedding were ‘done as. outlined in

-ISection 5 1 with the exception of uranyl acetate staining (Rubio and

';:Sperelakis, 1972).

~6{,,Measurements
.': T " . .
6 l Triad Width The triad apparatus is oriented radially

'around the individual myofibrils @nd hence longitudinal sections of

<
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the.muscle will yield one of the following views of the triad
a.’ When the triad is cut in cross seérion. The plane of
’section will be perpend cular to the long axis of the

' transverse tubule- (Figuge 26A).

) N

‘&tange;ntially. The plane of

_For measurements of triadic width micrographs were collected

", S

at random with any Jﬁ’the above views. .«Negatives vere enlarged three

3

" times (x 180, 000- magnification) and printed on photographic paper. -

‘theiT-tubule and the'inner aspect of the membrane of the terminal

: o 4
Measurements were: made of the distance between the outer surface of-

cisternaer(i.e.'width of triadic junction + two times the width .of the

unit membrane) by means of vernier calipers An estimate‘of the width

of the triad Junction was obtained by subtraction of 140 Kngstrom

(two times the width of the unit membrane) from the above measurements.

~From each photograph of a triad Junction four measurements were - made

(two from each Junctional face of the triad) and the mean of these
four measurements was recorded.i Measurements were'made onlyvat‘

positions where the opposing membranes were running parallel and a

;

rsatisfactory resolution of the membranes was obtained A total of ten
ﬁmicrographs of different triad structures ‘was selected at random from

" each’ muscle and measured. The ten means were pooled ‘to produce a mean .

S

’which.was considered to_bebrepresentative of the population mean of .

the muscle in'question. S - ‘ ’ I . - DA

o
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6. 2 Structural Int;gxlty of the T-system. Estimates of -

structural integrity of the T—system in different toe muséﬂ%s ‘were
‘)

»

obtained as follows.. Muscles were prepared for electron—micrnsc0py : : | S

in the usual fashion (section 5.1) and lengtitudlnal sections were -

exanined under the electron nicrosegpe. From eaeh:muscle six fibres

were selected at randnm from differenttgride; The number‘df:'intaégﬁ

‘traneuerse tubulér.sites wete counted for'eyery twenty mydfibtilet

iy, when thelfibretﬁas scanned alqng the Z-line'from’tneiearcblemma.
inwards. = The averaée value of 3 sucn seans.for each fibre was entered )

fy.‘ in Table 4 .Criteria fer an'intact transverse tubular site were:

f .  (1) The presence of one transVerse:tubule'and at least one terninai

"cistetna' (ii) A clear resolution of the T—tubular and c1sternal

vmembranes at ‘the Junctional region.:

ﬁ : ‘ . o ;, ,
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| CHAPTER ITI. RESULTS
" T.

1. Mechanical Observations’ : ' S o

1.1 Urea—removal Treatment.

1.1.1 The efféct of a urea-removal treatment on the twitch

‘u . L

-~ 5

response of frog's skeletal (toe) muscle " The, effect of a urea-
removal treatment on the twitch is shown in Figure 8 A toe muscle B //.
was stimulated at constant intervals during the ‘course of the experi— R X
~ment. Immediately upon immersion fh the\hypertonic urea solution o
?'there was a contracture response follow1 g which, after about 15
K minutes, a. small twitch reappeared reaching maximum tension approxi—
matelv 60—70 minutes.after immersion in the urea-Ringer solution.o
When tire muscle was returned to a urea—free solution the twitch was:.

B
'initially potentiated but disappeared within 20—25 minutes of urea—'

'removal Despite the loss of twitch urea—removal treated muscles
were still able to respond mechanically to’ caffeine although the‘_ b, ,'T.‘-:d
maximum tension was reduced slightly (Figure 9) Urea— emoval treat—
ment did not always abolish the twitch response Experimental data
e collected over ‘a two—year period showed that out of 27 toe muscles :
subjected tola urea—removal treatment with 400 mM urea only 11 mus—*
cles exhibited a complete loss of the' twitch The non—uniformity of
: the mechanical response of frog muscles to a. urea—removal treatment
could not be. attributed to, seasonal variation but instead may have been '
related to muscle size However this possibility remains to be invest-

igated since no measurements of muscle diameter: were performed in this

thesis. When the concentration of urea was increased to 600 mM, the S

- twitch response was abolished in 6 out . of 8 toe museles and also the

e
o A
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. Effects of a uieaéremoval treatment‘on‘thé'twitch response
of a frog's skeletal (toe) 'muscle. at U400 the muscle was
‘immersed in Ringer's with 400 mM urea; at Ry gg the muscle

o

&OB ' :' F

7
. / .
. ff\; ",,x' i
. : .iﬁ
mg o N
f ll}l M\\_; smqﬁll LttlllLl Lil III'H
: 94001 o
'};'Figu:e.S. .

was placed in a urea-free Ringer's solution with mnormal

~calcium concentration (X 08 mM Ca). Muscles were stimulated
. once every 2 minutes: preceeding and ;during the urea incuba- :
«tion. Following the urea-washout thec;;iz:ia;&ng\§requencf/
was increased two-fold. At F the mus placed in .
" fixative solution and. further processeéd for electron
: micr03gqpy (see methods) ‘
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' Céffelne (8 k 10“ g/ml) contractures. in a toe muscle
' before (A) and after’ ‘(B) urea-removal treatment.
Caffeine was still able to ‘elicit a:contracture at ‘a.

'time when the twitch | resﬁonse had completely disappeared.

(B)
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rate of twitch decline was faster (Figure 10). When urea—removal

' '.treated muscles were left in Ringer s solution for a prolonged period

~ e >

- of time the twitch slowlx recovered to approximateiy lBZ ‘of pre—urea

control values.- In Table 1 partial recovery of twitch was observed for

6 muscles following a one hour exposure to a 400 mM urea—Ringer solu— ‘:

tion. No .~ reCOvery of twitch tension took place when the urea concen— .

- L

tration was increased to 600 mM

It was found that urea—exposures as short as 15 minutes were

sufficient to cause a reduction in twitch tension on return to.Ringer s

' solution. The longer the time of exposure to urea. the more rapid was

S E

the fall in twitch on return to Ringer s solution. The relationship )

I3

' between the 'load time in urea-Ringer and the rate of twitch reduc-

<
' .., 3

vtion upon return to Ringer solution was recorded for a number of mus—'“
‘ .cles.. ‘In Figure 11 the time for the decline of twitch tension to 25/

e

©of the pre—treatment control level is. plotted against various load-
. h B . : ‘ i o e

t'times,b
1 1.2 CaZczum antagonzsm of the Zoss of thtch beZowzng ‘

urea—removal treatment.. The. loss of twitch was prevented when toe °.

]

muscles immersed in hypertonlc urea for 60 minutes were placed in a 5

-~

:me calcium—Ringer solution. The antagonizing effect of the high (5 mM)

calcium—Ringer solution on the loss ‘of twitch tension is demonstrated

N N

in Figure 12 for a single experiment conducted on two toe muscles from

Lar single frog. Figure l3 summarizes the results obtained from 10 such

<

: experiments and illustrates the average time course of decline of

o

\twitch tension tnder - conditions of high and normal calcium concentra—":

’tions,_ In contrast to its. effect on urea—removal treated muscles, a



Figure 10.

g

Tw

. -of twitch tension on réturn to Ringer's splution,isrghown |

fch tension (%-o_f control) S
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0 20 -3 40
| _Mi‘n’ute's after urea__-\'»{oshouf |

- The efféét of urea cbncentration.bn-the‘deCIihe_of the -

twitch response" in. toe muscles 5 muscles were used  to
calculate the mean * SE for eégﬁ,poiﬁt (see Table 1).

e, muscles preexposed to 400 mM urea for 1 hi; o, muscles
preexposed to 600 mM urea for 1 hr. The average decline

for the different preexposure concentrations of urea.. b
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Table 1. Partial recovery of twitch tension following :jﬁ%;
-urea-removal treatment., *bqy_psc1es ere’ eXposﬁé
. to 400 mM urea for 1 hour :ai Vg efsed inra ¢«
‘normal Ringer's 'solution for*3ﬁﬁ,hou?s ,'I‘w:l.x:ches'1
were recorded at. minimum tensions «and- 3— -bdhrs
after return £o Ringer [ solutﬁon .ﬁ“%
3 A
' Minimal twitch ~Max1mum'thiggh
‘Muscle ‘Minutes % Control Hours _ %4 Control
7 40-50 3 3-4 17
18/3 " 35-40 10 13-4 26
5/6 7 40-55 12, 34 3
13/7 © T 48 1 " 3-4 15 ..
8/7 . . 42 3. 3-4 8
13/7 - 34 - 15 3-4 15
Averagéj '.. E L !
minimal = 34-55 .5 3-4. 18
; . . : .
Lo |
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O ramooo
Mlgo .
e}

“lood" time (min)

.--x_‘ )

The, relationship between the duration of exposure (i e.
1oad time) of toe muscles to hypertonic urea (e) or

 glycero1 (o) solutions (400 mM) and the time at Wthh

twitch tension fell to 25% of the pre—treatment twitch

‘tension (czs), after the: return to Ringer's solution.
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- Figure 12. Prevention of the urea- removal treatment loss of twitch
RS tension by elevatlon of the. Ca++ concentration ! Two toe’
5 muscles’ froq the -same frog were mounted in seperate baths
and tested simultanéously. At Rl 08 (upper record) the
‘ _ muscie was placed in Ringer's with 1.08 mM Catt following -
Ty .. --a, 60 minuté exposure ‘to 400 mM urea, - At R5 (lodér record)’
' 3 the muscleuwas placed in Ringer's with 5 mM catt following
‘urea treatment. In all other paired experiments, fhe
muscles were fixed within one minute after the twitch had
disappeared in the muscle placed in Ringer s with 1 08 mM
Ca++
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Twitch tension (% of control)

5 .
T

30|

Figufé“13,

‘solution R L5

e O o L yoN

Minutes after urea - washout

J .

Tlme course of -the decline in twitch tension in toe . .

muscles following urea- -removal. - Except as noted, 10 .
muscles (n=10) were used to- ‘calculate the mean # SE
for each point. e, muscles placed in 1.08 mM Catt
Ringer's; o, muscles placed in 5 mM Catt Ringer s.

