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MUSCLE STRUCTURE AND THEORIES OF
CONTRACTION

A. F. Huxley

INTRODUCTION

IT has seemed natural to all who have studied voluntary muscle with
the microscope to suppose that the striations are an important clue to
the mechanism of contraction. Until the early years of this century,
they were almost the only clue, apart from the process of shortening
or tension development itself, and interest was accordingly centred on
the changes that the striations undergo during contraction. But no
coherent, theory of contraction emerged from these studies; perhaps
it is for this reason that the hard-won knowledge of muscle structure
fell into neglect as rapid progress began to be made in muscle chemlstry
and in the energetics of contraction.

Up to the outbreak of the second war, these branches of muscle
physiology were able to proceed successfully without reference to the
details of structure. It appears now that the discoveries that were
made in muscle biochemistry up to 1939 were relevant to recovery
processes rather than to the contraction mechanism itself. This is not
to belittle their importance: from the point of view of muscle physiology
they led to the discovery of ATP and to the idea that this substance is
the immediate source of energy for contraction, while in a broader
context they laid the foundations of our understanding of the glycolytic
cycle and of the ways in which energy is made available for the
activities of all kinds of cells. It does however mean that these dis-
coveries had little immediate relevance to the problem of how the
contraction itsell is brought about; conversely the characteristic
features of muscle structure were irrelevant to the processes that were
being clucidated. This position was brought to an end by the discovery
of the interactions of “myosin® and A'I', and of the composite nature
ol “myosin.” It could be said that muscle chemistry had then become
ripe for integration with information about structure, but in the mean-
time the knowledge that had been gained by the nineteenth-century
microscopists had been largely forgotten. This is illustrated for example
by comparing the brief accounts of the striations, and of their changes
during contraction, that are to be found in modern text-books, with
the full and accurate description in say the 1888 edition of MicHAEL
FostEr’s text-book.

The chemistry of the muscle proteins did indeed retain some contact
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with microscopical information; for example Nor,L and Wzszz {1934)
showed that the birefringence of the 2 bands could be accounted for
by the birefringence of "myosin" threads. This contact seems to have
been lost at the time when it might have been most fruitful; there
was no attempt to locate myosin proper and actin with respect to
the striations until more than a decade after the separation of these
proteins.

Know edge ofthe nechani cs and heat production of nuscl e reached
a stage at which they were ready to link up with other lines of informa-
tion on the contractile process in 1938, when A. V. Ho.z, published his
well-known analysis of the relations between tension, speed of shorten-
ing, and heat production. However, in spite of Hn.L's repeated calls
for chemical studies to parallel his analysis of the time course of energy
liberation, this work remained isolated until the recent demonstration
by FmcxzNsTziN et <LI.(1954) and MoMMAZzRTs (1954)that the
amount s of ATP and creatine phosphate inanuscle do not fal duing
the contracti onphase of atwtch.

As regards the processes by which the contractile mechanism is
“turned on," itwas clear by the end of the war (KUzzLzR, 1946;
KATz, 1950) that the reduction of the resting potential which occurs
on oxcitation is tho noriiial stimulus for contr;Lction, and a nurnbor ol'
physi cal changes were known to begin during the "latent period’
between excitation and the development of tension or shortening (see
pp. 300 —3M).

Although the basic facts concerning the striations, which had been
known for 80-100 Yearn, were unduly neglected at this time, it must be
admitted that our knowledge of muscle structure had not made niucli
progress since the turn of the century, and in relation to the available
techniques it was less advanced than other branches of muscle physio-
logy. Even the application of the electron microscope did little at fi st
beyond confirming (and restoring to respectability) the picture that
had been handed down by thenineteeth-century rnicroscopists; i»decq,
several of the new conclusions that were drawn from the early work

with the electron microscope have since tinned oiit to be u)if'o»)id<)<t.

I5lIE 1i). till($ hist f<lw $<))if)< )L <))t 1F»/)<)I'tiL)It p<)it)ts JLI)<)»l il1<,
striations theniselves, and about the spatial distribution of the str»c-
tiir'lLl p)'otoi)is, I)ILvo c<)inc <)iit, ainl;Ls L I';s»lt it Is n<)w possil))o to Inak<;
ststeille)its abo»!' tl)c 11)t1)YII't<) sti'I7i<)tiII'<) < Dills<: i )ill) LI<) s<IAI .
«iently detailed to have a beariiig un the iiiterpretation ot' tli<'"
mechanical, thermal and chemical events. It remains for the fut»ie
to decide how far. the views that | ani adopting here about the structure
of muscle are correct, but | do not think that they are any more likely
to be in error than are the current statements of its mechanical and
chemical behaviour.

INTILOIDUCTION

W to now, thetheoriesof nuscle contraction that have been put
forward have often been based on only a singleaspect of nuscul ar
activity. The lactic-acid. theory, which might be classi6ed as primarily
chemical ,did indeed take account of what was then known of heat
pr oductionand work done by the nuscle. But AsTzURT"s (1947) theory
was purely structural and. RAMszx's (1944) takes account of little except
the energetics of contraction, while most of the other recent theories are
chem cal and make no attenpt to accommbdate eitherthe relaion
ships which Her. found to govern the release of energy as heat and work,
or the known features of structure. Por,xssAR's theory (19Ma,b,c,d) is
very comprehensive as regards inechanical and thermal data, and could
probabl y acconmbdat e the known chemcal events,but it takes no
account of muscle structure and it does not fit with some of the impor-
tant facts about heat production {WD.Krz, 1954).

These theories have done good service by suggesting lines for further
vwor k and.by bringing together observations fromnore or lessd verse
Belds. Their onesidedness has been a natural consequence of the fact
that the different branches of muscle physiology had hardly made
contact with one another; this did mean however that there was little
chance thata general |y saisfying theory woul d. be produced. But this
is no longer the position; it should by this stage be possible to produce
hypot heses whi ch try toaccount simltaneously for the nechanical,
thermal , chenical and structural changes whi ch are known to occur
<luring contraction. Later in this article | shall try to make good this
statenment by puttingforward a, hypothesis whi ch does thisto some
extent. It achieves a fair agreement with observation in several
respects,but | do not suppose it isby any means the only schene
that could be devised at the present day with an equal degree of
SI)CCBSS.

Much of the new evidence on muscle structure has been recently
reviewed (Pz)LRv, 195.); HANsoN and H. E<. HUxrz Y, 1955) and. | shall
tl)erefore give only a short account of it here. This forms the Rrst
section of the article, while the second reviews oMer observations and.
opinions in the light of this work. The third section deals with activa-
ti<))L an<i the function of the g membrane; in the fourth, there is an
;Lccount of the hypothesis to which | have just referred, and. in the
(ill) are discussed various phenomena for which fresh interpretations
‘L s»ggested by the structui al data,.

‘A)e a)ticlc makes no attenipt at completeness as a review, and it
co)it Line a higher proportion of historical matter and of speculation
than is customary in review articles. It deals mostly with structure
:Lnd witli the physical changes that accompany contraction, while the
cheinical and electrical events are referred to only in so far as they have
a direct bearing on these central topics.
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I, t>TRUOTURE oF THE MYoi'IBRIL

I. 1. Interl)r statt'o)Lfothe strt'(Ltt'orts

The essential facts about the structure of a striated muscle fibre at
rest that were established by the nineteenth-century microscopists are
the following.

(1) The transversely striated appearance of a fibre examined in
ordinary light is due to an alternation of zones of higher >and lower
refractive index.

(2) The interior of the fibre consists of fibrils embedded. in a varying
amount of probably liquid sarcoplasni, which also contains nuclei and
granules. %hen the fibrils are separated from one another, each shows
the banding pattern characteristic of the whole libre.

(3) The zones of higher refractive index (Q or A bands) are bire-
fringent (uniaxial, with the optic axis parallel to the length of the fibre,
and with positive sign), while the zones of lower refra(tive index (J
or | bands) are optically isotropic or nearly so.

(4) Each | band is bisected by a narrow line of high refractive
index, which appears to represent a more or less continuous membrane
stretching across the fibre and attached to tlie sarcolemma.

(6) Thc cent)® of tl)e A band sometimes h)LH a, lower r(:I');L(:tiv<l
i ndex than theedges, and isthen called the H band.

These points were first clearly stated by BowMyLN (1840) for (1) a»d
(2), HRI'TOKE 1868) for (3), Doui i.' (1849) a»d I<R+()s)." (1869) for (4), aiul
HENBEN (1869) and ENGELMANN (1873a) for (6). They were clearly
understood by ENozLILL>NN, P oLLE TT, and others who investigated fresh
fibres by visual microscopy towards the end of the last century, but thc
first has bocii;L source of i»uch co»fusioii in»)ore reco»t ti»ies. 'I'h0
striations do not defer appreciably in the absorption of light; conse-
gucxtly tlicy arc invisible if the fibre is exai»ined iii ordinary light witli
a wide condenser aperture. The refractive index diff'erence betweeii A
<L»(I I (HL» 1)O»>cL(IO0 to iHIOW 1)) )y H'IrQOD»lg (1<)W» IrlI(" (>O»(I(t»H( 1" 1 11(1
striations then becone visible b»t the appearance depends o» tlie
foci)si»g> <fi)c T))ic)<sHoop(. I it is f<><IHX( rx;L<itly <>i> a thi» i>,L) I, <>I1,
NT<;r iLI»I<)HIr»(Otill»g  YH HO(,» il Irl>(, »11(A1I<HNO t»1)O 1H 1)LiH(ul iHI)gyl>Irly,
Digl) r<:lraot)v(»)<lox I'cgio»H)L)p a)' Drigl>t 1)lit 1l tI( lrubo is low()I'((l
t o ii»agc is 1'<ive)H«<l:L»<l) igl) rcl'i acti v(1 i»(lcx rogi<)»s beeo)ne d;L) I(, IO
speak of tlie "<larl'":)»<I "ligh)t" Im»ds is tl)(>rofo)r»)r)Lni))glrssi»>I(HH
tlie position of fo«us of the niicroscopo is specilied; in the last cciitury it
became customary to use the low position ("tiefe Einstellung"), so that
A and 8 couldbe called dark; it is coiiveiiient but;LIso polrrilially
misleading that this agrees with thc appearance of' it libre stained witl>
the commonly used basicdyes. The interpretation of the inage of a
"phase object" such as this, in which light is retarded but not absorbed,
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became less important with the improvement of section-cutting and
staining methods, and it seems nowadays not to be universally under-
st ood even bythose who work with the nmicroscope. The interpretation
is still more difficult in a thick specimen such as a frog muscle 6bre, and
it is very difficult to tell, for example, whether the dark bands seen by
SUOHTHAL et (LI. (1936) were in fact the A bands as these authors
assuiiied.

I. 2. Strttcturs ¢ the A, | urtd H bands

It was widely supposed before the second war that the high refractive
index and birefringence ofthe A bands were due to the presence there
in a more or less solid state of the "myosin" which can be extracted by
strong salt solutions or dilute acids (K1THNE, 1864; D~ ILzwsKY,
1881). Although this view was strongly supported, by the quantitative
work of Nol.l, and WEBER (1934), it seems to have been discarded after
the war, partly because the "myosin" had, by then been shown not to
be a single substance, but chiefly, | think, because it was diKcult to
reconcile this localization of what was thought to be the contractile

reyae<in  Actin | a't)' | sarlament
filament filament

I»ig. |. Diagram showing the arrangement of the filaments, within s myofipj|,

whi ch has been suggested by recentobservations desoribed in the text. The

<Jegr<>e of stretch corresponds to the extended length in the body. Trsr(averse

dimensions sre enormously exaggerated in comysrison with longitudinal ones.

g'hen the length of the muscle is changed, the actin and myosin Bilaments slide

liest one another in each of the zones where they overlay, snd only the 8-
filaments arc actually stretched or shortened.

Hubstance with the current idea that contraction was produced by the
I'ol(li»gy of protein chai)is that cxten<led throughout the length of the

»i «H«Jo. Becently, good evidence has appeared. that these charac-
t 0) Hiics of  ho A b Lud aro iiuleod due largely to the localization there
of tI)(', myosin (as opposed to actin) conponent of the old "nyosin."
Ai tb( sa»)e tir»e, observations on the changes of the striations during
stretch and contraction, )Lxul electron microscope studies of thin
sections of muscle, led to ideas on the structure of the myofibril that
lit i)i well with a localization of the chief materials of the fibril in ddferent
parts of the syste)n of striations.

The resulting picture of the structure of a 6bril is shown schematically
in Fig. 1. The main features of this were arrived at independently by
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H. E. Hvxr,z Y and H)izsoz (1054) and by A. 1< HI)xi.z Y and * zi)zi(-
0zRKz (1954), although more of its details are due to the former than
to the latter authors. Fig. 1 is in fact almost the same as the corres-
pondi ng diagram of HazsoN and H E Hvxz,zY (1955). Mt ofthe
evidence on which this scheme is based has been thoroughly reviewed
by HxzsoN and H. E. HvxzzY (1955): | shalltherefore do no i»<)rc
than summarize it here.

The essentials of the scheme sliow» in .Vig. | L(e;

(1) The A band owes its high refractive i»dex;L»(l. its biret'l i»g(.»c(
to a set of rods or filanents arranged al ongsi de oue a»other. The
length of each of the rods is constant at about 1 5 p so long as the muscle
does not shorten enough to bring the ends of the rods into contact
with the Z lines.

(2) A second set of filaments extend from the Z line through the |
and into the end of A, as far as the beginning of the less dense H
region. These keep a constant length of about 1 0 p so long as the
muscle does not shorten to a sarcomere length below 2 p.

(8) When the muscle lengthens or shortens, the filaments of these
two types slide past one another.

(4) When the fibre shorteus so much that the | filaments of the two
en<is of <»ic sarc<)merc come into coiitaci, they sliortcu further by
folding or crumpling near the point where they have come into contact,
and possibly at other places. Similarly, the A. rods may fold at their ends
if the fibre sliortens so much that they come into c<)ntact with the Z li»c.

(5) Myosin is a principal constituent of the A rodlets, a)id actin of
the | filaments.

(6) Corresponding | filaments of the two ends of a sarcomere are
joined by a very extensible connection, the 8 filament.

(7) In transverse section, the filaments are arranged as shown in
Fig. 2.

The chief points of the evidence which led to this picture being put
forward are asfoll ows:

(1) L<xistsnce b ttr)o setsof filaments. ".I'he two sets ol." lilainents aie
beacltit'’»lly sliow)i iii tlic r«gioi). of tl)c;I b(L»(l wlicrc t I)ey overlap, itl
QUL (1 »»cl'<)gi'l< D)s <)f D»{ill 1<)»glt» (I»»LI YL»<| { I')L»sYOlis<' sc(!l 1«lbs <)
I'og a»(1 r<Lhbit »illsclc (13. I'~.11(!1x1)I'lvy I)5).ja).

(2) Consfrtnr;y d length rrf A-brinell rrrtir.ts. (a) A. &'. Hlrxr I:v ail(l
5 1zi) 1)iRozRv it (195)4) sliowcd tI»Lt, in'I'L livi»« isolateil muscle libre fr <»»
the fi'og, pliut<)graphed witll aii interfere»«e»ii<;loscope, tlie A bi)»»l
stays of coustant width, within the errors of »ieasurement, during
stretcli, passive shurteuiug aiul quick a»d slow coiitractious, so long as
the sarcomere'length does not fallbelow 1.!j—2p. They also found the
Hanic 111 Dassi v(. st I'( ticli IL»(I 1'el<Lx(Ltio)1 Usiilg l)ola i'lzed I(gilt (Ulll)ublished;
see p. 266).

SIR(r(,"r<rRI; «Ir irHit 1eVOr!rILRrX,

(D) H. E. HvxLzY and H<izsoz (1954) similarly found, by phase
contrast microscopy that the width of the A bands of fibrils from
glycerinated. muscle is independent of sarcomere length, in stretch and
in contraction induced. by ATP treatment, so long as the sarcomere
length did not fall below 1 7 p.

(c) Hs.RM)LN (1954) recorded spontaneous contraction and relaxation
of isolated fibrils by cine photography with the phase microscope, and

. 0 0
0
® 0 0
e 0] . 0
0
| )
! cl
~  440AN

1)ig. 2. 1)iagraru sho<ving tho crraugement of the filaments in a cross-section
through the outerpart of an A band, )vhere both nyosin {larger)and actin

{smaller) e)laments are present. The dimensions given are appropriate for a
muscle at its extended length in the body.

found that shortening took place by approximation of the A bands,
with obliteration of the | bands.

(3) Constancy of length of | f'Lkrnzsnts. The gap between the | fila-

ments belonging to the two ends of any one sarcomere shows up as the
H band in the intact fibril, and as an almost completely empty region
vwhen the A flenents have been dissdved anay. |In both casesthe gap
inci eases in width as the fibre is stretched (H. E. HvxLz Y and H<LxsoN,
, 1954), and the length of the filaments that remain after extraction of
t,hc A filaments is independent of the degree of stretch (H )LIvsoN and
Al U<llvxzz Y, 1955, p. 247). In living muscles under the interference
uiicroscope, the H zone is conspicuous only when the fibre is moderately
stretched (neither shortened not greatly stretched), as would' be
cxl)ected. on this picture, but the optical conditions are not good
«»ough to measure its width.

(4) Constancy of X-ray spacings. The 415 A period of the low-angle
X-ray diagram was found by H. E. Hvxr,zY (1952, 1958b) to be
unchanged when the rnuscle was stretched. A spaci ng ofabout this
value is seen in both A and | bands under the electron microscope
(Her.r,, J<LKvs and SoHMrTT, 1946; DRmzR and Houaz, 1949), so it is
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not clear whether the X-ray observation is really evidence for constancy
of length in the 4 or the [ filaments, or both. The high-angle NX-ray
pattern also appears to be little affected by stretch or contraction
(AsTBURY, 1947).

(5) Location of myosin in A, and actin o 1, filenents. HasseLbacu
(1953) and Hansox and H. K. Huxney (1953) found that solutions
known to dissolve myosin would readily remove most of the 4 band
from fibrils of rabbit muscle; the central part of the 4 band disap-
peared only on prolonged extraction. Hassensacu showed by visco-
simetry that the material that went into solution was about 95 per cent
myosin and 5 per cent actin. The [ regions of the fibrils are not much
affected by this extraction, and the A region is reduced to the sune
density as the 7 (except that, if the fibril is sufficiently extended to
possess [1 bands, these become almost emptly after the extraction).
The fact that the actin is known to be present in untreated fibrils nalkes
it probable that the remaining filaments consisted largely of actin:
this was confirmed by Haxsox and H. E. HuxLey (1955), who showed
that they disappeared on treatient with a solution known to dissolve
actin.

(6) Dehaviowr of filaments at short sarconere lengths., At sarcomere
lengths between about 146 and 2-0 g, the A band retains its ordinary
length ol 1:5 4, but the / filaments are too long to do this. They appear
to shorten by localized folding and not by uniform contraction, since
naurrow dense bands appear, particularly at the centre of the 4 band
where the ends of adjacent [ filaments meet (H. K. Huxrpey and
Hawxson, 1954; A. If. Huxiuey and NiEprraurks, 1954). On still
further shortening, the dense bands at the Z lines become exaggeraterl
as “‘contraction bands,” which can naturally be interpreted as due to
folding of the ends of the 4 filaments where they meet the Z line
proper.

(7) Baistence of S filmnents. H. K. Huxouy and Haxsox (1954:
Hanson and H. E. Huxney, 1955) found that a fibril lrom which the
A-band material had all been dissolved away could still be stretehed.
leaving an apparently empty gap at the middle of each sarcomere, and
would shorten again passively when released. There must therelore
be some highly extensible connections bhetween the / filaments ol (he
two ends of any one sarcomere.

() Arrangement of the filoments. 'Fhe arvangement shown in Kig, 2
is baken from 10 Thoxney's (19530) very beaatiful clectron miero
graphs of transverse sections of rabbit and frog muscle. To a large
extent, this arrangement was suggested by the same author’s low-angle
X-ray observations (1952, 1953b). which are also the source for the
dimensions.,

224
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191, 30 Polarized light photomicrographs of the edge of an isolated living
muscle fibre from the frog, unstimulated.  Right: no compensation: baclk-
around and I bands ek, A hands hright. Left: compensated so as to make
A bands appear dark: background and T bands bright. Three degrees of
streteh are shown, the sarcomere tength in each case being indicated to the
left of the photographs. The width of the o hands is scen to be unchanged
while the 7 hands inerease in width as the fibre is stretehed. Water immersion
objective, naa. 0-75: condenser aperture limited by a square whose side
(parallel to the axis of the fibre) gave an naa. of 041, Ifrom a cine film taken in
collaboration with Dr. R. K. TavLor.



Fig. 4. Short«ning of a single | band indn««d hy <1<>polsrising a small sr('s, of
<ho nicnibl'ane with B. mi«roplp<'l t>«(tip d>anl(>t>'l' 4 /< j In <'outa«t, wifh the« ill»'<’

surfa«o (ils; rip <>I' lh«pip«it« is n<>i w«ll sh<>wn in i,his r< prod»(<i,i<»>l. 'I'w<>

su«<(<ssiv( I'r>n<»<s fr<m»»  <in<>filo>, I I'r<»>S i - rjrf I<ljust, 1>< f<>r<, <n><l
- ) )

tsft, just sft«r, tin; st<arl of' », n(>got iv<; I»ds«»ppli<s| I<> tls> pip«it«. .fsolat< <l

fil>ro fr<»n iho frog; I>olarisod light,, <s>mpensat«<I so tlu>t 2 bondsappear

dark; other optical conditions as in I<'ig. 3. lief>roduce<l| by permission of"
th(>.lour>1«l, d 1'ltis>'olo~pgfro)n A. E, H(>x>.I<v on<i TAYLOI<, I!l.)S>b.

|1 Itt> <>I> flit  Jg YOI> litfyl f>

I. 3. Dfw;<4saioit, otthe et)tdence

This evidence appears sufficient to show that the schemeunder
discussion is correct at least in its main outlines. There are obvious
deficiencies however: for instance, isolated fibrils contain tropomyosin
and at least one unknown protein as well as actin and myosin (PzzzY,
1953), and the material at the centre of the A filaments evidently
differs in some way from that composing Che ends which are easily
renioved. by fluids which dissolve myosin. Points of this kind. do not
however alter the main thesis that changes of length involve two sets
of filaments,one conposed largely of nyosin and. the ather largely of
actin sliding past one another

Sone of theinportant points in this evidence have however been
recently questioned. HODOE (1M5) has published some extremely
clear electron micrographs of dipteran flight muscle in cross-section
whi ch show only asingleset of 6lanents inthe A bands. He regards
this as contradicting H. K. HUxf.zY's (1958a) €vidence for a double
set, but it seems unsafe to deny the existence of a structure on the
grounds that it has not been seen in a particular preparation treated in
a particular way. The fnaterial and, the treatnent are both very
<liffcren(, from H. |2. Hitxr. l:Y's, Bn<lit would be most valuable to
discover what is the reason for the difference between their electron
mi cr oscope pictures. Al ue may <Berhaps be_given by the fact that in
his X-ray studies H. Z. HUxid found. evidence of the secondary
filaments only in muscle that was in rigor, not in fresh muscle. Honfiz

also claims that his longitudinal sections show that the 61aments of the

A and.l bands are continuous wth one another. Apart from the fact
that his | bands are not well preservedand the continuity is not easy to

trace, at any rate in the published reproductions of his micrographs,

this is again negative evidence in that 61aments originally separate

miglit become adherent during the preparation. It iscl'ear however
Cltat these points need further investigation.

Another criticism of the evidence presented here concerns the inter-
fi~f>Oft</c fillet'oscope <>1)>tSvattofis of A. I<'.HI)xf.tr Y a)id NIEDEBGEEKE
() 05>4). BtfonvffAD et al. (1<NO) found, on isolated frog fibres under the
ordinary light mcroscope, that the A band appeared to be nore
extensible than the |, which is the reverse of the 6ndings reviewed
above. As meiitioned oii p. 201, measurements of this kind on a thick
specimen like a frog fibre (approx. 100 /4diameter) in ordinary light are
not reliable; this was the reason for developing the interference
inicroscope used by A. I< HUXLEY and NIEDzzozzKE. But C~rszz
and I<)fAri Eis {1055) now claim to have substantiated this result using
polarized light, with which it is ceitainly possible to obtain a much more

trustworthy inmage than withordinary light. They agree that infixed
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or glycerol-extracted material the A band appears to stay of constant
width, but state that in fresh isolated fibres from the frog the birefrin-
gent regions increase in width during stretch more than the isotropic
bands. If this was true, it would invalidate much of the evidence | have
guoted. But NIEDERGEEI<z and | also used polarized light on living
fibres on several occasions,and found the A band wi dth to be indepen-
dent of the degree o'f stretch, just as we did with the interference
m croscope; Dr. R E TAvLoz and | have confirned this again since
the appearance of CAELszN and KNAPPzls's paper. A series ofphofo-
m cr ogr aphs show ng t heconstancy of wdth of the birefringent band
is shown in Fig. 3. There is therefore a direct disagreement bef,ween
CAELSEN and KNAPPzrs's results and our own; it isimpossible to say
what is the cause of the discrepancy, since CAELszN and KNAPPEJs
do not state the conditions under which their observations were made
(numerical aperture of objective and of illuminating cone; whether
compensation was used or not; thickness of speciinen) and do not
publish any of their photographs. It is possible that they used too low
a condenser aperture; | have found with frog fibres of ordinary thick-
ness that polarized light may then give an image almost indistinguish-
able from the ordinary light image. NJEDMGEEKE and| did not
publish any of our polarized light results in 1954 because this metliod,
though better than methods using ordinary light, is less reliable than
the interference niethod for thick specimens.*

. L<AliLIL<z L~vII>L>NOL< oN TJJ. E WIDTIi ol< Tii'Lp A BAND
AND ITS COMPOSITION

Some of the evidence for the idea that filaments of actin and myosiii
slide past onc another whc>i a Jnusclc cliangcs length was given in tile
last section. This included only the recent evidence which actually
led to the idea being put forward. Several of thc separate points that
are established by this evidence (e.g. constancy of A band width,
prescnco <>1'»>y<»>in it>. A 1><<(s} wepce >clsoafcdly Q) id offc«
clearly stated, both in the voluminous literature of 1ast century and
in moro Jccent work. I.'robably none of 1 I>is old evidence is important
al fl><> I»oH<w»>t <>y fi>p 1>0115hg 1~> <1<k I>ow 6>< 1150 i<le;<, is <u»roc(,,
but if is 1>cr I>al>s i>istrucf ivc 4> (:x;>>»1»(> su»ic ol' tI>i>J w<» Kk iu 1,1>c hope
of seeing how it came about, in thc first pla,c(, that the idea, we are

< 1'I> <OUSTH (5 5 Jed S <oyp<in (I>< (Chm<icod<ds kn»7 <xicesp (I fl><<s fovore
<>greater thi<.le><>8< of »>us<le substance than tho obli<Jue raysin the Plane PerPen<Jiculo<'
to the fibre; the total retardation of the extr<><>ri<><>ty comp<>nont by the parts <>f the
J11>0 which am ul>ov<><<d Tebw < 1>k < ko B (a<doy) grooto<' for  tJ>of<» >ne<
than for tJ>e 1<>ttor g<'ouJ>%f rays. The corresPonding orror with tJ><> inte<forono<>
»>icroH<<opa is <>Jiknio<(od Ely <><Jdi> J>ro<,0i<> <0 tJ><>immo<8ion fluid <>0 <><>to t><i»g it,s
ref<<>ctive index close to the average w<>Xe for the fibr contents; there is n<>equivalent,
procedur ef or the pol arizing mcroscope.

ZAZLJ Jtu EVJJ>ENOZ (>N 8 Pa(7(", ri7J(303< 'PHZg JJA'ND

d scussi ngwas not put forward rmuch sooner, and. in the second. p ace,
that even theseparate points which had fornerly been accepted, and
which are now confirmed, were generally rejected or disregarded from
the end of the second war, or in some cases earlier, until a year or two
;>,00. Many of the old observations are also of considerable interest in
themselves, and have nof been repeated in recent years.

1. 1. Conatancy ofA band width

It seems to have been genera,lly agreed throughout the second half of
| ast century that the width of thel band varied nore than that
of the A when fibres or fibrils in different degrees of stretch or con-
traction were compared. Some of the sources of this opinion are the
l'ollowing:

(1) Dozlz (1849) reported that the band with lower refractive
index (1) was extremely narrow in fibrils which were slightly shortened,
and could sometimes be lengthened by stretching the fibril if the
preparation was very fresh.

(2) KEAJJsz (1869, p. 172) observed that the width of the A band of
vertebrate muscle fibres, which he gave correctly as 1 5 p (p. 12), did
»ot decrease during contraction.

(3) KNGzr,MANN (1880) measured the width of the birefringent
bancls (A) of fibres of fixed insect muscle. In "contraction waves" he
found that A changes less than | on shortening; there was very little
change in A during shortening to 60 per cent of the initial length;
beyond that, A and | both shortened butl continued to form a reducing
proportion of the muscle lengthi.

(4) Kor.LJKEE (1888, p. 706) states that 4 enlarges at the expense
<>fl during contracf ion, until neighbouring A bands come into contact
with the intervening Z.

(5) HETznrs (1890, p. 72) observed, in fixed and stained preparations
of muscle from beetles, that contraction (shortening) is associated with
11>st,;>, iiarrowing, and the>i coiiiplete disappearance, of. the | band
(defined as the weakly stained region} before contraction bands appear.

(6) 140J,LETT (1891) states that the low refractive index band
I>(*n»»cs ><;lativcly lo>igor 1» 1»is><iv(; stretch (p. 6>1) and shorter on
(:<J>itp,>ction (p. 6!1).

(7) HEJDENHAJIN (1911, p. 623 states that the | bandis more
extensible than A.

Tlic, tesfiinony on tl>is paiiit, is thus reniarkably uniform. With the
exception of KEAUsz, however,none of these authors laid particul ar
st> css on this phenonienon; more emphasis was generally placed on the
changes which occur in more extreme degrees of contraction (formation
of contraction bands, etc.). KEAUsz, however, on the basis of the
apparent constancy ofthe wdth of the A band, put forward the theory
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that the high refractive index and the birefringence of the A band
were due to the presence there of submicroscopic rods in a parallel
arrangement. The length of these rods was supposed to stay constant
(15 p) as the muscle shortened, their lateral separation increasing so as
to keep the volume of the whole fibril constant. KRAUsz believed that
the | bands were liquid during life, so that this fluid. was supposed to
enter the spaces between the A rodlets as they moved away from one
another during contracti<ni. Hc did not specify the forces that produced
these movements, but suggested that the rods of each A band attracted
those ofthe neighbouring A s.