Control, twitch tension recorded for each muscle: beforeﬁ'*l'

2 60 minute exposure - to the urea. (400 mM) Ringer s

>

O 0% 50"
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‘five fold increase in’calcium'conCentration in'the solution bathing ,“
untreated“muscles'reducedithe twitch by ZSZ‘(Figure 14)5 As‘mentioned'
above,‘when urea-removal.treated muscles were'left in.Fingerls 801U1:’

“jtions for prolonged periods a partial recovery of twitch ten31on could

be observed (Table 1). In Figure 15 partial recovery of, twitch :ension

) fin urea—removal treated muscle was recorded under conditions‘of high and p
normal calcium; Reco;g}y of . twitch tension was enhanced under condi~
tions‘of high calcium ~ When muscles were exposed to urea concentrations
'Tof 600 mM for one hour "and were.subsequently returned to a urea—free,"
_highvcalcium—Ringer solution the average decline in twitch tension was

-

: not_significaltly;different-from muscles placed in a normal calcium- _b;
V.RingercsOlution-<Figure 16). | -

1. 1 3 The effects of a phosphate buffer substttutwn and the
effects of cobaZt wns on the twiteh response of u.rea-removal treated
.toe muches. Frank (l978b)recent1y demonstrated that the twitch can be.
' abolished rapidly when muscle fibres are placed in a calcium—free
jsolution. He also showed that the twitch loss could be prevented by
feither the substltution of a. phosphate buffer for a bicarbonate buffer
or by the addition of cobalt ions (Frank l978a) to the calcium—free
Ringer s solution. We have used these two experimental procedures to; T
:’determine their effect on the urea—removal treatment—induced loss of
: twitch reSponse.' Two toe muscles from the samebfrog ‘were exposed to
urea (400 mM) for: one hour. When'ureavwas replaced-with a.urea—free}-
Ringer s solution buffered with either phosphate (Figure 17 B) or

i bicarbonated (Figure 17 A) o difference in the loss of twitch could

" be detected»between these two muscles. Thus it seemed that substitu- S

I
)

S



"Figure 14.
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'The effect of five—fold increase.in Ca .concentration -
on the twitch response in untreated toe: muscle. _The .

twitch tension was reduced by 25% after immersion in
the high calcium concentration. : -
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' Hours after urea-washout ~ S
! i
Eiguré'lsm- ‘Partial recovery of twitch tension after urea-removalas
S 77 . treatment under conditions of high and normal. calcium
- Two toe muscles from tHe same frog were exposed to a
~ 400 mM urea-Ringer's solution~for one hour after which
they were returned to a high ‘(5 mM)- calcium—Ringer (o) -
‘or a normal (1..08. mM) calcium—Ringer -(#) solution. ’
: quitch tensions were recorded for-a period of 6-7 hours
s following reimmersion in the urea—free Ringer s solution.
R S e : .
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of

0 %0 4

- Mindtes ofter wrea-washost

lTime course of decline 1n tw1tch tension ‘in toe muscles
following urea (600 mM) -removal.’ Five muscles were used’

to calculate the mean * SE for each point. e, muscles

_ placed in 1,08 mM catt. Ringer 's; 0, muscles placed in

5 mM Catt Ringer s solution Control, twitch tension

' recorded for each, muscle before exposure to the urea

Ringer's. solution. No significant difference between
the means was detected (p > 0. 05)
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tion of the phosphate buffer for the bicarbonate buffer did not g

antagonize the’ 1oss of twitch induced by a urea—removal treatment.
Likewise, it was found that the addition of cobalt- -ions’ during 7 _'_ : - ;_

;the urea—washout did not prevent the loss of twitch Figure 18 A and

B shows a typical,experiment in which a comparison waS’made[between-

the effects of a urea-removal treatment ir two paired muscles (Same I

.frog), subjected to respectively a cobalt > mM) and a cobalt- free '

S
3

SNy it
anger s solution. Other concentrations o! cobalt, i.e. 0 1 and 1. 0

imM were also employed but were not able to prevent the loss’ of twitch

o h—e it e b g e s kel e 8 K

resPonsevinduced by a urea—removal.treatment.»

1.1.4 The effect of a urea—removal treatment on the twttch
'respoﬁse of»frog»s sartortus muscle b Frog sartorius muscles were
treated with a hypertonic urea—Ringer s solution for 1 hour followed Kvgp
by reimmersion of the muscle into a urea—free Ringer s solution con—
tltaining either high (5 mM) or normal calcium concentration. In con-
trastfto the‘effects:of high calcium in the toe muscle preparation, v ". o ;
' the high‘calcium ringer's-bathing the sartorius nuscle didhnotisig— o l‘:':. o é
lnificantly alter the reduction in twitch tension following the, urea—_
iwashout (Figure l9). The average decline of twitch tension (n e.S)i
'after.ureafremoval'treatment was slower.for sartorius than_that for'

' toe muscle.

1 2 Glycerol—removal treatment

1

1. 2 1 The effect of a gZyceroZ removal treatment on the

twttch response of frog 'S - skeZetaZ (toe) muche : Figure 20A shows

the effects of a glycerol—removal treatment on the twitch response.
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“Twitch fension (% of control)

3
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fFigu:e'l9.

[e)

LJ 4
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%g
i
B
?{'
N &
{
[~ : “
>
o 2000 0 300 40 50
: . Minutes after ureg-washout - B
gTime course of decline in twitch tension in sartorius

"-muscles following urea removal _fFive muscles were used

to calculate: the mean # SE for . each point. e, muscles

placed in 1.08 mM catt Ringer s} 0, muscles placed in

5 mM Ca™t Ringer s. Control, twitch tension recorded

oo for each muscle before  exposure to the urea -(400 mM)-
".Ringer 's ‘s#lution. No significant difference between

the means was. detected (p > 0. 05)
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e 20, The effect of different glycerql removal treatments on the
- twitch tension &f frog s: skeletal (toe)’ muscle. Muscles -
were stimulated at a rate of 3 pulses: -per minute through-
‘out the experiment. A, long (60 min) glycerol . (400 - mM)-" ,
removal treatment; B, short (10 min) :glycérol (400 mM)—* v
removal treatment; C, short (10 min) glycerol (600 MM)— '
removal treatments .’
Note that for all glycerol—removal treatments the twitch
tension was greatly reduced but not completely abollshed



. L Y . ‘ . -
R [N % oo

\

inltoe muscle.'70n=immersion of the muscle in the hypertonic glycerol-

Ringer solution, a transient contracture with a simultaneous reduction '

s

in’ twitch tension was observed Twitch tension recovered to 80% of -

pre-glycerol tension within 20 minutes. ‘After ome hour the hypertonic
glycerol—Ringer s solution was replaced with a glycerol—free Ringer's:
A solution and‘the twitch reSponse was reduced'to '10% of_pre-glycerol -

. tension in less than 15 minutes. In Eontrast to other reports-in the

- o 1iterature (Howell 1969 Dulhunty ‘and Gage, 1973@ we never observed a“

v . \)

;,complete ‘loss og twitch tension following glycerol—removal treatment.

-

i!;was found that the twitch was reduced to the same extent with a

| ?hort (10 minute) glycer@l removal ‘treatment (Figure 20B). and that
increasing the glycerol concentration to 600 mM still 'did not abolish

o

e the,twitch response.(Figure 20C). v o - S

.M

cabh - ? v

S : ' “ Y s L

be shown - to exist betWeen the duration of the glycerol exposure and ,-

4

b‘-~'

e N;) c0n§§?l tension (Figure ll),_ .V:Jj’j S "“‘.>h4*
: S ° Despite‘}he drastic réduction in twitch tension induced by
. L lb\' ' ot
-a.glycerol-removal treatment» the chfeine induced contracture was
b

\

L only slightly diminished Figure 2 shows the mechanical response to

dgffeine before (A) and after (B) glycerol removal treatment.
LY . , O ST .

1. 2;2 The effécts of’eZevatzng the extraanZuZar Ca

Yy ST ;

: "muscles.- It. has generally been assbqed (Howell 1939 Eisenberg and

Eisenberg, 1968) that glycerol-removal treatment is responsible for ,

'tthe swelling and subsequent sealing of the T—tubules from the extra- _

- . ol . N

SO S the time for’the decline of twitch tension to 257 of the pretreatment )

"Unlike similarﬂexperiments withlurea'.no correlation could °

.« -

;concentpatzon on; the thtch rgdponse in glycerol—removal tred%ed toe ,:;“'"“"'
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Figutre 21. Caffeine (8 x 107% g/ml) contractures in a toe mus&le C -
T before. (A) and aften (B) urea-removal /treatment. . The = . -~ -
“twitch response in B was reduced to less than 10% of . o
‘the pre-glycerol twitch tension while a near maximum, (70/) RO
‘.caffeine—contracture could stili. be elicited ERIE X
..‘A . 1) 5 . ,
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cellular space.FFIt isl%he closure of “the T—system which causes the.
inability of the muscle to‘contract in response to depolarization of
the surface membrane. Dulhunty and Gage (1973® presented evicence
which indicated that the failure to twitch following a short glycerol—

‘removal treatment occuqred independently of a closure of the T~ - 8

system. “Je have examined if the twitch failure resulting from short

N

glycerol-removal treatments was of the same nature as the twitqh loss

observed for urea~removal treated m%cles. In contrast to urea-

;1 removal treatment the reduction in twitch tension of glycerol4;

,
rembval treated muscles was not antagonized by a five—fold increase

in‘Ca++ concentration following the. glycerol—washout. This is ilius—_

,trated.in“Figures 22 Ag'B,,and C, which’represent»the average d%éline;

!

. o

of twitch tension of muscles exnosed 0. hypertonic glycerol for ’
NZ

gespectively 10 20 or 40 minutes. significant difference was

detected between the decline of twitch tension of muscles reimmersed_.a”

either in high (5. 4 mM) or normal célcium.f The average.decline ‘

. 4
3

B of twitch tension of,muscles exposéd to a 60 minute glycerol rembval”

B \5‘4'

‘ treatment is shown in Figure 22D and . is similar to the shorter dpra—i

I

tion glycerol-removal treatments (Figure 22 Au B and C) -

1 2 3 The efféct of gZyeeroZ—removaZ treatments on the

-

thtch response of frog s sartopzus muscle. Frog sartorius muscles

Y

were immersed in hypertonic (400 mM) glycerol—Ringer s for 15 30 or

"', Y -

% -.“

60 minutes._ Following fhe glycerol—exposure these mascIes were-

7\ . .
placed in a glycerol free Ringer solution éontaining either ‘a’ high

or a normal calcium concentration._ Figures 23 A B, and C show the

average decline of twitch tensions under these conditions. .ln conf

RE

71
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Figure 22. ’I‘ime course of decline in twitch tension in toe muscles '
e s following glycerol—re joval - ‘treatments of different dwation. )
B ‘Muscles were exposed glycerolx (400 'mM) and weve sub-
. 7 sequently placed in, a glycerol -free Ringér's solution X
T \7' containing 1.08 mM Ca}t (e) or 5.4 mM Ca‘H' (0).. The Qumber
S el T -of fwuscles (n) used o caleulate. the mean.*.SE for each '~
SRR R point is indicated in each diagram. )'A B, C and, D . o,
Lt T ; respectively 10, 20, 40. and 60 minute glycero’i—zemoval -
: " , treatments.- No significant difference between the means -
N - was. detected (p > 0. 05)r _, .
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each’ point. A, B and Cj respectively 15, 30 and 60 minute = =
- glycérol-removal treatments. No- significant difference o
between the means was detected (p >. 0 05) /
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trast, to a similar treatment following urea-removal (Figures 12 & 13),‘
a five—fold increase in extracellular [Ca 1 did not antagonize the
'-reduction in twitchatension following the glycerol washout. The,sig—

' nificance of these results will be discussed 1ater.