In recent years, however, it has been. generally believed that con-
traction takes place inthe A band (e.g. FULToN, 1055, p. 120). How
then has a universal and, itnow appears, well-founded opini on been
reversed, in spite of having been embodied in a theory of contraction by
one of the most distinguished of the nineteenth-century microscopists 1

The most important factors in this change seem to have been two
theoretical points raised by ENGELMANN. In the first place, he dis-
missed KRAUSE's theory on the ground that muscles can shorten far
beyond t he pointat which the A bands of adjacent sarconeres woul d
come into contact if they stayed of constalit width (ENOELMANN,
1873b, p. 161). 'Jhisis admittedly (L dilliculty, th(>ugli it shoul<l have
been clear, independently of any theory, that thc shortening process
changes in some way at tile stage where contraction bands begin to
fol'l», Tile s( c(>rl(l 411C<>retie(Ll 1>0»rt Is 41>ILt I>IN( EIzMANN clluilcl<Ltcd
the principle that all formed contractile elements are birefringent (see
for exanpl e ENGELMANN (1006), which is largely a review of his own
work on muscle). From this gerielalizatiori, which is probably valid
as it st Ln<ls, on(1 is clearly of great sigriilicancc, 1)c c<>ricluded t1);it tlie
birefringent parts of a striated fibre must be the contractile parts, and
hence that they must bc the parts which shorten during contraction.
He thus seems to have persuaded himself of the reverse of what he had
fo»)i<i by <lire<!4»|<>ILs(»<'m<iI>4; »| 1»s >Lr'ti<:I<ol 10(>(i 1><, I<jlils <>»ly»|
the most cursory way to liis paper of 1880. Jt iswortli iioting tw<>
f<IL4(rr'cs of 41>is angl>»i(,ril,: lirs4, 11>ILt Lri <>X1><]linl<>»t;LI <>|>s<l'v;Lti<>»
1>ILS 1><icn OV<>I'Til>I'OW» <>» 41><>S<HAS | gl'<o»»<1S >L»<l See»»<l, 411>L4tile
ILI'gUII>(fit »lv<>l v<'s tII<" 4>yl >L s»»>1>4>SHISL4»I»s<>(> c<»a<Ls «L si»glc

(lo»tl'lIri<Itll() sr(i>s1>Ln(>(> wi» (>l sir<>I'1(>ns (IllI'Ing co»tl'ILetlori. 1>(>tli»1
these points will turli »1> Ig;Lin iri a <lifl'cre»t con»ection (p. 271).

14 is those upi»i(>lie <>fEr«>El.MANN 's t liat sce»i 4<> JliLvc boon ge»er;L11ly
accepted, but it is difficult to say how far this was due to his authority
an(l how .I'lLr 4<>41(c well-I<»<>Nil 1>111>(I' 2lILIw(Ls pliblislicd 1>y J10IL I'ill,IL
in 1000. He ob4ained cine-ph<>tographs of spontaneous contractions
in i»sect muscle libr<>s, ni<>stly with pol(Lrixcd light, and claimed that,
his results both confirmed ENGEI,MANN"s claimthat the shortening
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occurs in the A band, arid contradicted the generally accepted view
that a "reversal of striations” (development of dense bands in the
regions where I's had been in the resting Gbre) takes place when muscles
shorten greatly. But the difference between his and. his predecessors'
results seems in fact to lie in the condition of his fibres in the resting
state. H sl bands appear to have been about $ the wdth of hisA
bands, while the usual figures given for this ratio are $ or more.
The only explanation that suggests itself for this difference is that his
fiibres, even in the resting state, were already shortened almost to the
poi nt where contraction bands are forned, and further shortening
must necessarily involve the A hand. Similarly, Im did not find a
reversal because in these fibres at rest the S line (with the accom-
panyi ngN bands, whichare conposed of interstitid granul es) appear ed
as the densest part of the sarcomere, this being no doubt connected
w th thenarrowness of I. He observed the farnation of dense contrac-
tion bands at the level of Z (in agreement with all other observers)
but did not regard this as constituting a reversal because they were at
the same position as the densest part of the resting pattern. His
di6'erences from former observations are therefore more apparent
than real, and depend on some imperfectly explained di6'erence in the
initial state of the fibres; nevertheless, his conclusions have been
widely quoted not only as supporting ENozI.MANN's contention that
shortening takes place only inthe A bands (e.g. MEIERHoz, 1930,
p. 205)but as disproving thereality of the reversal phenonenon and
thence of thefornation of contraction bands.

The other well-known work which appears to support ENozl,MANN's
view is that of SUcHTHAL, KNAPPEIsand LINDHARD (1936). They
phot ogr aphed isd at edfibres from the frogin ardinary light, and found
that theirdark bands changed. in wdth nore than their light bands,
duri ng bot hpassi ve stretch and isotonic cotraction. As was nenti oned
011pp. 261 and 265, this is an extremely di%cult specimen from the
<>1~ic(L1 I>int of view, and | can only conclude, from the disagreement
with our inteii'‘erence microscope results (A. I<. HvxLE)t and NIEDER-
(li:ILI<E, 1054 ) that they were not justified in assuming that their dark
I>a»d corr<srporidcd accurately in width to the actual high refractive
i»dcx barrds of tlic fibrcs. This work w(Ls, however, generally accepted
as further evidence in support of the view that it is the A band which is
contractile. The observations of HozvATH (1052), which appear to
sliowthatthe A and | bands of agycerd-exdracted Gore naintain a
constant ratio during contraction, are subject to the same criticisms.

Wth thc s,dventof the dectron microscope, these confusions ought
to have been cleared up at once, but they were not. HALL, JAKUs and
ScHMITT (1046, p. 38), in their well-known paper, do indeed. state that
the A band hardl ychanged inwdth on passive stretch, but they also
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state tfiat tfiis conlirnis .jh<oll'I'llAl, <'I<Tl's I'<:a<<lt~, whijc iii t'lict it is iii
direct contradiction with therm Unlike the utlier features of their
photographs, this particular result did not attractmuch attention:
even the authors themselves do not mention it in a subsequent review
article (SoaMTTTet at,, 1947). DRAPERand HoiTGIl (1949) publishe<l
very good mi crographs of separated fibrild§romfixed toad mnusci e:
measurement of their plates shows that the A barul was very constant,
at about 1 5 p width in all fibrils that were not so much shortened as to
produce contraction bands, but the authors do not comment on this.
HOFFMANN-BERLING and KAUscaE (1950), using siinilar preparations
from frog muscle, did clearly state that only the | band exteiuled
noticeably on stretching, though all their absolute dimensions are much
too sinall (le —2Zines), suggesting that eithei their prep<<iations 1IM<1
shrunk or the magnification was iiot correctly <letel rnine<kE. ESLURM all<i
STTARAMAYYA (1951) also found the width of the A band in fibrils
fromrat diaphragmto be unchanged on stretch and during isometri<;
contraction, but to shortensomewhat during isotonic contraction.
These two papers do not appear to have received the notice tlicy
deserved. The figures given by PH LroTT and SzENT- GYoRGYr (1953)
for the ratios of widths of the various bands in thin sections do show
greater. changesin f tlian in A, but 3 <loca not, seclii tstay constant,.
These results are again unsatisfactory, bce<Luse t( Ic authors assulne<|
without a check that the absolute sarcomere lengtli in each photograph
was given by the degree of stretch applied to the muscle before fixation.

Etis thus unfortunately the case that there is at present no re i,lly
satisfactory electron-microscope evidence on the quostion whether thc
A band width remains constant,; on the whole, this idea is supported
by the electron-microscope work, and is certainly not excluded. by it;.
DEMPsSEY et al. (1946), in their histochemical study of muscle, also
found. thatthe | band. becane narrower in noderate contraction, until
it almost disappeared.

Il. . fi<NZ«l'<zZ<<l<i<IO'lll 1/0A<|I<,

"Myosin" was first extracted from muscle by KiiaNI:(1864), wlio
named it and characterized it by its solubility properties an<i by tile
gl'<iat <><M<Owltll  wlllcll It IH <I<lllal <I'«’ I KIN<I KINSMANNIB7:I), p. | 74)
mentions in passing that he believes myosin to be the anisotropic
substiuicc, "oli licg;ill<it <If' Its I<<st<<lie<li<:<ll'<;a<ti<llls.” T. if. If i<xi,l;v
(1880), in a gciicral descliptioii of' iliusculai tissue, w»s able t<> write:
"En fibres which )lave been acted upon by solution uf salt, or dilute
acids, the inter-septal zones tA bands] have lost their polarizing property.

As we know that tlie reagents in question dissolve the peculiar con-
stituent of mus<:lc my4~<ln' itis to bc concluded that the inter-septal

substance is chiefly composed of myosin." (The"septa" on wiiich liis
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noni enclature of the striations is based arc the 8 membr anes; the
"inter-septal zones" correspond. to the A bands, and. are contrasted
with the non-birefringent "septal zones" which correspond, to the |
band.s.) Similar observations were made by SoarprLGEEand DANrLEw-
RKY (1881), who showed also that the high refractive index of the A
| >ands di sappear ed when the nyosin was extracted. They al sof ound
that adrop of nyosin sol uti on becane birefringent on drying.

Thi s vi ewseens to have been general |y adopted (e.g. the review by
BIEDERMANN, 1927, p. 427), but there seems to have been no fresh
evidence until 1930 when voN MURALT and EnsAr,L showed that myosin
solutions gave fiow birefringence, and that the particles were of a length
roughly equal to the width of an A band. (ErisALL,i942). Finally, in
I<IB4 WERER made oriented threads of myosin, and NGLL and WEEER
showed that their birefringence would account for both the intrinsic
:Ind form components of that of muscle.

The interpretation of these results was of course complicated. by
llle discovery in SZENT-GYoORGYI s laboiatol'y (STRAUR, 1943) of the
conposite nature ofthe materia that had. fornerly been known as
nyosi n, butthere does not seemto be any justiftation for the way in
which the evidence for localization of at least one component came to
bc disregarded.. The chief reason seems to have been that the interac-
tions between actomyosin and ATP provided plausible theories of
contraction which requiredboth the actin and the myosin to be
uniformly distributed along the whole of the fibrils, so that, on activa-
tion, they could form actomyosin filaments which were supposed, to
shorten by folding under the infiuvence of ATP. The only evidence
adduced in favour of this uniform distribution was that the early
electron micrographs, especially those of HAr,r et uL {1946), appeared
t'o show continuous filaments running through both A and | bands.
E <ozsA, SZENT-GYoRGYr and WYoaoEll (1950) did suggest that the
filaments might be actin and that the extra material which causes the
el ectron-scattering power of the A band m ght be myosin, but SzENT-
G Ytin<lvi. ( 151, p. x) later gave uli this view.

The position appears to be closely parallel to that which led, after
1910 or so, to the assumption that shortening takes place in the A band
(sec p. 268). The experimental evidence, which on its own account
requires at least one component of actomyosin to be localized in the A
bands, was discarded on theoretical grounds, and the argument again
Involved the tacit assumption that there is a single contractile substance
{actomyosin) which itself shortens during contraction. A further
parallel is that in both cases the theoretical view received support
from some technically very impressive observations (in the first case,
HURTTTLE"sci ne- phot omi crographs; in the second, the early el ectron-
microscope observations) which, however, would probably not have

271



M IISODI<> 8'I'R 1J(rr «<RZ AN 1) 'I'll o L T1"H ()Y (! «N'i' Ilh (Hei() X

been adeq«ate t«overthrow tI>c «lder cvi<Ici>cc without tlie theoi<ctical
backing.

[1. 3. 'Ihei<leo o sh(l)'n!l niole<'nles

The ide<l that passive stretch of <lHtrhlted r««sclc takes pl»cc DY
long molecules sliding past one another, rather than by «nfolding o>
stretching of chains, was put forward at least twice before the evidenc(
disc>)ssed on pl). 20')--26)4 ha(1 1)cen «l )I<li>>c(l. 1" 1H(,1>z>(1 <047, 1). 7s7)
made this suggestion on the ground that the birefringence of striated
muscle changes very little on stretch, (>nd 160RA>,zs (1948) did so in
order to explain the great extensibility of restingmuscle and the
absence of change in the wide-angle X-ray patte> n; »ll these appea> t«
be important pieces of evidence. Neither of these authors assume(l
that active shortening took place by sliding. MORAr.zs did point out
that the decrease of active tension with stretch might be accounte(1
for by the decrease of the zone of overlap, but his argument diffen
from that of A. F. Hvxi.zv and NlzuzzozRiez (1954) in that he
postulated only that the strength of connection would decrease, not
the number of sites where tension is generated. Bozx,zR (1936) suggeste(l
that the behaviour. of smooth rnuscle could best bc explained hy
assuming that contractl«n involved cl«>ages in thc rel»tive p<» iti<»)
of the molecules, and not in their shape.

1. "A(",luvATi«N" AND riiz 7r MVMRRANI,

Ill. 1. 1'ke linkl)et)aee)) excitation an(l contraction,

A great deal is known about the electrical events which acco>npanv
excitation of a muscle fibre, and about the contraction process, b«t
very little about the steps that link them together. The interior of »,
resting muscle fibre is electrically negative to the surrounding fluid
by 60 -+00)nV, the IH)tcntial d!A'cicncc existing ac>'«sH a very thi»
s>irf»c() n>e>«bra)>c. When thc libre is excited 4hr«i)gh its 1>ci'vc H«l)l)ly,

this potential difference undorgocs a transient reduction or reversal.
‘Jii the Inost fa>niliar kii><IH ol I»«scl() fibre (those which»rc c»l>able «I'

LI -«l'=))<l)e 4W)I<'T) 1) 1TOMIIH(Q) 1<) <lIFe(tli <)I0Q4>Ie)ll Htl>)>«l<It><)N))
this decrease ol' ineinbraiie p«4enti»l ('"depolariz»tion") propagltcs
itsol(*along tho wh«l() Ic>igth «I' the fib> ¢ hy <1 process which is essenti»lly
the same as the cond«ction of an impulse along a non-myelinated nerve
fibre. In other cases (the slow fibres of frogs, and «>any arthropod
muscles) the depolarization spreads passively for only a short distance
from each neuroinuscular junction, but the whole of the length of e»ch
muscle fibre is nevertheless brought into action because it receives
numerous nerve terininations distributed along its length. In all cases,
however, the electrical change is a reduction (or reversal) of the
V72
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potential difference across t,he surface meinbrane. It is alsofound
that, if this potential difference is reduced by any other treatment of

the fibre (passage of cu imnt; KCI solutions; application of acetyl-
choline to an endplate), the part of the fibre which is depolarized

contracts (K() dzi.z>i, 194f)). This suggests strongly that the membrane
potential change is the essential thing for setting off the contractile

process, but if so there is the difficulty of explaining how this electrical

cha)>gc, which c»n exert » direct influence only on the membrane itself,

is able to cause fibrils in the interior of the fibre to contract. The
distances involved are considerable: the fibres of skeletal muscle of the

frog are commonly over 100I< in diameter, while jn Crustacea the

fibres reach 0 5 mm or moro, I<'urther, A. V. Hrr,L has shown (1949c)
that the link cannot be a substance which is released at the surface
membrane and reaches the fibrils by a simple diffusion process, since
this woul d.be too slowto account for the very rapid onset of heat

production and of the contraction itself.

A suggestion whi ch has occurred to many people ighat it is na
the membrane potential chango, but the currents in the interior of the
fibreithat arethe imredi ate cause of "sctivation” of the oontractile
substance. If this were the case, there would be no difficulty in
expl ai ning the speed of the onset ofcontraction. But KUzzrzR (1946)
poi nt ed outthat contracti on isproduced even by auniformdepol ari za-
tion of the fibre surface (e.g. by immersion in a solution with raised
pot assi um concent rati on)when there should be no current flony and
'srzN-IRNUDszN (1954) has shown that when a muscle is caused. to
contract by applied current in conditions where an action potential
is not produced, the contraction isconfined to the nei ghbour hood. of the
cat hode, where the menbrane potentialis reduced, while the region
midway between the electrodes, where the current density inside the
fibres is a maximum, is passively stretched.

It is thus highly probable that the membrane potential change itself
is the essential factor for causing activation of the contractile material,
<>« we are left with the problem of the nature of the link between
men>br»nc and fibrils.

. 9 'IV)e 7~tine

The g lineisanarrow band of high refractive index at the nmiddl e of
the | band. It is widely, thoughnot universally, believed to represent .
a more or less continuous membrane which runs across the whole fibre,
uniting the fibrild¢o one another and. to the sarcolemma. Many
aut hors hs,veascribed to ita purely nechani cal function, keeping the
Htriations of the separate fibrils in register and perhaps transmitting
tension insone way to the sarcoema; the dHBcuhies inthisidea
have been wellstaed by BZNNZTT (1955). But itsapparent continuity
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and attachment to the sarcolemma also sugge ted to TiL)os (1924;
MAT THAzz and Tiros, 1955) that its function might be connected with
the activation of the contractile fibrils. In Trzos's view, theaction
potential itself travels along the Z membrane, which he believes to be
invariably a spiral structure; it seems clear from electrophysiological
work that this cannot be the case, at any rate in normal contractions
of vertebrate muscle, where the action potential is clearly a self-
propagating change in the potential difference across the surface
membrane. However, the possibility remains that the 8 membrane
is concerned with conveying to the myofibrils the influence of a reduc-
tion of the potential difference across the surface memk)rane. BFNNV'rT
(1955, p. 54), on the basis of electron m cros«oi)e observations, has
recently put forwardthe theory that an excitatory influence is «o»-
ducted inwards from the sarcolemma by the sarcoplasmic reticulum an<i
conveyed to the myofibrils at the S lines (see also p, 276 below).

Dr. R. E. TAvLoiL and | recently devised an experiment to test the
hypothesis that the 8 membrane is specifically concerned in the inwar<l
spread of activation (A. F. HUxLz Y and TA YLo>r,, 1955a,b), |f this is the
case, then presuinably it is the potential change at the attachnients
of S membranes to the sarcolemma that counts, and no contraction
wouk<I be cxpcctc(l to f<)lI<)w a k)otonti;LI cl>a»gc wl>i«i> i»volvo<lI;>.
small area of membrane lying entirely between two adjacent Z line
atta«hruorrts. Wo achiovod this situatio» by bri»ging a ])ipette with
a squared-o06' tik), diameter about 2 fj, into co»tact witi> the surface
of an isolated muscle fibre that could bc observed and photographed
through a polarizing microscope. The potential difference across the
small area of membrane opposite the tip of the pipette could now bc
reduced by making the interior of the pipette electrically negative
relative to the bathing fluid. The resistances at the tip of the pipette,
both that of the "seal" of the tip to the fibre and that of the sInall area
of meinbrane itself, are high enough for the current entering or leaving
the Dipctto t() k)c to() 81»rrll to pro<i»co appr cciabl«<;I>;L»gcs in peter>ti;LI.
eitl>or inside the fibre or in the bathing fluid outside the pipette; ti>is
is true even if the membrane opposite the tip were to undergo an | «tio»
Pet<>» tibl.

TI><) r»»sci« flb>'«w<LN sligl>tly >1t>'«l«l>«: I, s tI>;LI th« Z lin<is w('>'«
about 3 p apart; the 2fL pipette could therefore be placed either
opposite a 8 line (centre of an | band) or in the space between two
adja«(>r>tR'I> (o] )1)»sit« all 3 barul). Ir> thc for'rl>cr' case, wo four><i tI>;Lt (L
moderate depolarization (20 —40mV) caused a localized contractiori,
but in the latter case, a potential several tiinos hL>gcr could be applied
with no result at all. I<'urther, when shortening occurred, it was con-
flr>«<I t() tho fk)<L>>(bk)k)ositc the pipcttc, ar>d spread o» ly a r>u)dcr;Ltc
distance inwards from the surface of the Gbre. A contraction of this
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kind is shown in Fig. 4; the pipette in this case was 4 p in diameter,
whi ch isbout the largest that can be used. w thout overlappi ng nmore
than one Z line, though it is too large for the space between two adjacent
Z's. The contraction spreads further inwards than was the case with the
2fi pipotte, but is otherwise just the same. This photograph also
illustrates in passing the fact that the shortening takes place exclusively
i» the | band, the two dark .4 bands being drawn together without
changing in width.

These results are entirely consistent with the hypothesis that we
started from nanely that the influence of nmenbrane depol arization
which activates the contractile substance is conveyed along 8 mem-
i)rames. The experiment also shows that tl>eresulting activation
afl'ects only the half-sarcomere on either side of the S membrane in
question; in I<'ig. 4 the contraction spreads about 10fr inwards but
does not affectthe adjacent | bands which are only about 2 p,away.
It is not actually proved that t,he visible S membrane is the structure
concerned; it may be that the activation is conveyed along some other
structure nearthe mddl e of each | band.. The anatonical evidence
reviewed irthe next section does however show that the S nenbrane
has the required characteristics, and it seems most probable that it is
thc structure «once>»e(l.

[11. 3. Continuity #the S membrane

The 8 line, which is seen as a narrow band of high refractive index in a
fresh muscle fibre, is also very conspicuous in isolated fibrils, whether
exam ned by phase nicroscopy or in the electron mcroscope. |t
usually appears as the densest part of the fibril, asi'egardsrefractive
index in the light microscope, electron scattering in unstained and
unshadowed el ectron-mcroscope preparations, and thickness in
shadowed fibrils under the electron microscope. There is a good deal
of evidence that these dense lines in the separate fibrils are connected.
t,0 ono another across tile»>us«le fibre. This evidence falls into two
groups; the first is froni observations on fresh muscle while the second
is fromexam nation offixed and stai ned preparations.

'I<)ve>ILk very convincing piccos of evidence in the first of these
ciasscs date froui the last, contury. Jk>LAULX1869, p. 11), SOHua.o>rrr
aud. DANU,zwsKv (1881) and KoLLXKER (1888) all observed that
. ntinuous structures remained at the position of the S lines when the
r«st, of the fibrils was renioved by dilute acid; thisis particulaily
notable in the case of KoLLiKmilL's observations since he was using
insect fibrillar muscle, in which the fibrils, or sarcostyles, are separated
k)y large amounts of sarcoplasm rich in granules.

In the second class are the observations of Emi)LaLzDT (1899) and
HEIDENHAIN (1911, p. 613), who were able to stain structures uniting
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the Z lines of adjsccnt Jibriis cvo>i whc><o tlioy we><o separate<i i>y;>, bi <ad
band of sarcoplasm, and also runiiing froni the sarcolemma to the Z
of the most superficial fibrils. This was confirmed by voN Boor (1937),
who pointed outthat the 6ne nmenbranes uniting the Z s of adj acent
fibrils stain diJFerently from the Z's in the fibrils themselves. Tizos
(1955) has also demonstrated the continuity of Z in bothfibrillar and
non-fibrillar muscles of insects.

A somewhat similar conclusion is reached by JJKNNFTT slid PoRT>>H
(1953) and Bzii(N'it,TT (1955) from very beautiful thin sections of inuscle
under the electron microscope. They show connections between the
Z's of adjacent fibrils and between the sarcolemma and the Z lines of
nearby fibrils, but these connections are very much thinner than the
Z lines within the fibrils, and are easily distorted if the fibrils are
displaced longitudinally in preparing the specimens. They regard
these connections as part of a "sarcoplasmic reticulum” which exists
in the spaces between the fibrils, and connects with the sarcosonies:
this reticulum was well described by KorL.iKzn (1888) and Bm"zips
(1890) in 6bres stained by proceduresin which the 6brils were dissolved
out or were swollen until they did not interfere with the image of the

sarcoplasmic structures.
It seems legitimate to conclude that there exists in the middlo of

each | band a structure which is connected to the sarcolemnm,, wliich
runs right across tlic libre, a>id of wliich tho corresponding Z lines of
the individual fibrila form a part. Thiswholo structure niay porliaps
be called KnwUs>,"s membrane, or Z membrane, in contradistinction to
the Z lines in an individual fibril (voN Boo>i., 1937).

The existence of a "continuous" structure in this sense must not be
takon to moan that t i>ore is a cuir> ploto >nemb»' nc, like a, cell ino>nbra»o,
crossing the fibre in each | band. Tho olectrical ovidonce clearly sliows
that such a thing does not exist, the fibr interior liaving a fairly low
resistance to longitudinal ciirrent (K>Tz, 1948). If the Z membrane is
«' [1>0 >Ww0» >itwr(»>s a <><l »ic»>I>raii», I»;ving a I»w [>0>»>(il>ility I'<»
ions and a high electrical resista>ice, it must havo extensive porforati»ns
th>ough whi(li ions can ni»vo; il"itis continu»us iu tho sense <>I'iu>t
)ascii>g porf'«rale<i, il, »»»<t <>II<I> «»ly;>, v<»y Nligl>t r<wist»»«; I» tI><;
nickvol»o>lt, <>I' i«>iH.

. 4. ill «lux>iis»i of doi><lu<li<»> «Los>=<g Z»ieir>6>'U>iks

Iwo allow «I»>>(ives L» c(»>clUJ« I >»»1tI»s cvi(loiicotliilt c>Icli Z
nembr ane i concerned w th conveying an infivence of surface depol ari -
zali<>ii I<> aclivi>lo tI><> I>>1l-sacro»>(>'(s wi>i(;t> lio oii citl>or si<I(><>I'it,
the quostion at onco arises, what is the nature of this intluencc, and
how is it conducted. The only cluo to this that the oxporiments provide
is the fact that the contraction does not propagate itself inwards, but
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spreads for a (listance which increases with the voltage applied. and with
the size of the pipette. The experiment does not prove conclusively
that asdf-naintaining imard propagation does not occur inaperfedly
undamaged fibre,since the fibres had ceased to give ordinary all-or-
nothing twitches by the time we managed to observe these local effects,
and it is conceivable that there is normally a propagating meohanism
vhi ch had bythen been lost. But 6bres inthi sstae can gve gpparently
normal twitches when the membrane is depolarized. by applied. current
(Bi>owN and SicHEL, 1936; confirmed in unpublished work by Dr.
R Z. TxvLoa and nyself).There istherefore no need to postulate a
self-propagating mechanism, and in any case our experiments show
t liat a graded activation can spread, quite a long way m. This seems to
excluele such mechanisms as crystallization (HiLL, 19490) and "activated
di8'usion" (diffusion of a substance whose presence causes more of the
same substance to be liberated) which have been suggested as mech-
anisms for the rapid activation of the fibre interior in response to
surface-membrane potential changes, since they would. be expected to
be self-propagating. At the same time, the fact that the contraction
d d notreach nearly tothe centre of the Gore woul d be expected. on ary
mechanism that was not regenerative, since the pipette covered only
a very small sector of the edge of the Z membrane, and the udiuence
of depol arization on thissnall region was spread out over a broad.
front as it was conducted inward.

There is nothing at present to contradict the very tentative sugges-
tion that the mechanism may be an electrical one. If the Z membrane
cont ai ned.channel s whose |umen was connected to the external fiid,
and whose walls had a high resistance, then the potential difference
across the walls would follow that across the surface membrane of the
fibrewth alag dependi ng on the sizedf the channel s, the capacity of
their wallsgtc. Bough cal cul ations show that the lag woul d be very
small even if the channels were as sinall as 100 A diameter, and were
i»sulatod from tho sarcoplasin by walls with a capacity of 1 pP /om~
such asisfound inthe inenbranes of nany cells.

1J1. 5. |,»wgiLN<li»aL 8prea<i, acti(>ation

'I"'>e><>is also tlio question liow a chango spa+ding inw'ards along the
Z membr ane brings about the contractil @rocess whi ch presunabl y

occurs in the nearest half-A-band on either side. The striking feature
;il>»ut this final stage of the spread of activation is that it goes no
further than this: no shortening was seen in the | bands on either side
<>['tho one to which the pipette was applied. If diffusion of a substance
from Z is responsible, then there must be something that limits the

range ofdiffusion, e g the dvusing material night be used up inthe
6rst halfof the adjacent A bands, or there night be an inpernmeabl e
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layer at the position of ill. Thelimitation of thc spread of activation
would however be directly explained if the change was some alteration
inthe actin filanents, which was conveyed along themfromthe Z
line, since they terminate at or before the middle of the adjacent .0
bands. Other points which suggest th<t nctivatioli may be ace»l»-
panied by a change in the actin filaments are mentioned on pp. 30f
and 305.
Il 1. <f. 'I'he fi<li<tioll«l I<ilit ill, >(l'i«ter], nuu8<l<.

It is customary to take as the repeating unit of the striation pattern
the sarcomere, which is defined as the region bounded by two adjacent
Z lines. The experinients described here siiggest that the functional
units are centred on the Z lines, and not separated by theni, so that the

unit consists ok'a Z line with the I band in which it lies and the half =f
band on either side. We never saw a contraction involving one-half. of
an | band only (though our pipettesnay not have been snal | enough

to achieve this if it is possible in principle, and it is also conceivable
that a contraction at one side only of the Z |ine night have been
mistaken for a weak contraction involving both sides). Also, as men-
tioned above, we never saw any shortening of the neighbouring |

bands such as woul ¢l have occurred if contraction hnd taken plac«, i»
both halves of' ca«ll of' the ~'I bali<la adjacent to thc point ot' stirnulatio».

There are, however, occasional records inthe literature of contractio»
waves in fixed preparations of insect inuscle where the degree of co»-
traction is striki»gly different in the 1lllIf-sarco»icres <>n cithel si<le of;l,
single Z line (HCLLETT, 180i, filg. 1<I; Trzc<n, k<)5'>, fig. 39).