.

2. Electron Micrdscopic'ObserVations' . *\ DR
. . . , “ Lo B . . ‘
s 2.1 General Ultrastructure.' Freshly‘excised toelmuscles

< . “
3 ¢ . g p

_LU from the frog were fixed in 57 gluteraldehyde in phosphate buffer and

"‘brocessed for electron microscopy as describedlin the methods section.

1,tissue, where the fibreb were cut.in longtu-

Silver—gspy secti-h

y . . oo .
- 'ﬁEinal orientation, examined underﬁthe‘elect on microscope.

Figure 24 represenr?.a iow magnification;view OF a musclejfibre show—

[y

74 .

\

ing the parallel stacking arrangement of” the my fibrils At regular N

[

interv%;s along the Z 1ines, fragments of the Tlsystem with two

"adjoini vacuoles can be seen. These 3 struct res, transverse

-

\h{ubule and,two terminal cisternae represent at iad.and are shown at
//higher magnification in Figure 25 The Figures 26 A, B, and C Show
?»* the different appearances of triads when muscle are sectioned longi—

tudinally (see methods) The area interSpersed\between the membrane

of the I—tubule &nd. that of' the terminal cisternr isiﬁhe triad f- )

-

junction (Figure 26B) '}p "‘ ’Y”F" S f'ﬁf'; o
'Fv{' 2 2 Urea—?emoval Treatment.

2 2 1 Méasurements of the trrad Junctzon wtdth of yrea-_f

removal treated toe muches . From each micrograph of a triad strac= 'l”

SR -

¢ ture four measurements of its junctional width were made and the mean

"'1’ B . . . . . h \v'

n
L RN . g s * . . !

o
o 2R

-

s

St Al



| Figure

—

:h;t bule (Tt) aresshown.

Figure 25.

plasmic reticulum can also be" seen.

e

VAU

24, Longitudinal section of muscle fibre, showing myofibrils (My)l

and triads (Tr) located in the vicinity of the Z-lines. "The e o T‘

.-area within the square is displayed in Figure V) at a higher '

t.magnification. '
- Staining: Uranyl acetate (15 min), followed by lead citrate
(7 min)." X 18,000 , ‘
' '  f '
X -~
T .
/
High magnification view of the triad apparatus. Triads,'

consisting of two terminal cisternae (Tc) 4nd one transverse

The ‘transverse tubules are super- -

imposed on. the Z-line . (Z) The dark granules are glycogen

granules (Gly). Longitudinal tubules (Lt) of‘the sarco-
X 75,000

P e
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V_ Figure 26 A B, and C ég ( S : - "

Different orient jons of the triad apparatus. When a

_ ~muscle fibre is ‘tioned longitudinally the following o ' B
o -~ views of .the trigl“@a{ occur. A, is a triad sectioned . - : v ’;QB
- perpendicular to the long aXis/of its transverse tubule o N
(T). 'C, is a.triad sectioned ‘parallel to the long -axis g . -
of its transverse tubule. B, is an.orientation in - - . . : :
. ‘between that of ‘A and C. Nomq the triad junction, which ‘
~ 1is the region between the tr' Ysverse tubular membrane

(Ttm) and the membrane -of iR
Stalning: Uranyl-acetate (]
citrate (5 min). X 180,000

jﬁerminal,cisterna.(Tcm)
%?in)ifollowed by lead
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of these four measurements was recorded., A total of tgn micrographs

V4

of different triad structures was selected at random from each muscle (/

'.\‘w.
-

‘and their triadic junctional widths were measured “An estimate of the
. EA )

O ;
. i

mean . triadic width for a single muscle (n = lO x°4) was - thus obtained W'} SR

(see,methods) Toe muscles from the right and left foot of each frog

Were randomly assigned muscle 1 or muscle 2 for each pair. No signifi—

ecant'difference'was detected between triadicfwidth.measurements for the

two muscles under thetuntreated condition (Table 24). In-the‘urea—'

removal treatment experiments both muscles in each pair were fixed

C‘simultaneously with gluteraldehyde buffer within a few seconds after v J‘G

the twitch response in muscle 1 (1 08 mM Ca ) had disappeared .The
r

twitch tensions recorded at this time for each musclf 2 (S mM Ca )

are listed in Table»ZB. Despite the difference in twitch response

H.
produced by altering the Ca : ooncentration (section 1. l 2, Figure

13) there was no significant difference between the widths of the triad ’ O

.‘lJunction in muscles l and 2. However, in confirmation of the findings

of Oota and Nagai (1973), a significant increase/in the width of the
triad junction was produced by the urea—rgmoval treatment.' ‘

‘;;_gA 2 2. 2r Distribufion,of Ferritinrin urederemoval treated_: : o ' 'fld
fTOg 8 Skeletal muscle- Urea;removal‘treated toe muscles.were‘soaked | |
.in a Ferritin—Ringer 8 solution (20/ w/v) for 30 minutes following a
30 minute urearwashout period After the Ferritin-soaking period :
:muscles were fixed in' a SA gluteraldehyde—phosphate buffer together
:‘with an untreated muscle from the same’ frog The untreated muscles;
ff also soaked in Ferritin served as controls. -Both muscles were pro—h
cessed‘simultaneously:for:electronbmicroscopy. :bongitudinalfsectionsh

»
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- were examined and marked differences in the distrihution of the .

Yy

f \-

Ferritin were observed Figure 27 is a low—magnification view of a

urea—removal treated muscle in which the T—system ig,intact,_although

‘some vacuolization of - the transverse tubules o&curs . The extra—
cellular ‘space (ecs) is filled with electron*dense Ferritin particles
while no Ferritin is visible in the T-system (Figures 28aand é9)

.

untreated toe muscles ‘the accumulation of Ferritin particles in the

"transverse tubular system is clearly visible (Figures»Bl and 32).

prartgfrom occasional vacuolization ofvsegments of the T-system:

i ﬂ(Eigures.27 and 30);no differences could be detected between‘the gross . A

: ' $
- vmembrane rupture. The dark spots on the glycogen granulea (Figure

: "ing diaminobenzidine and H

ultrastructure of either urea—removal treated muscles or their controls;

. The dense material in the’ vacuolated T-system consists of glxgggen(ef/’fl

, granules (Figures 27 and 30) which have leached out from t+% sarco- ) (‘ I

plasm into the swollen segments of the T—system as. a result of loc%l

30) are distinct from Ferritin Barticles (Figure 32) and preshmably
represent a staining artifact since similar appearances were encounter—.bg'
ed,in[musclesvnot treated.withfFerritin.

cal 2 2 3 Dzstrtbutzon of Horferadtsh peroxmdase n urea removaZv

traated frog s skeZetaZ muscle . In contrast to Ferritin, Horseradish

'peroxidase molecules did penetrate the T—system of urea-removal ' l . R

o

>§tre3ted toe muscles, as witnessed by the electron—dense deposit in the

:~T—system (Figure 33) . Peroxidase itself is not visible “in the electron }"'

Ty

'»-microscope and neither is ‘the reaction product resulting from incubat—.V

205 with peroxidase (see methods) It has

' been suggested that the electron-dense material is osmium which has

-\
\reacted with\the reaction products(Reese and Karnovsky, 1967)

]

. A ’ ) » o

\
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Figure 27 Ferritin distribution in a urea—removal treated musclest.

Ferritin particles are visible in the extracellular space'

(ecs) but do not penetrate the transverse ‘tubules (see

arrows a, b,.c, d, e; also- ‘'see corresponding letters in
Figures 28 and 29.for a hi‘gher magnification view). K Some
vacuolization (T) of-the. ‘T-system does Gccur, but .other—

. wise thge appearance’ onthe muscle is similar to that of
.‘untreateégpuscle (Figures.31an&32) " The' vacuolated

transverse .tubule (double arrow) is shown at high magni-

‘fication in Figure 30. M, .mitochondrion. ~ .~ .
Staining: . Uraﬁyl acetate - (10 min) followed by lead - “/,
citrate” (5 min) X 18 000

’
-






4‘ Figures 28 and 29 '*«; - 'kt

'Triads of urea-removal treated mhscle. The triadic sites
labelled a, b, ¢, d, and e are higher magnification views
of those in Figure 27%. No ferritin can be found in the
_ transverse tubules which appear no different from those
- in. ‘untreated muscle (Figure 32). .
- Staining: Uranyl acetate (10 min) followed by lead
citrate (5 min) X 50 00 :






o
“Figure 30. A vacuolated transverse tubule. Swollen segments.-of the
.  T-system are encouritered occasidénally in urea-removal - -
-~ treated muscle (Figure 27). The tubular space (T) is |
~ flanked by two mitochondria (M). - The triad junction . . .
separates the tubuvar'spaceffrcmvtheltefminal,ﬁisterhaj
(Tc). Dense particles associated with glycogen granules: .
" ‘are found in ‘the tubular space-and”must,héve teechéd out

from the sarcdplasm at places whete the tubular membrane: '
s was perforated (see arrows)." The dense particles are'a
" gtaining artifact.” . T T O
. Staining:" Uranyl acetate- (10 min) followed by lead
' ‘citratei(s.min). X 75,000 B :






~

I

%1gu£é»31;

§

y o

e i

Ferritin dis;fibufioﬁ ir an untreated musclé. This muscle

-is-thgéﬁntreated,pa}fed‘équhtefpartvof theHmuscle‘depicted
‘in-Figure'27.HFerritin”particleswcan,be'seen in the ‘extra- -

cellular space (19wer-1eft”h3nd'cQtnéi) and also in the

- transverse tubular.system (arrows a; b, c, d; e; alsq see

-'céirespbnding'1éﬁ¥ers\1n Figur§32for a higher magniffjication
j‘Staining;"Uranyl acetate (10 min)'followéd«by'léadtc trate
' (5 min). X 30,000 ST A
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Figure 32_

a, b, ¢, d, and e

‘Triads of”untreated muéble, The triadic sites- labelled a,
by, ¢, d, and e are higher magnification views of those in
Figure31m Note ‘the dense packing of- Ferritin particles in-

the transverse tubules.

SCaining Uranyl acetate (10 min) followed by 1ead citrate‘

(5 min). "X 75,000
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'Figure 33 Horseradish pefoxidase (Hrp) distribution in urea -removal
Co treated: muscile. Peroxidase 1is present in the’ T-system' ‘
(arrows) but its distribution isanot as abundant asg in :
‘untreated muscles (Figure34 ). The: sarcolemma is densely -
stained by the Hrp reaction. ecs, extracellular -spacei
M, mitochondrion. T, swollen transVerse tubule. F; fat
‘globule. e
Staining: Lead citrate (5 min) only X’l4;000'%. o

v
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ﬁStaining of the T-system was not as pronounced as in the untreated con—

:vtrol muscle (Figure 34) Higher magnification views of both urea-
- removal treated (Figure 35) and control muscle (Figure 36) show that '_shlV

‘.staining remained confined tojthe T-system only.vf'i‘

‘r\?y

2 3 Glycerol—remQVal Treatment. : ,f A 'lﬁ--_" B
. . /' v

2. 3 1 Mbasurements of the/trtad gunctzon width of gZyceroZJ

removaZ treated toe muscles.\ Following identical sampling methods as-.