I11. 7. Other f'«wrtior<8fahe Z 1<'ile

It was mentioned above that there are great difiicukties (BENNETI,
1955) in the idea that the Z membrane conveys the force of contraction
to the sarcolenunn,, but it reniains possible that the Z line has a mech-
anical function as well as being concerned in the activation of tile
fibrils. Wil klili cackl »iyofibr'ik thoro»rust b«. So»ic struck ural lirik
which keeps the Illyosili fila»ients alongside one another in encl> .f
ba»d, null a»ethel li»nk wllich keeps each sct of actin filnmclits i»
I<IgiHI»I.  TI<) )l < 1< I'<)glILfIl <1l 1i<P)<<II{ | )55) HII<)w cl'oss-li»| s
between the filaments of the primary array (presumably myosin) in the
« 1R)li»<l; 1I>»1lly 1)< | ki<'s<!Ifrinf kcof) flic» ly<Islil fihl»lclits ILlig»ed, hilt 11
N<) Lll<lI<<«llll»<>l  b<l «")I'I's~nfl<»<f»lg <II'<Iss lI»ks b< tw«<;» tlI<l;lct»] flhl-
inents, or the sliding»lover»cut would be impossible: connections could
o»ly <Ixtnt at flic ki<lsitio» <>f f1I<I7i li»c, wflcl<c tll<ry would liot into> f<;I<
with the movement of the myosin fila»1lents an<i l.lleir set of cross-li»ks.
It is thcref<>re lilcess:ry to keep ill Biiild fhc possibility that tile Z
line hns also the function of keeping the actin fiila»ients in alignment.
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I'V. A HTPCTHzsrs FQR THE MEOHANrsM oF CCNTRAOTroN

Most, if not all, of the hypotheses that have been put forward in
recent years as explanations of muscle contraction on the molecular
level have assuined that protein chains, running longitudinally in the
muscle, shorten by some kind of folding or coiling. These theories
have differedinthe type of fddng assuned, and in the nature of the
forces that were supposed to produce the folding, but have been
remar kably uniformin assuning that shorteningtakes place in each
filament at a number of points in series, i.e. the decrease in length of the
whole filament is the sum of the amounts of shortening that have
occurred at the different points of folding along its length, while the
whole tension in the filament is exerted at each of these different links.
Thi s idea appears tchave been supported especially by the changes
of structure that were found by AsTErrRT and DrcxrNsoN (1940) to
occur when a nyosinfilmis stretched or nmade to shorten, and by the
appear ance of conti nuous filnents whi ch was suggested by the early
electron-microscope studies of muscle. On the other hand it is very
difficult to reconcile with the many lines of evidence, reviewed. here
and by H+NsoN and H. E. HIrxLEF (1955), showing that the individual
filanientslo not change inlength appreciably when a nuscle contracts,
anyhow over thegreater part of itsnonmal range.

If then we are to replace the hypothesis that shortening is generated
by a flenent fdding at anunber of pacesin succession, by the hypo-
thesis that two types of filament slide past one another, how are we to
suppose thatthisrdaive noverrent is brought about f S far, three
broad. suggestions have been made:

(1) The fehents nove so as to increase the nunber of points at
which some chemical interaction can take place between thein (H. E.
HrrxLEv and HaNsoN, 1954).

(2) The filaments of one type are capable of small changes of length,
but these take place cyclically, the attachments between the two
filanients being broken and remade so that the overall result is relative
novenent between the filaments w thout appreciabl eshortening of
either. This type of" scheme, with the further suggestion that the
«ycki«al cf<angos might take place in the actin fillaments by successive
depol yneri zation and repol ynerization, has been put forward by
I-IANsoN and H. E. HUXLEF (1955), and by AUrIERT (1955).

(3) A relative force betwceii adjacent filalnents of the two kinds is
generated at each of a series of points within the zone in which they
overlap (A. E. HUXLEF and NIEDERGERKE, 1954; discussed also by
H~NSON and H. E. HUXLEY, 1955)_

So far, there is nothing worthy of the name of evidence either for or
against any of these three general possibilities. The second has the
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Adva«tage ol' bringi«g in so»le of tho interesting properties of. actin,
while the third provides an explanation for the parallelism between
the isometric tension generated in s tetanus and the width of the over-
lap zone, when a muscle is extended beyond its resting length (A. | «

HUXLEY snd NIEDXRGRRKR, 1954, The sane Authors pointed out
that their scheme would acco>int for the known correlation between
narrownesa of striation and speedof contraction, but this could
probably also be fitted into either of the other. schemes.

It ia possible that high-resolution electron inicroscopy niay help to
decide between these alternatives, but it might not: somekind of
structural link between the two seta of filaments is required on any of
these schemes, and even if the links are seen, it niay not, be possible
to say in which way they are acting. Another way of trying to decide
between them is to followout in detail the relationships between
observable quantities (tension, heat production, etc.) that wouhl be
expeoted on each, and seeing whether any of the schenes can be
excluded through failure to fit in with the experimental data. As |
have stated them, the three types of mechanisin are riot specifie<l iii
enough detail for making predictions which can be checked experi-
mentally; |>ol'& Il)ia et»i bo (I<»io,;L Ho<I>tot)co of' events liiikit>g tlI>c,
Hu,,|)ly <)f cl)ct»i<u>l <)»orgy to | I>0 r>1("c>LY)i(uLl Hystc»i «>»Ht 1>0 Becifio<l,
together with tl>o factors wliich co>ittol the rstos of' tho reactio«H.
t)clio>>los wll>cli (L>'0 put fol")v>Il.'d iii tilts ItI>to>tilt of detisil At tihe pi'0801>I
time must necessarily be highly speculative, but msy nevertheless be
helpful both in sliowing how fsr it i«sy bo possible to go in explaining
the known behavi our of nuscleand a so—nore inportant —in suggest -
ing experiments which may exclude particular hypotheses or groups of
hypotheses.

One such scheme' (belonging to the third of the classes mentioned
above) waa worked out in some det>,il. by the author in the summer of
1964. It fitted A, number of the known properties of muscle fair'ly well,
Will»»>i re»L>>y;>) Dil,r»ty  [HLHI»ISI<H <l i ) <ir<)l'QroH(><)tsis w<>rt, |>
while to give Lii account of it horo.It wssfrstnod primarily with
rofot'otic(’, t() 11)<; "HIi(lir>fr" liyls>tliosis >uul I<> tI>0 rotations bctweo«
I<»L(l, Hi»»'ire»>I>g ri»<l I><»Ll 5, I"OMmM»L, 15> il)<) (t»tt»>('sLI t'()sL<Iri<)t>H
»ruvisi»t»Lily SLH>»>m»(i<I I<) (rr><lor lie | 1»; Hto,H <I' 1 )o c<»)tr Leii(»t »roccess
1)t v() Ho()n (INoHt) HL)>Lst 0 >0 (I()«H>Htctlt w) t 1) t1)o inst« fc»fill>'OH ol
tI>0 beilsviot>F ol i >ztr/NTAYURGYI s gfycc>'instie(1)nuscle pi‘epsl'at;iol>
()Vittir>Ls | Q)ffi )

The hypothesis will first be stated in general terms, and then a
«)Atl>o«istical t)oat)no)it will bo givoii i«or(lcr t<) derive formulae foi
tension And hoot production, ss functions of tI>c speed of shorte«ing,
for chockii>g sgsiiist tho rclstio>>ships found oxporimontally by A. V.
HE'LL.

oSI>
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IV. 1. Statement 6 t hehyi sthe's

The generalidea isthat each of the filanents of one type (provisionaly
assumed to be the myosin filaments) has side-pieces which can slide
al ong the nai n backbone ofthe filanent, the extent of the novenent

being limited, by an elastic connection. These sliding members can
combine temporarily with sitea on adjacent actin filaments, the con-
nections being formed spontaneously but broken only by a reaction
requiring energy to be supplied from metabolic sources. The essential
feature of the system is that the rates of the reaotions by which the

Myosin
filurnent

Actin
filament

Equilibr ium position
efsr site ~ )

Yig. S. Diagram iilustrat ing the mechanism by which it is assumed that tension

it< generated. The part of a fibril which is shown is in the right-hand haif of an

;i band, sdhat the actinfilanen is attached to s S lirevhich isout of the

picture to the right. The arrows give the direction of therelative motion
between the filaments when the rnuscie shortens.

connectionsare nade or broken are assuned. to depend on the position
of the sliding member relative to the backbone of ita myosin filament.
This is not difficult to imagine if we suppose that the reactions are
cat al ysedby erzynes whi ch arefixed tothe nyosin filanent, or perhaps
actually form part of it.

The essentials of the scheme are illustrated in Fig. 5. The contractile
element shown is to be thought of as lying in the right-hand half of ari
.I band, so that the neareat 8 line, to which the aotin filament is
attached, is OB' the picture to the right. During shortening, therefore,
t,bo actin filament moves to the left relative to the myosin filament.
'I.'lio <listunco of A, tho active site on tho actin filament, from 0,' the
«quilibrium position of the sliding olement on the myosin filament, is
denoted by x (positive if A is to the right of 0). During steady shorten-
ing, X decreases at a constant rate. The rate constants for the reactions
whi ch «l ake andundo the connection between 2 and 3f are denoted
by f and g respeotively; they depend on x in the manner shown in
I<ig. i).

The system works as follows. Initially, the groups 31 and A are
detached; 3l oscillates back and forth about its equilibrium position 0
as aresult of thermal agitation. If 2 happens to be within the range
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of positions where f is not zero (i.e. where the combination of 31 with A
is catalysed), there is a chance that combination will take place; when

this has happened the tension in the elastic element will be exerted.

on the actin thread. The region where this combination can occur is
to the right of 0, so that the tension in the elastic element is in the
directioto help the nuscle to shorten. The A3l conbi nati on noves
towards 0 as the muscle shortens; there is all the time a chance that

wl

I<ig. 0. Dependence of f and gc on a. Dashesf, i.e. rate constant for formation

of links betu een actin and myosin by reaction (I). Continuous line, (>, i.e. rate
(onstant for breaking links by reaction (2). The unit of the ordinate scale is thc
value of (f I- >g)at, x =- h.

the link will be broken, since g is finite everywhere (except at the
point 0), but the chance is small until the group passes 0; g then

increases greatly and the A3f link is soon broken, preventing the
tension in the elastic link, which is now in the reverse direction, from

holding up the shortening of the muscle. At lugh rates of shortening, a
large proportion of the links will not be broken in time to prevent a
considerable resistance from being gcncruted iri this wuy; the speed o('
<Hhortclul>g of Itli ulilo<tdcd HiuHC/Ore>t(licH I(H T I1>1t wlicll tepiy remimtnC ("

JIIHt c(11>uls ti>c fol'(>( (»'o(ill(;(,(1 1>y t f>c lil>kH to tI>(, I'ig(>t of.' 0.

We Jiavc titcitly uHsunicd (JI(tt tJ1Oc(>liibuiatu>li ol A a>d 31 took
place spontaneously with the equilibrium in favour of the combined
state; hence it is necessary to postulate that energy is provi(le(l in
order to brcuk (Jic link. 1(, would bcili keeping with SzsNT-4voltorl's
work and with recent work on glycerinated fibre models (gsm,,
1965) to suppose that this is brouglit u,bout by soine high-energy
phosphate compound (denoted by XP) uniting with a site near A.
After thc A and 3f groups have Hepu,rated, XP is split und its fragnients
are detached, restoring the initial conditions, except that now A is iri a

>8>
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position where f is zero and recombination is not catalysed and. there-
fore does not occur. As the muscle shortens further, the A group we
have beenconsidering noves on toaregon where it may conbi ne with
the next 3f group further to the left on the myosin chain, while the
next A group tdhe right on the actinchain comes intothe picture and
is able to combine with the i1l group that is under discussion.

Thi s sequence ofevents nust be supposed to take place at a nunber
of sites on each filament within each A band, the sites being staggered
so that they come into action asynchronously as the muscle shortens.
The overall tension in the muscle will therefore not fiuctuate appreciably
as thdinks are nade and broken.

The reactions that have taken place during the cycle are:

A + 31 --~ .=>3l (rate constant: f) « (1)
43f + XP ~ A YP + 3J(rate constant: g) . . (2)
EXP—>A(-X +P0, * (3)

In the resting state, reaction (1) must be prevented from occurring,
so as to allow the muscle to lengthen or shorten passively. This
might be achieved either by inactivating the enzyme which catalyses
reaction (1), or by stopping reaction (3), which wouM leave the A sites
bl ocked by theattachment of XP nol ecul es,or by sone i ndependent
change in eitherthe A or the 3f groups which prevents themfrom
uniting. For the sake of defmiteness, the second of these assumptions
islnade here. Activation of the contractile substance then consists in
causing reaction (3) to take place; it will be assumed that so long as
uctivation persists, this reaction occurs fast enough for it not to be
a limiting factor. (Some reasons for assuming provisionally that the
activation change, whatever it is, affects the actin filaments and not
the nyosin ones,are given on pp. 278, 301, and 305 ). Further, it is
assumed for the sake of simplicity that the back reactions are negligible
in all three cases.

Tlie reason why the rute constant g has to be given a finite value
('(» positive us well us negative values of x is that otherwise the side-
1>icc(iH thai, liappen to be attached when activation ceases (in the sense
(liat no nore new attachnments areforned) woul d remai n attached,
anfl the muscle would remain in a state of partialrigor instead of
returning tothe resting condition. This overlap of f and g causes a
steady turnover of attached sites even when the muscle is stimulated
isometrically; the resulting evolution of heat corresponds to Hii,i's
"mai nt enance heat."

It is provisionally assumed that the sites on each filament are far
enough apart forthe events at one site not to be affected by the
situation at nearby sites. There is no need to assume that the distance
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apart of the M sites on each myosin filament is the same as that
between A sites on an actin filament.

TV. 2. Mathematical formulation
Consider a large nummber of contraction sites all with A4 in the same
position relative to O (IMig. 5), i.e. all having the same value of x. Let
7 be the proportion of these sites at which the 37 is combined with the
corresponding 4.

We have
Jdi .
i (1 —n)f —ng
or o g
o

where v is the velocity with which the A4 filament is sliding past the
M filament as a result of the shortening of the muscle.
Now v = sV/[2, where s is the sarcomere length and V is the rate of
shortening in muscle lengths per second, so that
st an . ,
— D:—/ = (/1 gm. S (4)
To find the total rate at which chemical encrgy is being liberated,
we note that the overall result of the reactions (1)-(3) is that omne
high-energy phosphate group is split off, liberating e ergs per con-
traction site in one eycle. The frequency with which 4 sites are pre-
sented to each M site is v/{, where { is the separation of the 4 sites
along the actin filament. The average number of times each M site
enters the cycle of reactions per second is theretore

gy [A=— @ 1 (=
If f(L —n)di, or 7J JO — w)da

L Jizo -

'

The total rate of energy liberation per cubie centimetre of muscle, &,

is therelore given by

I = J ( J - mydae ce(h)

where m is the number of 47 sites per cubice centimetre of muscle,

To find the tension in the muscle, assume thal the elastic element
obeys Hookn’s Jaw with a stiflness & dynefem. The average value of
the work done at one myosin site as one actin site is carried past it by
the shortening ol the muscle is then

Con

wky dy,
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and the corresponding average force is obtained by dividing this by I.

"The total tension in the muscle is the sum of the tensions generated
by all the contraction sites within one half-sarcomere; the number of
these sites for a muscle of 1 em?2 cross-sectional area is ms/2. Hence P,
the tension per square centimetre, is given by:

msk [ ©
P 9l J o«

nx da. . e (6)

The relations (4), (5) and (6) do not depend on the particular
assumptions that are being made concerning the manner in which f
and ¢ vary with ; to introduce these assumptions, we must insert
the values of f and g which are indicated in Fig. 6, i.e.

<< 0: J=0and g =g,;
0 <z << h: f = fix[h and g = g,x[h;
x> he f=0and g = g,z/h.

Solving equation (4) with these values, and taking V as positive (i.e.
the muscle is shortening, not being stretched) we find:

x> n =0
- £
0<aw<<h: 'n,:;jl——(l——eh )') (7
: Si+a
where ¢ = (f; -+ g )h[s
f’ _$  2xg,
a << 0 noe= -2t (1 —e "ye. ....(8)

These relationships between » and x are plotted, over the whole range,
in Fig. 7 for four values of V. For reasons which will appear later,
0/ | gy is taken as 3/16 and g,/(f; + ¢,) as 3-919.

Inserting these formulae in equation (5) and evaluating the integral,

we obtain:
é

h e 1 oy
= ame . - Ay s - D) L)
' 2001 o 2 l‘/’

h vi:flfl;l,,

ne . —

2 'fl + .(/1’

while the “extra rate of energy liberation” I'(= K — E) is

A 7
1= me . =, e (1 —e . ....(10
M TR AR ( ) (10)
A
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Fig. 7. Variation of n (proportion of sites at which links between actin and

myosin are in existence) with @ (position of A site relative to equilibrinm

position of M site), for the steady state in isomeliric contraction (top) and in
shortening at three different speeds.