Y.~

before (section 2. 2 1) micrographs were collected from toe muscles
‘3:

&that had been treated with hypertonic glycerol (400 mM) for 10 min—

o

,u:‘ utes and were- subsequently reimm‘“*"d_into normal Ringer . solution C e

R R

'fwas reduced to a minimum this:;’

a

,zfmuscle was fixed in a 57 buffered gluteraldehyde together with an
l.guntreated muscle from the same - frog.; In Table 3 measurements of

T ‘f,_Qi;triadiq width are. summarized. No significant difference between the ST

\|.

R . L LTS

4.“junctional widths of glycérol—removal treated muscles and thgir con—“_'“‘
htrols was detected A difference_in triadic width between untreated w' ;tt“‘

. from this batch °f frogs (lll Z,A Table 3) and~that of previous ;
‘_;:experiments (89 1 A Table 2) was noted This discrepancy may’ have_i;;i;;;t“ ?K 1
.occurred as a result of seasonal variation which is known”to occur.'. o
nfamphibians (Dulhunty and Cage lé?j) For example froég of ;hé"“[»iu_

"hfirst bath (Table 2) were sacrificed in December while the others ‘

e (Table 3) were sacrificed in August ' ﬁ‘f;fjﬁqgj,'yf“ﬂi f ;7'}”5:“9'

L L ;g. : L EEEE _ R A - .

2 3 2 Dzstrtbuttan of Ferrztzn tn gZyceroZ—rg%ovaZ treated ,

o -frog's skeZetaZ muacle Glyéerol—removal treated toe muscles were _f' f fﬁxﬁ R |
- — . e T o

‘_¥ soaked in a Ferritin (20% w/v) Ringer 8 soluti ‘Yor 1/2 hour follow—-“




. Figut\e 34 Horseradish peroxidase (Hrp) distribution in untreated

. muscle.. Peroxidase staining 1s abundant in the T—system
»‘f":z, Z-line.. = . A N
;.fUnstained ) X 13 000

N \ S e
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Figure 35 A triad of a urea—removal treated muscle.< Note that Horse—
E radish peroxidase stalning remains restricted to the: tubular
space only (Hrp). The appearance of the triad is no dif-
ferent from that of an untreated muscle (see beloy). ecs,
extracellular space; z, Z-line; Tec, terminal cisterna.
Staining: Lead citrate (S min) only. X 127,000

Figure 36. A triad of an untreated. muscle. Horseradish peroxidase

(Hrp) can be seen, in the transverse tubule- only

Staining: Uranyl acetate (15 min) followed by 1ead citrate
- (5 min) X 87 000 :

R
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% Triadic width of glycerol-removal (10 min) freatéd toe

. muscles did not.significantly differ from that of .
. untreated toe mugcles. P>0.05° ' L
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ing a- 30 minute glycerol-washOut period ‘Untreated muscles (same frog,: ‘

| different leg) were also immersed in a Ferritin—Ringer s, solution for

P

vl/2'hour.' Both muscles were/fixed simultaneously at the end of the

Ferritin-soaking period and/further processed for electron microscopy "jx,"

/
(see methods) g Figure 37 is a low magnification micrograph of a

<

| glycerol-removal treated muscle‘ note the Ferritin particles in the

extracellular fluid and their absence in the transverse tubular system

Figure 38. is a micrograph of an untreated muscle taken at th same

. isible in -

"‘magnification as.Figure_37. The accumulation of Ferritin @s-
" the fransverse tubules of the untreated muscle: Figures 39 40 'and

41 are higher magnification views’ of different triads in an untreated

\4

muscle,{showing the penetratlon of Ferritin in the T—system.v In epn_ eg
,trast Figure 42 illustrates that for glycerol—removal treated muscle, o
‘ Ferritin remains restricted to the extracellular space only. fn an

attempt to find out 1if the T—system remains Open to the extracellular
v . AT,

space after short glycerol removal treatments’ muscles/éere su Jected L

.ﬁ.

to’ glycerol exposures of lO and 20 minutes. Apart fr?m the duration of

the hypertonic glycerol incubation these muscles and their untreated
. /

ontrols (same,frog) underwent-the same.treatment schedule‘as‘described.'
'e_rlier‘in €his'section."Some penetration of ferritin &as_ohseryedﬁf
. in ’he 10 minute giycero1~remov 1 treated muscle'mhile no Ferritin"lfi:,"‘
' was etected in the)l—system of \the .20 minute glycerol removal treated,s
muscle. Since the distribution gf Ferritin was not con51stent through—‘"‘i'”

out the entire T—system of the 10 minute glycerol removal treated

*.muscles, these experiments were repeated with t\E’smaller molecular

 weight marker)Hprseradish peroxidase.

pis
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Figure 37 Ferritin distribution in a glycerol-removal treated muscle
and its control (inset) Ferritin As present- in the extra-
cellular space (ecs) and no ferritiy particles can be seen :
in the T-system (arrows). M, mitochondrion; F, fat globulel_‘
'SR, sarcoplasmic reticulum in full view.
~ Staining: Lead citrate (5 min)_only. X 30,000

i

&

_Figure 38, (Inset). Ferritin distribution in an untreated muscle.
' |Ferritin particles are present in the T-system (arrows).
‘Staining: Uranyl acetate (10 min) followed by lead - -
© '~ citrate (5 min) X 30 OOO ' S :

Y
;






Figure 39 Distribution of Ferritin in untreated muscle. An extended
view of the transverse tubule packed with Ferritin particles’

j- o .+ (arrows). F, fat globule, M, mitochondrion Te, terminal
\\\ ' .. cisterna; Z, Z-line. - /

Staining:. Uranyl acetate (10 min) followed by lead citrate
(5 min).- X 75 000 ‘ . v

-

Figure 40. Distrib tion of Ferritin in untreated muscle ‘A different

ion of" ?he triad. Ferritin is present (arrow) in
ubule.

‘Staining Uranyl. acetate (10 min) followed by lead citrate
- (5 min). ' X 80,000 o .

e
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»Figﬁres 41 and 42.

Distribution of Ferritin in untreated (Figure'41l.) and in
(60 min) glycerol-removal treated (Figure 42) muscles of
~ the same frog. Ferritin is: present,invthe extracellular
- 'space (ecs) of both muscles. ~ Ferritin accumulates in the
: o ‘ T-system of ‘untreated muscle (Figure 41) is excluded from -
,-- that. of glycerol—removal treated muscle (Figure 42). 81,
garcolemma; V, vacuole; Tc, terminal cisterna, M, mito-
-chondrion.. ‘
~ Staining untreated muscle: Uranyl acetate (10 mln) fol-
lowed by lead citrate (5 min). X 80,000 .
Staining glycerol—removal treated muscle: Lead citrate‘;
(5. min) only. X 75,000 . o
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2.3. 3' Dtstrtbutton of Hbrserodtsh peroxmdase in short
(10 mznute) and Zong (60 mznute) glycerol-removal treated toe muscles.
TrMhscles incubated in hypertonic glycerol for respectively 10 and 60
minutes were, placed in normal Ringer s for 30 minutes.: These muscles
and their untreated controls (same frog) were subsequently immersed

X _ . o
in-a Ringe£ s solution containing Horseradish peroxidase for 30

minutes after which they ‘were further processed for electron microscopy

3

.'(see methods) : Figure 43 is a low magnification view of an untreated
muscle whose T—system is intensely stained by the HorSeradish peroxidase
reaction. Figure 44 offers a higher magnification view of the same

.muscle and shows 3 triads of which only the tran‘ﬁerse tubules are

‘filled with the electron-dense reaction product No evidence of penee”
tration of Horseradish peroxidase in the T—system of muscles subjectedv

.‘to either a 10 minute of a 60 minute glycerol—removal treatment could

' ‘be detected (Figures 45 . and 46)

RV

h 2;3»4- Additional Observations in‘musclesfsubjected to short

(10 mmnute) and Zong (60 mznute) duratzon gZyceroZ removal treatments.'

o Thus far ‘two morphological features (i e.. width of triadic Junction and -

ey

1accessibility of T—system to various‘markgrs) were studied in toe

O~ : . ~

muscles.,A third morphological parameter was examined to obtain an
. — CR

v

estimate of the structural integrity of the transverse tubular system.
R .

'For this purpose the number of 'intact' transverse tubular sites still ,

'_nremaining after glycerol—removal treatments of different duration were

r

',compared._'An 'intact" tubular site was define 5.a triadic structure'

SRR ' PR — > .
©  containing at least dne“termina?jfisterna .and a cl'arly distinguishable

' ::transVerse:tubule;h‘A,detailed‘description'of;thevs‘

pling procedure

!
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 Figure 43. Horseradish peroxidase distribution in untreated musgle
' o : This nudcle Tepresents a control for the short—glycerol
‘removal treated muscle in Figure 45,

Staining: Lead citrate (5 min). X'-15,000

T o S






Do ' ’ o & :

"Eigure'44 ' Triads of untreated muscle stained for Horseradish peroxi—

" dase. A high magnification view of triads, showing stain—-
“ing only in the transverse tubules (arrows) .
Staining: Lead citrate (10 min) only: X 75,000

© e
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Figure ‘45.

‘Short. (10 1in) glycerol -removal treatment and the dis-

‘tribution of Hor'seradish peroxidase 'Muscles were sub-

jected to short (10 min exposure) glycerol—removal
treatments. No Horsgradish peroxidase was detected in

~the transverse tubules (arrows) M, mitochondrion, T,

swollen transverse tubule. :
Staining: Lead citrate (5 min) only X 12,000

%
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Figure 46.

Long (6d-min) glycerol-removal treatment and fhé distri-

bution of Horseradish peroxidase. No electron dense

staining prddubt,qould be detected. Note':befabsence of

transverse tubules. M, mitochondrion; Z, Z-line.
Staining: Lead citrate (5 min). X 12,000
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,';is provided in the methods section (Chapter 11, section 6 2) The
number of intact' transverse tubules was reduced by 60% for 10 minu;e

( glycerol—removal treated muscles while a reductdon of 77Z was observed

-

for the 60 minute glycerol—removal treated muscles (Table 4) Yo

~

estimation of the structural integrity of the T—system of urea—removal

treated muscle fibres was made because the . appearance of the individual

‘triads (Figure3'28 and,29)\was not much different from those of un—"

treated muscle fibres. o : -

3. Electrophysiological Observations -
,TwovtypeS'of'electrothSiological measurements are often

used to determine if the T—system in muscles is still contiguous ith

the extracellular space. These are the late after potential whi h
follows a series of successive action potentials (Figure 47) and thke

creep in potential produced by prolonged hyperpolarization (Figure

49).