Similarly, equation (6) for the tension hecomes:

T (L TR AP

" . . Lo ‘ . .
Lhe maximum work done in a eyele at one site is L4022 denoting this
by w, we have:

e S e L ey
(1)

P
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and the rate of doing mechanical work is

Wy V v -7 L+ g\ ¥
I”:omv.g[l.g l—g(l—e ‘)(14—5(]—1’]—2&) g)}

The rate of liberation of heat is ¥ — PV’

(12)

1V. 3. Comparison with Hill's equations

To find out whether equations of these forms can represent the actual
hehaviour of muscle, we may see how closely they can be made to fit
the relationships shown by A. V. HiLt (1938) to be obeyed by frog muscle
during tetanic stimulation at 0°C. These are:

(1) The rate of liberation of heat increases linearly with speed of
shortening (constancy of shortening heat).

1:0¢

08

o
[9)
Pl

Speed of shortening
P

yd

S
\\

o2
\0\

~a_|
\0~\.0
0] o2 o4 06 o8 10

Tension

Fig. 8. Relationship between speed of shortening and tension. Continuous

line: Hit’s characteristic equation with afP, = }. Circles: equation (11).

Ordinate, spood of shortening as w fraction of value in unloadod tetanus;
abscissa, tonsion as a fraction of value in isometric tetanus.

(2) The total rate of energy liberation (heat 4- work) increases
linearly as the load is reduced below the isometric tension.

By combining these relationships HiLL obtained his “‘characteristic
equation,” (P -+ a)(V -+ b) = constant, which he found to agree
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excellently with the directly determined force-velocity curve. 'The
constant @ was found to be approximately one-quarter of P, the
isometric tension; b is necessarily equal to @/ P, multiplied by the speed
of shortening under zero load.

* Inspection of equatious (9) and (12) shows that we have only two
adjustable constants left for fitting owr equations to Hiri's relation-
ships (with a/P, = 1). They are

(1’_’/1 |- 7.’/17) and Jut !/1.

e [ o

032y
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O Q
o o)
|
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;
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{

Total rate of energy liberation

R <
008 k\
004—-

0 02 04 06 08 ko)

Tension

Fig. 9. Relationship between total rate of encrgy liberation (heat 4 work) and
tension. Straight line, from HiLL’s equations with /P, = } and maintenance
heat rate = ab. Circles: from cquations (9) and (11). On abscissa scale, unity
is Py, the isometric tension: on ordinate scale, unity is the produect I’,¥ v,

The ratio ¢,//7 has also to be chosen so as to give the maintenance heat.
rate a value corresponding to that found experimentally: Hinw found
that it was about equal Lo ab.

Trial and error showed that fair agreement, could be oblained by
making wefe = 075, g, [(f; Vog,) = 3/16, and  g/(f, - ¢,) = 3910,
These give Vi = +0 ., 50 that ¢ is oqual to Hine's b they also
make the maintenance heat rate bear the correct proportion (1/16) to
the product PyVmax. The degree of success in matching HiLL's
relationships can be seen {rom Wigs. 8, 9, 10, and 11, The deviations
from hyperbolac in Figs. 8 and 11, and from straight lines in Figs. 9
and 10, are probably not much greater than the experimental error of
the observations on which Hivr hased his relationships.
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IYig. 10. Relationship between rate of heat production and speed of short-

ening, Straight line corresponds to a constant heat of shortening (as found by

HiLr) with afP, = } and maintenance heat rate = ab; circles from equations

() and (12). Ordinate scale as in Fig. 9; unity on abscissa scale is V yax, the
speed of shortening in an unloaded tetanus.
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[ig. 11, Relationship between total rate of energy liberation and speed of

shortening,  Continuous curve (hyperbola) derived from Hrwr’s relationships,

with af’y — 4 and maintenance heat rate = ab; circles from equation (9).
Ordinate seale as in Fig. 9.
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Although only two constants were available for fitting Hid's
equations, and one for fitting the anount of maintenance heat,
arbitrary assunptions had been made at an earlierstage in making f
and g vary with x in the ways shown in Fig. 6. One or two other forms
of these relationships were also tried. With f and g constant (instead
of increasing linearly with x) in the range O ( x ( /L,HJJ.L's equations
could be fitted about as well as with the system discussed here, but the
ratio (v/e had to be given a value of about unity. This is not plausible,
as the three reactions that are postulated cannot all go spontaneously
in the forward direction unless tv is considerably less than e (which is
assumed to be derived wholly front a change in free energy). This
result was not much altered when the change-over from high f to high
g was shiftedfromthe point x = 0tox = A/5. |t can be seen intuitively
that, for agiven value of 1%, the eSciency will be lower in these
systems with constant f than in the one developed. here withf propor-
tional to x, because during shortening a higher proportion of the
attachments will be formed at small values of x (therefore contributing
little to the work done) in the former system than in the latter.

Another system, within the same general framework, which is of
interest, is one in which f and gvary exponentially with x. The
equations are:

e(t—h¥

os — ki
Force in elastic eleinent = p = p»(, 1o

x) h: f =0, sothat no combination occurs during shortening;

g and p therefore need not be specified.
The interesting joint about this system is that it satisfies Hrr.r.'s

equations exactly. Unfortunately it gives about 5 times too high a
val ue for the mai ntenance heat, because of the great overlap betweett
the functions defining f and g. Matltem(Ltically, this can, be overcotnc
if g is allowed to become negative when x has values near tn h, Inlt this
Is 1101«p rlIIHHIL)1(, «Ltally I ILt&ITTOT«(CxT 1'IL «Lisisll I HtIOs, ILH I HtlpllI('H
l«dlc HIL(EI (LI IPAVErHILE OF TL CILeti(il. witicll g (ICHill 11 fut w LI (
dilcction will> lll«release of a large alnounl (>f ft.ee cltergy. For tilia
I'CILH(I> | 1alli(lve | lla«l« ll« IH 11t it'QlH«lLblc l«()He«Li<cll fill'tlicl' Tor' Hc) teltt((H,
witliin the framework of the general hypothesis th Lt is under discuasio»,
whicll obey litt.t."H cqualiutis exactly, since | ItiH p(Lrliculal Hystetttis
probably unique imiving an exact agreenent, apart froma "famly"
of systctns th Lt ca» lie <Ibt;Litic<i froln it 1)y ttlhnsforluations in wlticlt
the ratios 13etweellj, </, ILtlI(11) al'O (lit(lit'Lrtged;LI, ea<;11 v;Llue of'.1,,;LII<1
whicll le(L(l to I«llc «s«Lillc I'cl«lti(NH 1)(Ilew(I(1l Hpe(l(1)1 HIIOI'enlllg, t(IttHI(II>
and rate ofliberation of heat.

<<3jl)
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IV. 4. Coneerrtrenceefehe hypothesis

IV. 4. 1. LengtlLewLngfo <LsfLInnI<hte<Imn8ele

several interesting results coine out if one follows up the consequences
of this hypothesis. The first that | shall deal with concerns the tension
in the muscle when it is forcibly stretched during tetanic stimulation.
Hrr.r. (1938) found that there is a discontinuity in the force-velocity
curve at the point where the vel ocityreverses: the increase of tension,
above isometric, required to produce a given small speed of lengthening
is inuchgreater than the drop intension which allows an equal speed
of shortening. KATz (1939) investigated this further and his curves
(figh) show that —dP/ dV, the slope of the force-vel ocity curve, is
about six tinies greater for slow lengthening than for slow shortening.
Our hypothesis leads to a similar discontinuity, because during slow
lengthening n falls oK beyond x = h with a space constant equal to
(— M4, while during shortening the corresponding space constant of
the deficit of n below its steady-state value isvj(fi+ gi), which is
several times smaller. The resulting changes in tension are propor-
tional to these space constants, but during lengthening there is also a
<lIrop in tension due to the fall of n near x = 0. The overall result is that
t,he ratio of values of dP/d \for slow lengthening and sl ow shorteni ng
is fi/gi which we have taken as 4 88. This figreisto be conpared
with KATz's value of about 6.

As the speed of lengthening is increased, n becomes appreciable at
greater and greater values of x, and we are assuming that g rises in
proportion. Hence,the dissociation of A3l |inks becones nore rapid,
while on the other hand. there is less time for the links to be formed
because ofthe greater speed. Together these two factors set a limt to
the rise of tension; as the speed. is increased indefinitely the tension
approaches asymptotically a value Po(sj + gi)/gi,or 5 88PI with the
values taken here. This is qualitatively similar to the "give" or "slip”
whicll happens when a muscle is stretched during a tetanus, at anything
l)uta very low speed (Hrr,r,, 1(J38), but Km'z (1989) found that the load
»C(«(1«l t<| (:<L(H(v <!ry r(Lpi<l Icngt)lcnillg was only 1 8 P»

A qualitative explanation is also given for another phenomenon
(lescribed by KATz (198(J, fig. 7). A muscle is tetanized and allowed
| <I shorten under small load until it reaches a stop; then, before it has
lla(1 time to develop much tension, a load about equal to the isometric
tension at the shortened. length is applied. The muscle is considerably
st dt ched, and then shortens again to gpproach the stop asynptotically.
'1'he explanation would be that during the initial rapid shortening the
lotal number of links in existence is small, as shown in Fig. 7 (p. 286).
If tile load is applied before the number of links has had time to
increase, it will be more than they can hold, and the muscle will "give."
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A limit to the quick stretch is presumably set by the fact that the
muscle is being brought to greater lengths, at which the isometric
tension of which the muscle is capable is also greater.

So far, the system has accounted well for the behaviour of a inuscfe
that is stretched during stimulation. But as it stands it does»ot
predict correctlyhe amount of heat that isliberated. ARRo TT, AURERT
and HILL (1951) found. that during slow lengthening the rate of evolution
of heat was increased by an amobunt which was |esshan the equi val ent
of the work done on the nuscle; AERO TT andALRERT (1951) found that
the total rate of evolution of heat, including the heat derived from the
work done, might even be less than the maintenance heat rate during
an isometric tetanus. On the system we are considering, the rate of
evolution of heat (apart from mechanical work done) should increase
with speed of lengthening in exactly the same way as the total rate of
energy liberation increases with speed, of shortening (equation 9). This
discrepancy could be eliminated, at least qualitatively, if it were
assumed. that at the larger values of x the AM liinks were broken not
by reaction (2) (p. 288) but by the reversal of reaction (1), which does
not invol vethe splitting of a high-energy phosphate bond. There is
no difhculty in principle about this reversal, of the kind that prevented
us from assuming a reversal of reaction (2); indeed the equilibrium of
reaction (lishbound to go infavour of the dissociated state at su%
ciently large values of x because of the large amount of energy needed
to bring3l to the positionwhere conbinati on can occur, and the
consequent rarity of collisions between A and aV.

IV. 4. 2. Unloaded shortening

It has been assumed tacitly that the only factors limiting the speed of
shortening are the applied load and the resistance generated by those
links which are still connected after x has become negative. For a
given speed of shortening, the second of these terms will be pro-
portional to the number of sites which are activated, as also is tho
tension generated by the contraction process. If the loadis zero,
therefore, the te»sion generated and the inter»af lesist<L»ce to slr<rr tcrr.—
irrg will booonro o<]<r<rl «I ILafro«;j <rf <lll<<et»ing wlli<,tl rr< I»<lot!lo»<h'»1 <r(
the number of' sites that are active; in otherwords, the speed of
unloadod shortening is independent of the degree of activation. In the
real case, no doubt there are other lunds of resista»co to shortening
which do not decrease proportionately with the degree of activation,
so that the speed of shortening would fall off when the degree of
activation becomes very small, but nevertheless this argument does
show that the independence might hold, within experimental error,
over alargepart of the range. This result, vhich woul d probably be
true also for many other types of contractile system, suggests t) |t
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caution is necessary in interpreting the rapidity with which speed. of
shortening reaches its maximum after a stimulus as evidence that
activation is complete equally early (Hn r, 195la; AREOTH®&nNd
Rrrc111E 1961b).

IV. 4. 8. Acti<rationand relaxation

The concepts ofactive state and degree of activation, introduced by
A V. Hhz. have been very fruitful in reducing awde range of pheno-
mena in muscle to dependence on s, single variable. A muscle is said
to be inhe active state when it iscapable of shortening or devel opi ng
tension; during Ml activation it obeys Ha@'s characteristic equation.
The degree ofactivation at any instant is neasured. by the tension
which the muscle can just hold without either shortening or lengthening
(Hn. L, 1949c). Hzr.land others have shown that toa large extent the
time course oftension inatwtch can be explained by supposi ng that
the degree of activation rises from zero to its maximum very quickly
after the stimulus, stays at its maximum for. an appreciable time, and
then falls away gradually to zero. The relatively slow rise of tension,
and the failure oftension to reach, in atwtch, the value that it
achieves in a tetanus, are explained by the presence of a series elastic
element which the contractile elements have to stretch by a 6nite
amount inorder for the tension to appear at the tendon. Relaxation is
explained. simply as the disappearance of this active state (Hxrz,1958hb).

On the hypothesis that we are discussing here, activation in tbis
sense involves two distinct steps. The 6rst consists in allowing reaction
(8) (p- 288) to occur; this reaction is the removal of the phosphate
groups which during the resting state have been preventing the A
elements from combining with 3f. The second step is the actual
formation of the AM links. Nothing has been said so far about
reaction (8) except that during a fully developed tetanus it is so fast
as not to be a limiting factor. If we assume further that it is complete
practically instantaneously after a stimulus, there will still be delay
Irr the development of the degree of activation as de6ned by HILL,
boc;t,usc the muscle can only hold tension in proportion to the number
<rfAiV links that have been formed, and the rate of formation of these
links is set by the rate constant f which is fInite and is related to the
naxi mum speed of shortening of the nuscle. The same distinction
arises in relaxation: even if the degree of activation fell to zero
suddenly because reaction (8) was stopped, the A3l links already in
existence would persist for a finite time, their number decaying with
the rateconstant g. So long as any of these links persisted at the end
of an isometric twitch, there would still be some tension, but the muscle
woul d not becapabl e of cotinued shorteningif the load was renoved
because nonew AN |inks could be forned.
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Heaction (3) waa chosen sonewhat arbitrély on p. 283 aathe one
that was inhibited during the resting state, and it was mentioned

there that inhibition of reaction (1), the actual formation of the links,
might equally well be the means by which relaxation was produced.
Even if this waa so, there would still be two steps in activation, namely
the removal of this inhibition and the formation of the links: ever) if
the first of these was instantaneous, the second would only take place
with the rate constantf  ghort of postulatinga dual nature for the
initial step, | have not been able to think of any variant of the general
hypothesis which would not givetwo stages in both activation ancl
relaxation.