3.1 Late after potentials in urea- and glycerol removal

treated»muscles The slow repolarization that follows a £ér1es of:

*lfaction potentials is: called the late after potential Theraverage

.

'.peak amplitude of the 1ate after potential is 13 mv and 1ts half-;
' time of decay is 270 msec. For ‘measurements only those fibres ‘were:

_:selected in which the late after potential was elicited by 10 succes-.

e

sive action potentials and in which the resting membrane potentials had -
not changed by more thén 2 mV before and after test recordings. Figure-

47A iszatypical recording of the late after potential in an untreated
:muscle.x Two pictures of the late. after potential were superimposed

. s
.’/'
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. Figure. 47. -Late after potentials recorded intracellularly from toe " .
T . muscle fibres' under difﬁérgntiexperimen;al conditions.

, ) _ + A, control; B, urea-removal treatment;. C, short- (10 min)
L .. glycerol-removal treatment; D, long (60 min) glycerol- -
. “removal treatmentsf and A. are tracings obtained from
4+ -~ picture A and depict‘%he laté after potential (LAP) at
©. . slow syeep speed, high gain (A;) and at faster sweep

" speed,” lower gain (4,). From '
mation oh the decliné. of the LAP was obtained. iésting

membrane potenciali(rmﬁ) and action potentials were: -
_ “monitored on A&; . _ o P i

%racipgs such as A, infor-v__ ‘<'
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onfeach.other at different.gain and different sweep-speed in orderjto:
"examine details of the late after potential and. the action potentials
simultaneously. Figure 47A1 represents the high gain, slow sweep speed
‘ component of Figure 47A, while the same event is displayed at lower gain

and faster sweep speed in Figure 47A Retordings obtained fromLuéea—'

“ or glycerol—removal treated ‘toe muscles were obtained ‘at least 30

iminutes after the hypertonic solution had been replaced with an. isotonic

Ringer s solution, i.e. when the twitch was either aboliihed or reduced
to a minimum (sections’l,l.l and 1.2.1). Tate after potentials could
still be elicited_in ureaeremoval.treated toe muscles although their
'hamplitude was reduCed (Figure 47B) This would indicate that the -
. system. openings at the surface membrane are still intact. Similar.
observations were made for muscles subJected to the short duration (10
.minutes) glycerol-removal tréatment (Figure 47C) The late -after -
lpotential was absent however in muscles subJected to a long duration
(60 minute) glycerol -removal treatment (Figure 47D) These results are

summarized in Figure 48 in which the average ‘time course of decline of "

late after potentials-is recorded for‘the different treatments.

3 2 Creep potentlals in urea- and glycerol—removal treated

muscles : Creep potentlals were reconigd/ffom\fibres—eflsmall sartor—

W, A TR s e A T e e

[

S

ius muscles before and 30 minutes afte;\Eifﬁef/urea— or glycerol—removalb

treatment; Figure 49 shows records of potential changes produced by

constant current pulses of 1600 msec duration On’ prolonged hyper—

[
. ..

polarizing current injection into untreated muscle fibres the membrane

potential does, not reach a steady state: but continues to increase -.
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Figure 48. 'The average decline of the late. after: potential in toe i\
TR muscle fibres under different experimental conditions. : 7
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N 'number of ‘measurements- to calculate each mear’ is indic .
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\Creep potentials recorded from small sartorius muscle

Ep . X A\

fibres under different experimenta conditions.riA;,
control; B, control; C, urea—removal treatment; D,
glyecerol (60 min) removal treatment.. C and D were
" recorded 30 min after the muscles were returned to
tRinger s solution.
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slowly in the hyperpolarizing direction (Figures 49 A and B). This 8
slow hyperpolarization is usually referred to as the creep potential
, and is caused by a decrease in membrane conductance resulting from

- declining K —concentrations in the T—system (see Chapter I, section :

NN

5). The creep potential is’ also plotted graphically (Figures 50, 51) .

by measuring the membrane displacement of 75 msec . and again at 1350

" msec after the onset. of the stimulating current.‘ The increment in

membrane potential within this time interval is illustrated by a shift

in the current—voltage relation towards the hyperpol#rizing direction »'

and is thought to represent the creep potential Cﬁrrent—doltage

8 ~
L

' relations obtained in this fashion indicate that for untreated mus—

'q‘.

L potentials more negative th‘.-lOO mV Similarly the creep potential

'can still be observed in urea—removal treated muscles (Figures 49C

: 50), but glycerol-removal tréatment does abolish the creep potential

'\y L.

’(Figures 49D, 51);- - ; .f

K}
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a0
cles (Figures 50 and 51) creep potentials become nodicable at membrane '

< .
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Current—voltage relations for a urea—removal treated

muscle fibre: Measurements of membrane displacement
(see Figure BC) were made at 75 msec (e, ®).and at -

1350 msec (o, o) after‘the onset of the stimulating

- current. (o, e); untreated muscle. (O, W), urea=
removal treated muScle fibre. Creep-is represented ;
by arrows point; dgwnward Stimulating'current~
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Current—voltage relations for a glycerol removal treated
.muscle fibre.. Measurements of membrane displacement.

(Figure 3D) were made at 75 msec. (e, W) and at 1350 msec
(o, 0) after” onset. of the stimulating current. “(0;. @),

runtreated muscle; ( o, l) glycerol removal treated

muscle. ‘Creep 1is represented by arrows pointing doim~—

- ward. Stimulatlng current is recorded as the voltage‘

drop across a 100 K tesistor.}.
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" CHAPTER IV. DISCUSSION

Hypertonic solutions, prepared by adding large amounts of

-~

. NaCl or sucrose to a Ringer 8" solution selectively inhibit the twitch
or potassium contracture of frog muscle fibres withqgt impairing the
) /

conduction of action potentials or the development of. contractures

’induced by caffeine (Hodgkin and Horowicz, 1957 Howarth 1958

ACaputo, 1966). This hypertonic condition is occasionally utilized in’

microelectrode studies of action potentials in order ‘to eliminate‘

muscle movement.

- When nOneelectrolpte‘substancesisuch as. glyCerol or urea g
‘were used as osmotic agents, it was found that these substances‘afe
fected the contractile response of frog s skeletal muscle in quite .l

< : \

a different fashion (FuJino et al., 1961 Yamaguchi,.et al., 1962)

The twitch response was only tran51ently inhibited and then recovered"

- ¢ .
. during the exposure to the hypertonic media. Fujino et al..(1961)

ivcalled-this phenomenon the glycerol effect', because they found it
.highlyfspecific for glycerol ' These workers‘also noted another phen—
;omenonlto which they did not attach much importance although it later
‘ becamevan essential tool in the investigation of e=c coupling pro—-;

-7_ cesses in fast skeletal muscle ' They reported that reimmerS1on of

A kR \

e muscle-fibres in an isotonic Ringer s solution after a hypertonic

f exposure to glycerol resulted in an irreversible loss of the twitch _—

' _response. Six years later Howell and Jenden (1967) reinvestigated

this phenomenon and attributed the 1oss of mechanical activity to a
'S o ol

disruptive effect on the T-system caus1ng a closure‘of the T—tubules

at. their openfngs with the surface of the muscle fibre. In order

L
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to’distinguish thiS'effeet fromithe 'glycerol effectl_I have called

it the glycerol—removal effect' in.thiS'thesis. 'Caputo (1968)'found E
. : o :
that the glycerol—removal effect could be achieved with a number of f‘
gOthér non-electrolytes such as urea, ethylene glycol, propylene glycol
and acetamide and concluded that the resultant changes in. mechanical
dvactivity brought aboutvby these non—electrolyte substances must have

'been related to their membrane penetratlng characteristics R

Other workers (FuJino, 1972 Oota and Nagai 1973) have -

examined in greater detail the effects of a urea—removal treatment in
frog skeletal muscle and observed a loss of twitch re3ponse which they
attributed»tO'an interruption of e-c. coupling. In=addition Oota-and
iNagai (1973) demonstrated that unlike glycerol the'ureaQremoval treat—‘
-ment -did not block e-c coupling by a closure of the T tubules at their /
"surface openings,'since the extracellular marker molecule Ferritin was .
still shown to enter the.T—system under these conditionsr Instead the"
hfblock in’ e~c coupling following urea—removal was attributed to an
'increase in the widthsof‘the'triac Junction,

»

R

1. Urea removal

L}

! i I have further investigated the ultrastructural changes that :

occur‘asfa result of a urea—removal treatment and was able to: confirm
’Oota and Nagai s findings (1973), that under these conditions the triad
i‘junctional width was increased (Table 2) Contrary to Oota and Nagai s

' observations,in the present experiments Ferritin was excluded from the ;%v
’fT—system (Figures 27, 28 29) However, subsequent electronmicroscopicvf
hstudies demonstrated that Horseradish peroxidase, whose molecular

N

diameter is smaller than that of Ferritin, did penetrate the T"system Tt"“

SN

=
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- (Figures 33 and 35) It was concluded therefore that‘the transverse
tubules in urea—removal treated toe muscles are communicating freely

with the extracellular space although its surface openings may be ://

somewhat constricted. The observed difference in Ferritin distribu— :
between.our emperiments and those of Oota and Nagai (1973) mav“
ue. to a species difference. Apart from the occasional formation
of vacuoles no other ohvious structural irregularities were observed

| The structural integrity of the individual triads appeared '
:normal (Figures 28 . and 29) - except for the measured increase in the-
:width of the triadﬁjunction (Table 2) Additional support ‘for the N
\-intactness of the T—system is provided by the electrophysiological
.observations that the-late after potential (Figures 47B and 48) and the;
- ‘creep potential (Figures 49C and 50) were present in urea—removal .
'treated muscle fibres..'

‘Some loss,bf normal T;tubular functioning howevervis indica;i

:pted by the reductlon in amplitude and duration of the late after ')/.

potential and could well be due to a reduction in T—tubuﬂar volume. o
-// L -

"‘_-,It is well known (Freygang et al., 1964 Kirsch 1977) that the late

: gvafter potential is caused by the accumulation in and the subsequent

’delayed outward diffusion of - K? ions out of the T-system during and
: g ) :
; gfollowing a train of successive action pdtentials. Reduction of-the’f

' f tubular vqlume would thus be. expected to reduce the total quantity
of K —ions deposited in the T—system and also the diffusion path for

_these ions. It is tempting to postulate,\iz‘addition, that some g

vacuolated segif'i:

j ‘transverse tubules become pinched off' beyond t
Wments.' The mechanism of this pinching off' proce S-”ould be similar

.to that discussed below for glycerol—vemoval treated Zuscles although



-

the;frequency with which this‘occurs would be much'lower in ureaé

removal treated muscles.' Such pinched off"transverse tubules would :

thus become isolated from the surface membrane and no longer partici—

;pate in the genesis of the late after potential , The only evidence we

have to support this possibility is the observation that membrane
lesions in ‘the, vacuolated area of the T—system do occur (Figure 30)
and that a drop in the resting membrane potential of urea-removal

treated fibres was observed (Figure 48, insert) indicating the pos—

sibility of a pinching off' and resealing process in the transverse

\

'»tubules.