If, then, two-stage activation and relaxation are necessary conse-
guences of the hypothesis, it is natural to ask whether there is any
experimental evidence for either or both of these phenomena. One case
where such evidence exists is in the indirect flight muscles of certain
insects and the tymbal muscle of cicadas, where PRINGLE (1949, 1954)
has shown clearly that two distinct kinds of activation are involved.
In their normal activityin, site, these muscles contract in an oscillatory
nanner at afrequency very much higher than the frequency of the
action potentials in their fibres. In the cicada muscle, | R>Noi.s shows
that a single action potential produces an active state lasting between
50 and 100 msec, whicli can aunnnatc with tl>e eB'ects of succeeding
stimuli. & herrthe inuscle is attached to a leverfor recordingits
g:ontraction, ari ordinary twitch or tetam>s results, biit if it is in sit>(,
it pa‘f(]‘rrsseries of contractions at intervals <>t' 3-10 msec so long
as the active state is at a sutBcient level. Each of these contractions
causes the tymbal (the "drum" with which the cicada makes its song)
to click from an ",out" to an "in" position; about 1 msec after this
contraction the tymbal clicks out again, stretching the muscle. Clearly,
some kind of de-activation must have occurred as a result of the shorten-
ing, which allows the outward click to occur; this must last for only a
very short time as the muscle contracts again a few milliseconds afte>
t,he outward click and repeats the cycle; up to 8 of these cycles may
occur. within 40 mace or ao after a stimulus whichproduces only a
Hir>gl(»>(,ti<»> p<>lextial.  O>i <»>r J>yI><>ifs, tJ>(; cli's;ct (>1 11>c aetio>i
poterrtial might be to remove the inhibition of reaction (3) for say
50 i»soc, wliilc sh(»t>cuing might cause <liaaoclation of' tlie A.3t links,
wh>cll wollld tJ>ell »eed >| cei'ta>11 tI>1>c t'0 >'cfo>'l». The >Blpoi't>a»t 1>(»>rt)
Jiowever, is that these»iuaclea— adniittedly vciy sl>ecializg o>1(>s-
show two quito (listinct Kiirds of a«tivatio».

In ordinary muscle it might be expected that, if these two stages
exist, they woul(1 Ire easier to (listiirguislr duririg relaxatioii tlian «t
the beginning of a contraction,since it waa shown above that the
time constant for breaking the A3f links in relaxation (— ;g) should
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be several times longer than the time constant for forming them at
activation (V). In an isometric twitch, this two-stage relaxation
would show up by the active state (detected. for instance.by the ability
of the muscle to redevelop tension after a quick release) falling to zero
while there waa still considerable tension remaining. This point does not
seem to have been submitted. to direct experimental teat, but several
published results suggest that muscles do behave in this way. For
exanpl e, inhe contraction shown in flg 1 (top curve) of a paper by
HITGHIE and WILKIE (1955)the degree of activation has fdlen to 7 per
cent of its maximum value at 330 mace after the stimulus, while the
tension is still 90 per cent of ita value at the peak of the twitch, and
74 per cent of the isometric tetanus tension.

It also seems di6icult to explain some of the quick stretch phenomena
described by KATz (1939) without distinguishing between two steps
in. the activation process (cf. pp. 291 and 308).

IV. 5. Size and nrjrnber bcontraction aitea

IV. 5. 1. Range bmor>enrent d aide-pieces

A rough estimate of the value of (rr, the largest displacement at which a
si de- pi ececan becone attached to an actinflanent, nmay be obtai ned
as follows. On p. 288 it waa shown that the quantity $C (ffr + gr)I>/a)
cai ne outto be equal to HELL's b; hence

k — ba/(fr q gr), (13)

Now gr/(fr + gr) waa set at 3/10, in order to give the right amount
of maintenance heat; hence 1F 3bal6gr. b and e are known (for

frog nuscle aa0OQ, and an estimate for g~ can be obtained fromthe
decay of tension at the end of an isometric twitch, accepting pro-
visionally the interpretation given in the last section. The same curve
in Rir Hr E and WhaUE' s paperthat was referred toin that connection
givesthetine constant of decay of tension as about 150 nsec at about
,>00 msec after the stimulus, when the degree of activation appears to
have fallen to zero. This time constant should be of the order of 1/g,;
tlils is not an exact equality because g varies with z (sothat the
tlicorct,ical limo course ia not, exponential ), and only reaches gr when
x =h. Hence 1/gris likely to be less than 150 mace; we might take
100msec, making gr = 10aec-r. Now Hxr,L (1938) found that b is
about dlacc-', and a is about 2 5 p.; inserting these values in the above
equat|0|w<' obtail>

~3x (x 25

10X 10

This figure is subject to considerable uncertainties. Thus, the values
taken for b and for g, were obtained from difFerent frogs, and the

h= P = 156A.
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estinateof § was in arsy case very tough; also the value for tile
ratio f,/g, was obtained on the somewhat arbitrary assumptions ((L)
that the whole of the mai ntenance heat is derived fromthe breaking
of A3f links at values ofx between 0 and 1>, and (1>)that no links are
broken by a reversal of reaction. (1). None the less, the value is one
that would fit in well with the attractive possibility that the side-
pieces are placed at intervals along the filaments equal to the 415-A
period which has been observed with X-rays (BzAR,1945; H. E.
HUxLzY, 1952, 1953b) and in the electron mici'oscope(HALL, JAKUs
and SOHMITT, 1946; DRAPzR and Hor>oz, 1949)_

IV. 5. 2. Distance 1>etu>een snccesal>>e A sites

On p. 286, a formula for the tension during tetanic stimulation was
derived (equation 11). Putting V = 0, we obtain for the isometric
tetanus tension

ey Afr ..(14)
2l (fi + gi)
>owas set at $e, and f,/(f, + gi) at 13/16, so that
1=0 305>2>5P, . ...(15)

Valiles foi' the quar>titles oil tire 1'lghti-h;>nd s>de of this eqilatioil nlay’
be obtained as follows, sis25por2.5X 10 4cm; Po for frog muscle
is about 2 kg/cmm, or 2 X 10~ dyne/cm~. 2n, the number of JI sites per
cubic centimetre of muscle, may be provisionally identified with the
number of myosin molecules in the same volume; this may be calcu-
lated from a concentration of 8 g /100 ml. and a molecular weight of
840,000 (Wzrrzz, 1950) to be 57 X 101%_0, If the heat of hydrolysis
of the high-energy phosphate group is taken as 10 kcal/mole, then eis
7 X 10 13erg/molecule. Inserting these values, we obtain | = 153A.
The interpretation of this result is complicated by the fact that it is
close to the estimate we have just obtained for h. Equation (6), froni
which equations (11) and (15) were derived, assumes tacitly that | is
consi<icrabty greater t1»L» h,H<> | [>at; 0>Lol> 2V Hit o is >LIways free 1'><>niit,»
> >siplirsl 010 tito >» 1.'1 1>010f0 11>0 »0><tA 1>1'08011ts>liscll 101' co>nb» i>L-
tion. If | was really smaller thnn h, thc (»L3fpLti<>I>wo have gone
through would probably give the value of /e, not of. I; the relationstips
I>et woon force, velocity and 1>0>Lt productio>i would also be modified it'
| was not appreciably greater than h. W5 may concl ude either that 1
is c<lual to or sinai Ici I,II>L>i 1>l whicli 0>Ls<>ple ligure we have obtainc(1
is <L confirmation of.' tI>c otl>or ostimat>o of 1> but the for>nulae for tlic
force-velocity relation, etc. are no longer exactly appropriate, or else
that lisabout 150 A and h, is appreciably less, say 100 A, which woukl
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probably not béoo small ava ue to confiict Seri(]ﬁy/ith the earlier
estimate.

1'V. 5>, 3. 8p<rcr,2>gsexpected on st>2<ctu>nl g>ou>L<ls
I<:stimates of the spacings of myosin and actin molecules along their
respective filaments can be obtained from the quantities of the pro-
teins present, their molecular weights, and the arrangement and spacing
of. the filaments deduced from H. E. HUXLzY's X-ray and electron-
>ni croscope observations. These cal cul ations have been nmade by
HANsoN and H, E. HUXLzv (1955, p. 253). For the myosin filaments,
assuming that there are six molecules abreast (one facing each of the
six actin filaments which surround the myosin filament), they find
that the longitudinal spacing comes out to about 400A., agreeing
remarkably with the well-known 415-A period seen with X-rays and
the electron microscope. Each actin filament is surrounded by three
Irfilaments; ICherefore three actin molecules abreast,
they calculate a longitudinal Spacing of about 130 A. This is close to
the upper limit that was obtained in the last section for the distance
between successive A sites with which any one M site can combine;
it, would be very natural to identify this with the spacing of actin
>nolecules <Llong a filainent.

IV. 6. DLscrrssLon

At the outset, it, must be emphasized that the agreement which has
been achieved with sone aspects of the known behavi our of nuscle
is not to be regarded as grounds for accepting the scheme which has
been put forward. There igittle doubt that equal |y good agreenent
could be reached on very different sets of assumptions, all equally
consistent with the structural, physical, and. chemical data to which
this set has been fitted. The agreement does however show that this
typo of mechanism deserves to be seriously considered, and that it is
worth looking for direct evidence of the side-pieces, and of the localiza-
tion of enzymic activity, which have been postulated.

()uite apart from the possible value of. this scheme as a working
| >yt>othosts, several ol' tho results are of more general interest. The
1>ruposed mechanism may be described as cyclic, in the sense that the
riumbor of sites in a given condition is not affected by shortening:
Oacli side-piece goes through cycles in which it combines with the actin
filament by one reaction and i separated fromit by another. The
final states of the side-piece and of the site to which it was attached are
the same as their initial states; the only changes are that the muscle
has shortened, an energy-rich phosphate bond has been split and. work
may have been done. The mechanism may be contrasted in this respect
with any of the theories that postulate folding links in series: in these
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the >lumber of links in the folded condition increases as tile muscle
shortens. Mechanisms based on the sliding hypothesis are not neces-
sarily of the cyclic type: oftlie three classes of mechanism de6ned on
p. 270 (2) and (3) are cyclic but (1) is not.

In a cyclic system, work may be done several times at cadi site
during a given contraction, while in other systems net work ea» only
be done once. If the work per cycle at one site in the first case is of the
same order of m>Ignitudc Is the wo> k pcr link folded iii the 8<,c<>i<d (e.«.
because both are related to the free-energy roleasc on hydr<>lysis of' ari
energy-rich phosphate bond) the number of sites per. unit volume will
come out smaller in the cyclic systeins than in others. This is illustrated
by the f'act thrit the molecular weight of the active unit of >ny\sjy is
assumed here to be 840,000, while botli HXENT-GY<>>M Y> (1))5'1, I), 3”)
and POLIssAR (1052d), assuming non-cyclic syet<8»is, arrive at figures
of around 40,000.

Another point is that several of tlie general questions that have been
asked about muscle (for instance, whether energy-rich phosphate is
split during contraction or during relaxation) may lose their. meaning
in connection with cyclic mechanisms. Thus, in the system developed
here, phosphate ie split off, by the same reaction, (Juring 1)oth cont>.ac-
tion and relaxatioz>, Himifa>iy, the question discussod by MCRAL>.'8
ef, (>. (1055), whether contraction is produced by the combination or
by the splitting of ATP, has no answer on a system of the kind discussed
here: the immediate cause of tension development is tlic;lctual fo> I»;<,-
tion of the links between actin and myosin.

In this system, as in PCLzssAR'8, HE'LL'8 relations between load,
speed ofshortening and heat production are brought out as approxi -
matione. This ie perhups rather imeatisf'yfng, but, it, docs act ;Is;l
r'e<i)>i>der' t liat | hcories need not be discarded simply bec<luse they (h)
not; 1ca<l exuctly to tl>e mathematical f<nrui<i;ltion tliat wus giver> 1>y
HILL, 80 long as they fit the experinielital data adequately.

A I'<;lli)re <)f 8«)»<; g<,r»:l'al i»1<)N)NI, is 1)i«uglit <>i)l, )y («riei<I<,ri)>« 1 h<;
secor>d of HE'LL'8 relationships (p. '>07)in a shglitly different for»i. It
is i>su;lily cxpnssed I>y 8:lyiiig I,h;ll, 11»  t<>ISI <.stra i;lt«>f ('1»;>gy
HEDONITE) (i <=(Hs «' LIi<)»))iIGiisu»; G 1»)» 1y isr(;lsQ)< liriGlily ;ls 1, l«;
I<>ud is i<educed below thc is«r>»)tric t(:><si«r), I>cii>g cqu Il tu 6 PO—1),
I'Tw<) siil)st 'tnt L. 11 h(I vr) T<iogrv(I) ) y THHEES g hireil( 1< 11SISIC cqurltl() i,
this becon>es 1~(P, + (1) VI(V 1-1">1. Th»8, a~ th(( speed of eh<))t(»ir)g
i»ci'cu)res, the 4«tal liltc «I energy liber)l! i<»i tisce rripidly;It first, <i>id
then more slowly (cf. Fig. 11). This shows directly that the amon>it
f (1)DISGHE (Thrisg() DOr usll rl»»)u»l «l sh«l'I(".»)r)g Is»«| rl ('«)>8!rI»l,
but 1'2118 <IH tlic, 81)ccd «I' sh«rtceriirig ris<;8. 1). fyf. Ni<r<»I<AM (1'>50,
pp. 4>f —40) drew attention to this point, concluding that individual
sites were active more than once during a contraction if it were cgrried
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out at low speed, and that, even if ATP breakdown were associated

with restoration of the protein chains, it might occur during the con-
traction phase, bringing the sites into a condition in which they could

react again, as well as during relaxation. In the system described. here,
the fall of energy liberation for unit shortening as the speed is increased
is provided for by giving a finite (as opposed to infinite) value to the rate
constant f for the formation of the links: ae the speed of shortening is
increased, there is il parallel rise in the chance that a pair of A and
Al sites will pass each other without any chemical reaction taking
place.

It is natural to ask whether the mechanism proposed here for
striated muscle could account also for the contraction of smooth
muscle. On general grounds, it is to be expected. that the inechanism
isfundarrent al |y the sane inboth types, eothat it would be unsatisfac-
tory to postulate for one type a mechanism that clearly cannot exist
in theother. Not enough ieknown at present about the subm croscopic
structure ofsnoot h nuscle to make a de6nite statenent either way,
but there does not seem to be anything to exclude the possibility that
snoot h nuscl econtai ns, in anuch lessorderly arrangenment, 6l anents
vwhi ch arenoved past one another by a nechanismsimlar to that pro-
posed here for striated muscle. The absence of any marked change in
the wi de-angl eX-ray pattern (ATRIR Y, 1947) and inthe strength of the
intrinsic component of the birefringence (PzscHER, 1944) when 8mooth
>juiscle is stretched or shortened over a wide range, do indeed stiggest
that the filaments move relative to one another without much internal
rearrangement; and as long ago as 1036, BCELER suggested that the
mechanical behaviour of smooth muscle could be more easily explained
1>y assumng that contraction took place by relative novenent
between the molecules, than by changes in their shape.

V. OTHER PHENOMENA I N MUSCLE

Tlie liypothcsis of' m«scular contraction set out in the preceding
sections was originally developed as an attempt to 6t together the
available informatio» <>n (I) muscle structure, (2) the relationships

I)ctw(<ci) shortc»i»g, le»r<io>) und heat liberatioii, and (3) the outstanding

I'ucts concerning the interactions of actin, myosin and ATP. There are

of course nany ot her phenonena whi ch may provide inportant clues
to the mechanism of contraction and which will have to be explained

hy any theory wliich;lime at completeness. In. the following para-
graphr, some of these phenomena will be discussed in relation both to

t lic i(lorl that, le»gtli changer< take place by sliding of actin and myosin

filaments past one another, and to the particular hypothesis which

has been developed here. Possible new interpretations of the data

emerge in several cases.
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Several physical changes are known to occur very early after a stimulus
is applied to a muscle, all being apparent during the latent period
before the rise of tension or shortening of the muscle begins, and being
complete well before the peak of the twitch. The principal ones are
the following.