4

That ‘the. loss of twitch in urea—removal treated muscles is'

o -

o caused by an impairment in e-c ‘coupling is obvious since actipn poten—'».'
'»f tials could still be recorded (Figure 47B) and contractures could still
”fbe elicited by caffeine (Figure 9) Consistent with our experimental

‘.~data is the suggestion (Oota and Nagai 1973) that the block in e-c

1

_coupling. is caused mainly by an increase in triadic junction width but

-

lsome detubulation may also contribute to the observed e-c coupling

"block

The degree of participation of these different structural

:xchanges in the impairment of e-c’ coupling will depend on the type of

muscle subJected to a urea—removal treatment ’ For instance, in frog

»,sartorius muscle we have ev1dence (Figure 19) which suggests that the

increase in triadic width may not be the main factor that causes the

[

e-c: coupling loss following a urea—removal treatment. Because the

”frog sartorius muscle contains a greater proportion of large diameter

fibres than the toe.muscle,_the average length of the transverse'

51
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tubular systembper fibre is increased accordingly.‘ A longer T—tubular
diffusion path may lead to more intense vacuolization and detubulation:
in these large diameter muscle fibres during the washout of hypertonic
urea;'- . |

Our present view of the events . occurring during e—c couplingd"'
in vertebrate skeletal muscle may be summarized as follows‘ activation
of the intracellular contractile proteins is, produced by aisudden o
' increase in the myoplasmic calcium ion concentration.. Most of
\this calcium comes from the sarcoplasmic reticulum.where it is stored _
\\\he resting fibre (Sandow, 1965) Depolarization of the yransverse
tubular membrane is required to cause the release of calcium‘from.the_
» sarcoplasmic reticulum (Gage and Eisenberg, 1967) However, the
‘jmechanism by Which T—tubular depolarization produces the release of
»calcium from the SR remains in doubt In the past, ‘two' alternative f'
hypotheses have received the greatest experimental interest' (1) that o
‘,current flows from T—tubules through the SR membranes causing calciumb
'release (Chapter 1, section 3 l) and (2) that "trigger calc1um ions
are - released into the triadic Junction difque to the SR membrane and
‘act on the SR membranes to stimulate calcium release (Chapter l
section 3 3) Recently a thfrd hypothe31s that voltage dependent
";charge movements in the T—tubular membrane control the release of SR -
calcium was added to this list (Chapter 1, section 3 2) In.viewlof,
'the ‘current. controversy surrounding the involvement of calcium in e-c
coupling,».he urea—removal treated toe. muscle represents a suitable |
' preparation for testing this involvement of calcium, oecause in this.

ipreparation much of the T—system is freely accessible from the extra-

"cellular space. Therefor‘ncreasing the external calcium ion, .
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- concentration should directly exert its'effectfothhedwidened triad -

" junction. Assuming that calé¢ium fons are-involvedhin the coupling - -
between T~-tubular depolariza&ionland the release of‘SRfcalcium,’it was
anticipated that.inCreasingfthe extracellular Ca-ion-concentration

would antagonize ‘the e-c coupling block in one of two. possible ways
‘(1) by decreasing the width of the triad junction, or (2) by increasingr77

.the‘amount of trigger.calcium released into the triadic JunctiOn with *

- each action‘potential. a

It was observed that placing a toe muscle in Ringer s solu—-
. F'tion with an elevated (5 mM) calcium concentration following urea-
removal treatment prevented,the.complete block»of.eec coupling normally'
.producer; '._Wﬁen us_ing i{inger's with 1.08 m.Mh c‘alcium__(‘r"."igures 12 and 13).

- *Since the increaseiin'width’of the»triad junction'was neither prevénted>

F‘nor reduced under the conditions of high calcium (lable 2) the pos—
sibility that the antagonism of the e—c coupling block was due to ‘an
effect on the triad junction width was. ruled out. The, alternative
explanation for the antagonism of the e-c’ coupling bloch would thus be

B that the increase in.extracellular calcium ion concentration increases

‘the amount of trigger calcium that enters the triad Junctlonal space

vwith each action potential ' | .

| It is known that in frog s skeletal mus:le‘action potentials

give rise to ‘a transient influx of calcium ions (Bianchi and Shanes,

o 1959) *The greater part‘of this influx must take place across.the
membranes of the T—system because its surface‘area amounts to approx— i

imately 85/ of the total external membrane area of a: muscle fibre

(Peachey, 1965) When‘an action potential-reaches the.T—tubules,"

vn
o
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calcium ions are released .into the_sarcoplésm and into the t:iad.juﬁc—
‘. fion-wheré 6he;e ioné interact with the mgmbrangélof the‘terminélv
cisterﬁae_td ca#se.thé reléase.of caiqium‘féquired fér,mechanical
activétion.l’Iﬁ ureé4fem0vélvtreéted muscle tﬁe increase Sfrtriéd .
: juﬁcﬁional Qidth.Qéula reduce the amouﬁ;,df‘calcium ions.re;Qbipg the _
mﬁerminglvcisﬁéfﬁal membraﬁéé aue'to‘Ehg following factors: (l)aévv“ -
‘ décfeaée iﬁicalcium coﬁééntrati§n due to an_increése‘in.ﬁriadié
vjunct;on vqlumé, and,(Z) an‘incteased,diffusioﬂ df,calcium‘éut.of the -
,triad'junction:intg the sér;ogla§m;  ;ncréasing_£%é éoncentratiqnvdﬁ
_ex;facelluihr da1¢iﬁg;ibns théreféfe would be éxpectéa_tp compénsé%e
to»soﬁe Aegreelfor'the th fgctors.gausing'a dgcrease in_ﬁhe amoﬁntvdf
célcium iqné‘rgachinglthé terminal ciéternée.”:
| -It.{é q;ite poésibie thét‘a widéniné of the triéd juﬁctibn

could aiso Bg the cause of a hlock in e-c couﬁlihg for the two alter;
native models ofﬂe;c coupli;é.v In thetéasé of tﬂelgq;rént-édupling_ 
.: modei, the inéfease&:ériadic yidth‘wéﬁld iﬁg:ease the résistance to
v cﬁrren£ flow;3¢ross‘thé t:£;d junétion‘and thereby would decyease the
dmounﬁ_of current reaéhiné‘;hevterminal ciéferhae. .I#.caséféf'Ch;nd—
yler'$ mpde1 (l976b)ffq;'efg,éoupling'aﬁ iﬁcréase in»triadic width f.
_céuld vefy‘ﬁell inteffefe’wﬁ%h the_poétulatea'meéﬁéﬁiéai 1ipkagé'..
- eifendiné acrbssvthe tfiéd)jdﬁéti§nv§f €lse mightfiﬁ;e;fére with the  :f.
ghérge mbvemen;s in thé-T—fqbularfmembraﬁe.' Itvwbuldﬂbe unlikeiy
'héwevér t9 ekplain'thé calciﬁm';;fagonism:of thé’e—é»;dﬁpling blbck
Qn,thé Baéiérqf.either of ﬁhesg’two m&dels;‘v | |
H.7,_ "', Thus far oqr:fiﬁdings.gﬁpport'the ééneral_predi;tién-that

' the_calcium gntagonisﬁ of the e—c.cbdpying'ﬁlock in urea-removai

L/
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- treated toe muscles may be associated with an enhancement of the cal-

: cium influx occurring with each action potential Our experimental

results do not’ allow us to determine exactly how the total amount of

trigger~calcium may be increased following an elevation of the extra—

ce€llular calcium—ion concentration. The fGllowing 3 mechanisms by -
] .

‘-which this'may occur are discussed below.~ Firstly,.it is possible
that the 1nf1ux of extracellular calcium ions into the triad Junction
during an action potential~may be increased dueﬂto the“increased con—:

»'centration gradient for calcium—ions across the l—tubular membranes

lNot consistent with this possibility is: the experimental work of
Bianchi and Shanes (1959) who suggested that ‘the transient calcium :

o

influx during a membrane depolarization represents the translocatlon‘
of surface membrane-bound calcium ratherrthan in inward‘flux of .
vextraeellular-calcium ions across the sarcolemma. In keeping with
earlier evidence, Dianchi (1569) proposed a'more detailed model
of the Eyents occurring during ‘the counling step between.excitation
and contraction of muscle fibres. He postulated that calcium bound‘
‘at the outer aspect of the T- tubular .membrane acts.as a stabilizing
'factor for the release of trigger—calc1um ‘which was bound to the

R inner aspect of the T—tubular membrane buring the process of'depolar—

-ization ‘this stabili21ng—Ca " is displaced whicb in\turn aliows

trigger—Ca++ to be released into the triadic Junction.‘ The trigger—

e

. ++ . ' "’ g
Ca sites can ‘then only ‘be reoccupied if the membrane repolarlzes

++ ’ .
and if extracellular Ca is present in the f;tubular lumen to saturate

the stabiliaing sites. The second mechanismjby‘which the'amount:of
trigger—calcium-may be increased under-conditions of high extracellular

LA
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calcium is in linefwith Bianchifs model ofie—c couplingi(l969) and
would involve an increase in the number of stabilizing—calcium sites

saturated with calcium This in' turn would increase the. amount of -

trigger—calcium.available for release. It is unlikely however that -

' high.(S.mM))extracellular calcium could occupy more stabilizingQSites T

”vbecause the'calcium—binding sites on the muScle'fibre”membranes'were

-found to. be fully saturated at external calcium concentrations from

0.3 to l 0 mM (Bianchi and Shanes, 1960) vThirdly,-high extracellular

calcium_may 31mp1y increasevthe passive influx of calcium into muscle

fibres} The resulting increase in myoplasmic free calcium,-provided

its concentration remains below that for the contraction threshold, "

would increase the total amount .of calcium interacting with the’ terminal.

-

sacs during‘a given action potential and thus counteract'the'effects of
\an increased triad Junctional width on the e-c coupling process. The -

"elevation of myoplasmic calcium ion concentration would be similar to

that produced with subthreshold concentrations of caffeine (Bianchi,
‘4 g :
Although this third mechanism may well explain the calc1um

antagonism of the loss of e-c coupling in urea- removal treated muscle .

.fibres, it is not conSistent with the observation that in untreated

'muscles high calcium slightly reduces’ the twitch. tension (Figure 14)

It has been suggested that the effect of increasing the extracellular

calcium ion concentfgfionfin-untreated muscles is-simiiar to that »

produced with high concentrations of other multivalent cations such as’
o

?'on > Cd , Mg = (Parry et al 1974) Mn (Chiarandini and’ Stefani,‘ :

©1973; Sakai et al??‘l974), or La+++ (Weiss, 1970; Parry et al ; 1974)i B
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“.all of which reduce the twitch‘tension " These multivalent-cations'
are thought to replace stabilizing calcium from their membrane sites

in the T—syst@m causing trigger—calcium to be bound more; tightly and

-

thus prevent‘their release when muscles areﬂstimulated. In order to
‘ reconcile the two unrelated effects of high calcium on. e-c coupling,

’as discussed above, we have considered the possibility that these

Coy -

.zeffects may operate simultaneously'and that the expression of each.of

chese effects depends on. the experimental condition to which a muscle.
s subjected SN - o :y e . "'_ = ., v T 5
* Frank (1962 l978a) observed that cobalt ions were able B ’.i

to prevent the loss of the mechanical reSponse of- muscles placed in

a zerd*talcium solution.‘ It 1s possible that this effect is due to -
a stronger binding of trigger calcium to its membrane sites thereby
fgslowing down the loss of Ca-ions by diffusion into the O-Ca solution ‘
\in the: T-tubule lumen.‘ In order to determine if increased binding of

trigger calcium to its release sites also plays a role in the observed

ot

"calcium—antagonism of the twitch loss in urea—removal treated muscle,':'

gthe‘effectssof Co+f were - tested in this preparation Unlike high cal— R

. . e

.‘ cium, cobalt ions did not partially prevent the loss of twitch follow— .

‘vling-a urea_removal.treatment'(Figure 18). Thus assuming that cobalt—

~

"ions act to increase the membrane binding of trigger calcium ions the .=

above results imply that this effect does not play a role in the cal— s
g
: cium—antagonism of the twitch loss in muscles subjected to a urea—'

,-removal treatment.- In support of this interpretation is the-eXperi- :

‘

‘mental finding (Figure 17) that a phosphate—buffered Ringer s solu-

tion, which has also been shown to increase the binding of trigger—
e ,

calcium'to its»membrane (Frankﬁ 1978b); does not antagOnize the loss
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| of twitch in muSClesvsubjected to a.ureaeremovalmtreatment} . The
.:abgencehoﬁaanseffect.of’cobalt-ions onrthe urea?remoual'treatmentf
;1induced loss of the twitch also.wouldjindicate;that these'cations do I
not act in a manner analogous to trigger calcium, nor is it 1ike1y -

. .that_Co is able to potentiate the influx of trlgger calcium during

" an action potential.b"i . ;’
| In conclusioh, the experimental data in this thesis togethe£'
with the availabie eVidence'from the:iiterature seem to suggest that
of- the possible mechanisms discussed above, the third is the one most
- likely to play a role in the calcium antagonism of the ioss of e-c
~,coupling in muscles/subjected to a urea—removal treatment. By this
' medhanism,thefeievation of-the_egtraceilularacaiciumeion concentra—%}
_tion would enhance.thévpé$SiVe.infiuxiof;calciumeintowthe‘muSCIeTfibres.
‘;i, fhe“resultingfinCrease in thevconcentration_of-myoplasmic'tree cal-
cium would in turn increase the total amount of calcium interactingil
3,uith the terminal cisternae during an action potential and would

’ oppose the effects of an increase in triad Junctional width on" the

“e—c‘coupling’process..
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‘.2. GlyCerol—removal S ) S o .:

- The transient nature of twitchctension reduction and con—

tracture response during an exposure to hgpertonic glycerol—Ringer s

_solution i e. glycerol effect' (Figure 20A), was Similar to that which

o

- occurs Jn a hypertonic urea—Ringer s solution (Figure 8) ‘The. initial
contracture response and’ inhibition of twitch tension are associated o : .

< . : . |

vwith rapid outward water movements that occur in reSponse to the
increased tonicity of the bathing medium f the muscle. These~osmotic,b
water movements have been monitored as a . n,decline in fibre'volso"
.ume (Krolenko -and Adamjan, 1967 Caputo, 1968) and have »bee‘ obséfv'éd‘.
'_also in muscles exposed to solutions made hypertonic with other
f“solutes,vi.e. sucrose'andtNaGl,{to-which'tLe'membrane is relativelv

~impermeab1e. Lo . s o ""'//ﬂ

T

'"It is thought that the sudden shlinkagexin*fibre volume.

pWhich ensues the outward. water movements, ives rise to a perturbation

. I n o ' ; .
;of the SR membrane system and that this in .turn causes the release of
b

SR calcium which produces a contracture reiponse The simultaneous nf
.inhibition of twitch response may very wel] be caused by the increased
Lo : osmolarity of the sarcoplasm incurred by tle loss of intracellularvt.‘-"L
o ‘ ,
ﬁ%?}“‘ vwater. ‘The transitory nature of ‘the reduction in. twitch tensiOn

LR o

-.during the glycerol incubation (glycerol eiﬁéct; is a feature only

_»produced by substances which have a high membrane permeabiliry. In
"vthe case of hypertonic glycerol exposures 4he initial ontward water

_ movements were possible only because the glycerol influx across the

‘ membrane 1ngs behind that of the faster mov'ment of H 0 As soon as.

2
.s in with it and the os—

glycero- e \Lrates the membrane, water MOV
» . , :
motic difference across the membrane decreaves and the cell volumevv



increases, resulting in a'recovery,of twitch tension. From the re-

K

'i covery rate of the twitch tension, it is clear that/glycerol must

vpenetrate the muscle fibre membrane at a faster rate than urea. It is

unlikely that urea or glycerol, at least at the concentrations we have -

empioyed, permanently impair the normal functioning of a muscle fibre

because the ability to twitch recovers during the exposure to these:

chemicals (Figures 8 and 20A) while action potentialsrana resting mem-—

'brane potentials remain virtually unaltered (Fujiqﬂ et al., 1961; Oota:-
"and Nagai 1973) A recent paper by Boethius and/Rydqvist (1977)

-“reports no changes in passive electrical properties of muscles exposed

i

to urea concentrations as high as l M.

When,-followingia one hour glycerolb(AOOVmﬁg exposure, mus-

L cles are reimmersed'in an-isotOnic glycerol—free Ringer's solution the

'muscle twitch (Howell 1969 Gage and Eisenberg, 1969b) That this is

twitches are abolished irreversably (Howell and Jenden, 1967 Howell

1969) 'I have referred to this treatment procedure as the glycerol-'

removal treatment and have observed mechanical effects induced by .

<

such a: treatment similar to those previously reported with one excep—‘

tion, the tw1tch response was never completely abolished but was .

: reduced to. 10% of pre—glycerol twitch tensions. According to.the '

N

‘1iterature, a complete inhibition of the twitch response can’ only be

,'obtained if either longer glxyerol exposure times (Nakagima et al.

4
1973) or greater concentrations of glycerol (Dulhunty and Gage, l973b)

[y

are employed. *

"It is now known that glycerol—remOVal treatment‘abolishesjor

greatly reduces.t" coupling between the action potential and the

" 80 can be’ demonstrated by the fact: that aetion potentials can. still be

»
Q

o
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) elicited (Figure 47D) and that caffeine can still elicit a mechanical,

response (Figure 21) ‘ Originally it was suggested that the main
structural change associated with these changes in the .e-c couplfng
process was a closure of the T-tubules at their surface openings
(Krolenko, 1969 Eisenberg and Eisenberg, 1968) followed by a general
: disruptive effect on the T-tubules themselves (Howell 1969)::3Ihe
=_closure and subsequent disruption of the T—system can be. attributed
to osmotic water fluxes andswelling of the transverse tu'bules~
following:the-washout of the hypertonic-glycerol solution..NThis
?henomenon_will be‘discussed'later. | o |
| ’The'results obtained-in the present studv.have confirmed.
i earlier EM studies (Eisenberg and Eisenberg, 1968; Krolenko 1969'
A

Nakajima et al., 1969 1973) and have shown that extracellular marker
4molecules such as’ Ferritin (Figures 37 and 42) and HRP (Figure 46)
'do not enter the tubular space of (60 min) glycerol—removal treated
.muscle fibres. ;oreover the. late after potential (Figure 47D) and
the creep (Figure 49D), both of which are assoc1ated with normal
functioning of the T—system, were. abolished In addition glycerol—
removal treatment was shown to have a considerable disruptive effect

- on the structural integrity of the triads (Table 4C).. These experi-

mental results strongly support the original notion (Howell 1969)

’fi ‘that 'detubulation of the T—system constitutes the anatomical effect‘

o Aresponsible for the interruption of e-c coupling in glycerol—removal

treated muscles. ' S " ' —i" ieﬁﬂ e

e »‘

Dulhunty and Gage (1973a)brought to 1ight an interesting

observation' they noted that a shert exposfh

tonic glycerol solution followed by a reimmersion in a glycerol—freeh;:')

P -

. €
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yand H 0 from the’ sarcoplasm into the transverse tubules.v They

J
S A
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Ringer s solution (L.e. a short glycerol-removal treatment) also

abolished the twitch teﬁsion.“ In contrast to the conventional 60
minute glycerol-removal treatment ‘no reduction in membrane capaci~

ftance was observed in short glycerol-removal treated muscles,

indicating that the transverse tubular system was still intact

1 and freely acce551b1e from the extracellular space. These obser—

'-‘ vations led Dulhunty and Gage (1973& to the conclusion that - instead

iof detubulation, the main event respon51ble for the e-c coupling .

: block in glycerol—removal treated muscle fibres is stress on the

triad junction causedtby initial outward movements of‘glycerol

-1

attrubuted the larger swelling and eventual closure of the. T-

- system (i e. detubulation) to the- much slower efflux of glycerol

N

M'?and HZO from the sarcoplasmicvreticulum into the T—tubules.

_ The nature of‘the ‘e=c’ coupling impairment during short

glycerol—removal treatments was’ investigated here. particular

. it was of- interest to determine if the shorter exposure time to C

glycerol during the treatment was’ associated with a widening of

- m = . 2}

the triad Junction similar to that observed for urea—removal
Atreatedxmuscles.»‘ o : : ‘ f o ;

»Pt

,M'ééxPosure times. According to earlier reports (Dulhunty and

Gage, 1973& glycerol—removal treatments with short glycerol

exposure times were. found ‘to leave the continuity of the transverse

tubules with the extracellular space intact. ‘With progressively
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longer glycerol exposures the swelling of the tubular system may be

N

.

expected to increase until the surface openings of the transversqy

tubules coalesce and the E-tubules are'sealed off from the extra—»

‘
e
R .
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cellular space. At that'poino~any other effect on: the triad
junction would be’ overshadowed by the detubulation effect.‘ The effect

of elevaged Ca _—ion concentrations on the reduction in e-c’ coupling

[y

following glycerol—removal treatments of various glycerol exposures S vt o %

: was, studied in, sartorius (Figure 23) and toe muscles (Figure 22) of

i

: 7;w {
o the frog It»was found‘that a five—fold increase in the extracellularf

?‘ N

calcium—ion concgntration did not antagonize the reduction of e-c ';('_ / .

T

S

5

’ 'coupling induced by short glycerol—removal treatments. There seems to ¢
be a trend especially after a 10 or 20 minute glycerol exposure : : f‘_f_
(Figures 22A and B) for calcium to exert a slight antagonism of the

: ; R o |
: reduction in e-c coupling, nowever the difference was found to. be EUIEIES SRR S

. Ce .
. A S A )
2 .- '

insignificant It may have been\possible however that a longer - = "
recovery period in elevated Ca++lRinger s solution, i.e. > 35 min;
following the 10 and 20 minute glycerol exposures would have shown a _
calcium related antagonism of the reduction in e—E coupling This "{,_(
is indicated by the'findihgs of Bianchi and Bolton (1974) who showed

.that glycerol—removal treated muscles undergo an 8-~ fold increase in
45

e

Ca—influx which disappears after prolonged recovery in Ringer s ;
solution.' The possibility that a longer recovery period of glycerol—”

_removal treated muscles may be- required to. stabilize the~sarcolemmal
membrane and hence to demonstrate an antagonizing action of calcium )
remains to be exploredr »’ | f" v |

. i ©

' The absence of .an antagonizing effect of. calcium indicates

that the structural or. functional changes responsible for the reduction _‘
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" of e-c coupling after short glycerol—remov l treatments are not like

those for the urea—removal treatment. ‘ re direct evidence in support
of this cenclusion was provided by ult astructural studies in which

the width of the triad junction were measured No difference in triad

width was observed between untreated and 10 min. glycerol-removal _,<<f~$

'treated muscles (Table 3) An interesting finding which emerged during

. the above studies was. tha;/the twitch reduction after glycerol~removal

'treatment ‘seemed independent of the duration of the glycerol exPosure .
up. to .60 min. This in contrast to urea—removal treatments where a

definite relationship between urea exposure (i e. 'load time') and

= twitch tension reduction was shown to exist (Figure ll) The gradual

v,.

’,reduction of * e—c coupling with increasing 'load times of urea can be

- explained by a progressive increase in triad width as discussed earlier. ’

dh the other hand the rapid reduction in e-c coupling incurrad with

-glycerol—removal treatment independent of its 1oad times seens to sug—

" gest again a different mechanism of action This led us to reinvesti—

’gate the functioning of the T- tubular system after short (10 min)
glycerol removal treatments. To our surprise and contrary to the pre-
'dictions made by Dulhunty and Gage (l973a) electron microscopic studies -

with the extracellular marker Horseradish perox1dase showed that hese'

molecules did -not enter the transverse tubules (Figure 45). Micro-
électrode studies however have indicated that the functioning of the .
T=~ tubular system was not impaired since undiminished late after

potentials could be recorded from short exposure glycerol-ramoval
P

treated muscle fibres (Figure 47C) In agreement with these findings':

is the interpretation that the surfaée openings of the transverse .
s
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~

tubules are constricted to -such an extent that the passage of Horse—

: radish peroxidase whose moledular diameter is approximately 60 A is

-

prevented while smaller molecules and ions can still move in and out

of»the T-system ~The- decline in the number of intact triads (Table

-

_4B) may account for the reduction in e-c coupling in muscles zﬁpjected

to 10 minute 81YCerol~removal treatments.' ' ‘ o .

W
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Figure 52 represents a schematic summary of the possible'

ultrastructural changes in the T—system' f.muscles subjected to urea-

I 3

or glycerolgremoval treatments that migﬂf account for the effects of

these treatments: oﬁ*e*p coupling

R

Figure 52A represents a transverse tubul of'an untreated’

~ ‘muscle infwhich the.markerfmolecules Horseradish perokidase and

Ferritin freely.communicate between:extracellular and‘T—tubular space{

The . coupling link between éxcitation and contraction is maintained
&

by calcium—ions (arrows) which are released into the triad junction
)

by depolarization of the tubular membrane When these calcium ions

. interact%with the membranes of the terminal cisternae they cause a :

B further release of calcium from»the SR, which activates the contrac-

L.muscleffibre'will rapidl§ swell and thereafterzits VOlume_will>gradu— :

ﬂ.ally return.tofnormal (Krolenko and Adamjan,‘1967;vbulhunty and_Gage,.

‘tile eleménts;
: ] Sy

When muSCles-are;exposed to/hypertonic glycerol for 10
minutes and are subseduently reimmersedbin an‘isotonic\Ringerﬂs C

solution'the.following changes (Figure 52B) will’take place:_-the

1973a). These volume'changes‘represent:the initial rapid influx and

the subsequent slower efflux of H20“associated'with the outward:

rrediffusion of glycerol The iqflux‘Of’water dilutes<the'sarc0plasm

: .more rapidly than does the diffusion of glycerol from the

| membranes.of the T-system. jAs a’reSult‘water will now be dumped in-'éﬁf

: Verse

tubules, resulting in transient concentration gradients across the

thejtubular‘lumen causing some swelling'of;the T-system: The swelling .

144
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. Figuresy .

'Changes‘in triad'structure_following differentohypertonic—
_removal treatments. A schematic drawing of postulated

;-achanges that - may occur in the: T—system of

removal treatment (83), long (60 min) glycerol removal

‘treatment (C), urea-removal treatment (D), and untreated

muscle fibres (A). Only one junctional face of the triads
is depicted and release of trigger-calcium ions across
the triadic junction is indicated by arrows. Impairment

of the e-c coupling processes by structural.rearrangements | b
in the T-system is indicated by the absence of arrows. N
O, ferritin; o, Horseradish peroxidase; Tt ‘transverse N

-tubule Tc, terminal cisterna; V, vacuolated segment of
. T-tubule. Short glycerol ~removal treatment  (B) causes-

vacuolization and narrowing of the'T-system. The contin-

‘uity of the tubular lumen is impaited but the T-tubular

membrane is not ruptured As a result of the osmotically -
induced structural rearrangements in the T- -system the

‘structural integrity in most triads is disturbed and gives
.rise to a’ significant reduction in e-c. coupling.  Long
»glycerol—removal treatment ©) destroys the continulty
of’ the T-tubular lumen and seals it off from the extra-

cellular space. The effect is more severe than that in

“(B). 'The increase in the width of the triad Junctlon in

urea-removal treated muséles (D) is the main cause for

. .the interruption of e-c coupling, although some detubula—
'tion may- also contribute to this effect (see text)
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of theblonggand.narrowgtransverse tubuies will‘cause.its membranes to
‘coalesce-into large vescicles:in some locatiodéz while they may col-
"lapse in other parts of the T—syste » the overall effect being an
inteﬁtion of the continuity of tL T—tubular lumen (Figure 52B).
'This exp]é?ation@ co sistent v&’ electromicroscopi-c ob_{servvations of
irregula ly disiirsed ‘ " ne%y en
reductionqin the number;of'intact tr : ) ‘ .__ e
subJected to short glycerol—removal'treétments.‘ Discontinuity of the
T—tubular space is: also indicated by the 1nability of Horseradish
‘peroxidase or Ferrftin to enter the T—system. Although ‘the continu1ty ,
of the tubular lumen may be impaired the electrical continuity of. the )
T—tubular membranes must be :aintained since the normal appearance of
the late after potential (Figure 47C) suggests that K ions can ~:€#

accumulategin a‘restricted extracellular space. If we assume that'a
lseries of)successive action potentials originating from the surface
membrane 1s able to reach the more centrally located spaces of the
T—system .then K ions will accumulate and give rise to a normal LAP
response. Because of “the breakdown of the tubular continuity one would
expect to see a hindrance to the outward diffusion of K'-lons. The
rate of decline of the LAP whichﬂis,proportional to the outwarde+
flux (Freygang sL_al., 1964 Kirsch 1977), is only slowed down slightly _'
. (Figure 48) » This reduction is probably insuffic1ent to explain a »-.’

_ complete breakdown of the T—tubular continuity, unless a second mech-~
”_anism for the removal of K vions from the T—tubular lumen is involved

+ .
Such -a mechanism may in fact be provided by the Na s K Tpump situated

in the membranes of muscle fibres and is able to actively transport

-
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K%—ions across the T—tubular membranes into the sarcoplaSm. The pos—
sible interaction of the Na ’ k -pump with the geneSis gi the late

after potential was not studied in this thesis. .Thus in the,absence S
of experimental ‘evidence implicating a second mechanism for the

removal of K -ions from the T—system I have tentatively concluded

, o

that some ion flow must still be maintained through' the collapsed %h‘
regions'of the tubular 1umen The partial’ breakdbwn'ofvthe ‘tubular
g,continuity and consequent structural rearrangements that take place S o i
'.in the triad apparatus (Figure 523) may impair the normal functioning
of the e-c couoling proceSses at most triadic,sites. As a consequence o | _ B
fewer contractile proteins are activated upon electrical stimulation
and the twitch response of the muscle is reduced The severity-of
‘the twﬂtch reduction is determined by the proportion of triadic sites
_in which the e—c coupling processes have been disturbed

| When muscles are exposed to hxpertonic glycerol for 60 min-
" utes, and .are subsequently reimmersed'in'an isbtonic Ringer s solue | |

tion' essentially the same osmotic changes take place as those dis—'

cussed for short glycerol—removal treatments. Some differences : : :

s

between the effects of these treatments were noticed (Figure 52C)

A greater degree of disruption of triadic sites was- observed (Table
l4C) and must have occurred as a result of more prolonged osmotic o
gradients across.the membranes. The 1onger exposure time to gly .ol
allowed the muscle fibre to accumulate more. glycerol intracellu arly
and may thus have intensified the degree of osmotic swelling i- the
T—system. The inability of ferritin or Horseradish peroxidase -~

penetrate the T-System'indicates that‘continuity of the T-system
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with the surface of the fibres is interrupted. The observation that

—_—

late after potentials or creep potentials could not be elicited in

{ 3 »

" muscles’ subjected to long (60 min) glycerol—removal treatments may
be explained by a disruption of the electrical\continuity of the T-
~tubular membranes. Osmotic stress on the’ tubular membranes may have

r

.»become too great causingwthem to rupture‘at?placest Breakage of the
T—tubules near thebsurface membrane followed by a reseali/g of the
membrane may account for the small drop in resting potentials (Figure
48, inset). | | h}v ' T

fTHe struCturalreffects&of'a\urea—removal tFeatment are.
,fdepicted in Figure 52D. VacuolisatioJ;and subseque%t detubulatiOn,
like that described for glycergl- removal effect maé also contribute to
the loss of e~c coupling although the frequency yith which these occur

‘is much less than that observed for glycerol—removal treatments, “The

observation that Horseradish peroxidase' enters the T-system indicates-

that the'tubularvcontinuity is preserved‘in parts of the T-system that‘t

are not affected by detubulation. Thefexclusion"of-Ferritin from the

- o .
T—systém may be 1nterpteted as a constrictlon of the transverse tubules

at their surface openings;: The main structural effect of a urea-

removal treatment however is a general increase”in‘the width of‘the.

triad junction.
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