(1) A small drop in tension (the "latency relaxation" ) precedes the
mai n rise (RXUH, 1022; ScH<zzzz and Gopzzzr, 1037; SzNDow,
1944, 1947).

(2) The torsional rigidity of an isolated fibre increases (i'3TEN-
KNUDSEN, 1053).

(3) An increase in the hydrostatic pressure to which the uiuscle is
subjected causes an increase in the tension that is subseclue»tly
developed (" alpha process," 3RowN, 1034, 1936, 1041).

(4) The resistance of the muscle to passive stretch begins to rise
about half way through the latent period (A. V. HiLL, 1050b, 1951b).

(5) The rate of heat production rises rapidly to its maximuin about
half way through the latent period (A. V. Hizz, 1940b, 1950a, 1963a).

(6) The amount of light difFracted by the striations decreases
(D. K. Hizz, 1063).

Prob(l,bly alf of tficsc cfiwigcs hcgili;il about tfic sa»ie lime, b(it tficre
is a good deal of uncertainty, portly because parallel measureuieuts
have been niade in only a few cases (1 a,ud 6, D. K. H7I,L, 1049; 4 aii(l
5, A. V. H77.D, 1050a,b), a»d partly because tlic timcrcsolutfon iN ilol
good enough in some cases (2 and 3) for precise comparisons to be made.
The later part of the time course is obscured by other changes which
accompany the contraction itself, except in cases 2 aud 3.

V. 1l. 1. Lutency retuxafl,on

The amplitude of the early fall in tension, and the duration of the period
in which the tensio» is below its | csti»g vahic,;(l ¢c h(It fi f (»lul to illci«as(l
as the Iriuscfc iH str«t«fio(f (sAN»(>w, 1044; Ail»()' I'T lilid IC(T(lifz,
1061a). A. V. Hir.z (1051b) has pointed oiit that tfiis is ditFfc(lit to
explain if.'it is assuuied tllat the rclaxatiou is (filo t(l;I, J(iugttlem»g of;i,

HIFHCI W FIGH TH>» T HOTH WHEEL TS @I TG (1A 10 W 11
"series clastic elcuieut" which liuiits the rate of rise of tefisiou: if the

increase in the amplitude of the latency relaxatio» werc flue tn increase(|
stiA'riess of tlio series cfasti(: co»lpn»(;»t, 1 li«ii tile () of 1iso (If'1o»H'I(ti
ought to be iucrcascd for thc sauic reason, aud the time at which t,fie
tensi on curvere-crossed the baseline ought to have been unchanged.
The observation would however be easily explained if the relaxation
was due to the lengthening of a structure in parallel with both the con-
tractile and the series elastic elements. This was diKcult to fit in with

the accepted idea that the contractile material was continuous along
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the fibre even at rest; ahuost thc ouly remaining possibility was the

th r inprobable one thatthe latency relaxati on took place inthe
sarcolemma and did not involve the contractile material at all. e
difficulty disappears however if the sliding model is adopted. If it is
supposed that some part of the resting tension is taken by the actin
filaments and the S filaments by which they are joined, then the
latency relaxation could be the result of a lengthening of the actin
fi  ents (Fig. 1) which could allow the elastic S filaments to shorten,
reducing their tension. If the tension in the S filaments behaves at a
like the total resting tension (increasing roughly exponentially with
stretch)the tension drop for a gven e ongation of the actin fianents
will increase with muscle length. The S filaments are not stretched by
the contractile process and. therefore have nothing to do with the series
clastic element; there is therefore no reason to suppose that the latter
becomes less compliant with increase of muscle length.

h thisargunent, the latency rel axation shoul d represent alength-
ening of the actin filaments. There is at present no evidence for an
el asti connection fromthe end of each nyosin filanent to the adj acent
8 line, but equally there is nothing to exclude this possibility; if such
;1, thing existed it would be possible for lengthening of the myosin
filaments to produce a drop in tension,and. the latency rel axation
m ght represent achange inthemand not inthe actin flanents. In
either case, however, it is necessary to assume that the lengthening
l,akes place in one typo of filament independently of the other, and does
not involve for instance a relative force generated between the actin
and myosin filaments.

In the sequence of events which follow stimulation of a muscle, the
change whi ch underliethe latency relaxati on nmust cone earlier than
the contraction itself. It is therefore probably a link in the chain of
events which leads to activation of the contractile mechanism, and if
il iH irulced a change in the actin filaments, it is natural that the struc-
ti»e which conveys activation inwards fromthe nmenbrane should be
1(lcated in the | bands, as appears to be the case (p. 275).

V. 1. 2. 1n(;ri~.s(in lorN(uiiut riryi<lily
&TEN-KNUDszN (1953) found that the torsional rigidity of an isolated
fibre ofthe frog begins to increase before the nain rise of tension,
I(;(lolling a p'latcau at abo»t one-third. the contraction time and main-
taining this level until well into the relaxation phase. He very naturally
explained this early rise as being due to an increase in the number of
cross-links between longitudinal protein chains, but this introduces a
difFiculty if the myosin and actin are d,istributed in the way shown in
I('ig. 1. Cross-links would be expected to be formed only in the xone
of overlap,and the low rigidityof the I and Il bands woul d prevent
301
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any large change from being detected at the tendon ends. With the
fibre at "equilibrium length", where the actin filaments of the two ends
of each sarcomere are just in contact at the middle of the A band,
STEN-KNUDsEN found a 20-fold increase of torsional stifFness, whik' the
largest efFect that could be expected froln increased rigidity in tlie A
bands alone is a fourfold increase, since at this muscle length the | bAnd
forms about a quarter of the sarcomere. It is di%Oult to suggest what
tihe lIAtiu>'0 of tihe change lllay bc, 081>001>illy As tilicl'0 18 no cvidcl>00 I(t
present whether it arises within the fibrils, from connections between
the fibrils (e.g. the 8 membranes) or from Sarcoplasmic structures.

7«. 1. 3. V'he "al/l>ha I>ro«:es~"

BRowN (1034, 1936, 1941) Showed that the applicatioii of A 131'essui'0
of a few hundred atmospheres to a muscle during the early part of an
isometric twltcli would cause An increase ill the pes,k telisioli ail(i ill
the rate of rise of tension, even though the pressure had been reducecl
to normal by a tenth of the contraction tine. BRowN' 8 suggestion
(1941), that the high pressure acts by favouring the alteration in chemi-
cal behaviour of the muscle that results from stimulation, appears tn
require that the degree of activation in Hn,7,'s sense should be increasecl,
but this appears to conflict with the evidence (HII.l., 10400; MAr.-
I'HERsoN and WILKIE, 1054 that activation is complete even in A,
twitch at atmospheric pressure. A possible alternative explanation is
suggested by the sliding mechanisnl, together with BRowN's further
observation that the application of pressure later in a twitch (0.g. >(ea>
the peak) causes a sadden, fall of tension (As well as an a«c«l«rate«l
decay if the pressure is maintained). This suggests that increase(l
pressure causes lengthening of either the actin or the myosin filament
(or both); if this is so, then a high pressure at the time when links are
first being formed between the actin and. myosin filaments will cause
the filaments to becomelmited with a greater clegcee of overlal>,
And the release (>I' prcssure will act just liko;(, q((ick stret«li, whicli is
known to cause an increase in the tension Subsequently (levelopc(l i»
tile twit cll by liclpiiig t(> strctcli tli(> sc ries clastic cl('i>i(>>ifs(H ((.i., f 04! >«}.

> 14. ['a>lip «|e«:1<i&;|,.q «, (i, ree 3y

AV, ITI13i(10 >ffi> flar> 1l SlicGwe(L fliaf, it* a iu(is«i(; is sf,i(>(((:(fe(l wliil«
itis being Stictche(l, a(> f»0((",Lsc «>f f(;»Si«»> is «l«>f(>«f, if>f«>af a»» ((.f>
shorter interval after the Stimulustf>«(» (luriiig a twitcli witliolif
stretching. This effect begins At, About, the same time As the latency
relaxation, aud it i(as been gene(ally assn(ued tli >t [>«>tl(;((0 manifesta-
tions of the same underlying process. This does not filt i(( 7viti> thc
hypothesis developed earlier in this article, since the earliest connection
between the actin and myosin filaments would generate tension; And

3(12

OT(I7:R ("7(iNOMENA IN NUSCLI'

no change involving one type of filament only should be able to alter
the extensibility of the muscle; it also does not fit with the idea that
the latency relaxation is due to lengthening of filaents w thout
interaction between the two types (p. 301). An alternative is to
suppose that the tension-generating process (formation of links between
actin and. myosin) begins at a very low rate early in the latency
mlaxation. The amount of tension developed would at first be masked
by the relaxation, which is occurring in parallel at the same time, but
when the muscle is stretched, the decreased. extensibility due to the
links might cause the total tension to rise instead. of fall, That such
an overlap is possible is shown by SxNDow'8 (194'7) analysis of the time
course of the early tension changes, in which the rate of rise of the
component of tension generated by the contractile process itself was
taken to be proportional to the extent of the |engthening which
produces thdatency relaxation, and a very good.fit vas ootained wth
the overall tension change.

7>r. 1. 5. Early heat liberat(on

A. V. HILI (1949a) has suggested that the heat liberated in a twitch
consi stsonly of activation heat and shortening heat, there being no
conmponent equi val entto the nai ntenance heat of a tetanus, which e
regards as composed of the summed elements of activation heat that are
liberated in response to the successive stimuli in maintaining tﬁ'?g%%tf)
of activation. In a sense, the scheme put forward. here (pp.’

fits in with this, in that both activation and maintenance heat must
arise at least in pA,rt from the Same reactions, but as far as that goes,
shortening heat also arises from the same reactions. It would seem
>nore natural, if that scheme is correct, to regard. maintenance heat as
Something distinct from activation heat both in a twitch and. in a teta-
nus, the activation component being associated. only with the initial

decrease in the number of sites blocked by combination with XP (p. 283).
'I.'lie (atc ot' liberation of activation heat would then be proportional

to the rate at which sites are being converted to the state in which the

l'i nksbetween actin and, nyosin can be forned.. The actual fornation

«f' flic links is fulther delayed because it takes place with a finite rate

constaut (f,p. 281), sothat the degree of activation, inthe sensedf the
ability to hold tension, which must be proportional to the nernher of

links in existence, lags by two steps behind. the rate of liberation of

;>ctivatioll heat. On tliis basis, the early maximum in the heat rate is
not direct evidence that activation is complete very soon after She
stimulus. The activationheat may al so contain a conponent corres-
pondng & the formation of the links between actin and myosin, but

t hi sconponent coul d not, on this fornul ation, contribute apprr&ﬁ'gbg/

to the early peak.
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V. 1. 6. General discnssion ¢ ectlychanf/es

The discussion in the last few sections has led to postulating three steps
in the activationprocess, apart, fromnenbr ane changes and the
inward spread along the 7~ meinbranes. These steps, which agree
rather closely with those postulated by SANnow (1947) in order to
account for the early tension changes, are:

(1) Some changes which allows the r(iactioii AXP =>At-X 4+ pQ,
to takeplace (reaction 3, p. 289).

(2) The reaction AXI' ~ A + X + PO4 itself; this reactio»is
accompanied by the liberation of "activation. heat" and by the
lengthening whose early stages show up as the latency relaxation.

(3) The formation of the links between actin and inyosin by which
tension or shortening is generated. The "alpha process" would corresponcl
probably only to the earlier part of this step: as more links are formed,
an increase of pressure would be progressively loss able to cause the
relative motion between the two sets of filaments on which it was
assumed. (p. 302) that the effect depends. The increase of torsional
rigidity would presumably also correspond to this step.

Step (1} must proceed with a time constant of one or two milli-
seconds in frog muscle at O'C, since thc rate of step (2), Ls I»(lic(Lto<t by
heat production, reaches its maximum in a time of this order (Hn,i,
19494, 1963a).

The time constant of step (2) might bo sot equal to that of t)io early
fall in the heat rate (after shortening heat has been deducted); from
A. V. HDL,'s work (19490) this appears:to be roughly 25 insec. This
may well be an overestimate since the activation heat may contain
an element corresponding to stop (8).

According to the hypothesis developed on pp. 281 —288, the rate
constant for stop (8) is (f - ~#/). T)lis v;L<i(:s;Lcc(>rding to thc relntiv(<
positions of the reactive sites; a» average VL(iio for f/ was talo;» oii
p. 296 IL>1 0'7 soc" , ILlid (J-~-f)/fl was givoli l«llo v«LI<iocJ'88, s(> tll«LI
(f+ (/) would be 860 sec’, corresponding to a time const<L»t of
28 iiisoc.

TI>OH(> Liiii(> ((>i>sl,»ilH 1»>;<I(4»] (") I»i(l (8) lir(';il»><il, i 1g>)it 1 (> IL((:(>ii»]
for tho rise oi' tuisio»a) iigidity (ass»»iod to correspoiul to stop 8)
bohlg (‘' »Irliiloto:LIl HI»>«l, 10)0»is((,:LI't(i" Hi(; if,ii»I<I<is (L tin1(;s 1(.F(i
to frog nusclesat OQ.

V. 2. Decreased exfractabilLty foproteins

It has bee» known for a loiig tii»e that the fibrillar |» otei»s of muscle are
much moro easily got i»to solutio» fru»i fresh musclo th(LIL from muscle
in fatigue or rigor (Deuticke-Kamp e6'ect). At the same time a new

component appears in the extracts (contractine, DvzmssoN, 1950).
804

OTiiEIL PHENOMENA IN MUROI«E

BANGA and SzENT- GYQRGY!I (1943} showed. that the decrease of extrac-
tability is largely explained by the union of actin and myosin, supposed
t,0 be separate in the resting 6bre, to form actomyosin, but the observa-
tions of HAssznEAcH (1S68) suggest that other factors may also be

involved. He found that a solution of ionic strength 0 0, containing

pyrophosphate, will extract the inyosin from minced muscle, leaving

6laments presumably of actin but removing the 8 lines. If the residues
are broken up with a blender i» the same solution, the actin is dissolved

as well (HAsszr,EAcH and >SGHNzmzz, 1951); similarly, this solution

dissolves both the actin and. the myosin from 6brils prepared from

fresh muscle (PEEEY, 1965). On the other hand, fibrils prepared from
inuscle in rigor mortis lose only their myosin on extraction with this
solution (HAsszLEACcH, 1S63), the actin filaments and the 8 lines being
retained.; fibrils from glycerol-extracted muscle appear to behave in

Iho same way (HANsoN and H. E. HUxr.zY, 1953). Thus, both the 8

) ines and. the actin filaments are protected. by rigor from being dissolved,
while the actin 61aments, but not the 8 lines, are preserved in muscles
wliich has been minced but not broken up into fibrils. Clearly some
change has taken place in the material of the 8 line on rigor. Possibly
tl»s isenough to explain also the increased resistance to extraction of
the actin filaments, or an alteration may have taken. place in them
too, which is an interesting possibility in connection with an earlier
suggestion that the actin 61aments may undergo a lengthening when the
inuscle is activated (p. 301).

The existence of a change in the physical properties of the 8 line
material further suggests that changes in this structure may con-
cei vably be invol ved insome of the mechanical acconpani ments of
activation (e.g. the increase in torsional rigidity). On the other hand,
it also suggests that rigor mortis involves definite activation of the
contractile substance (since the function of the 8 line appears to be to
tra»smit activation) a»d not merely a union between actin and myosin
rosiilting directly from tho reduced ATP concentration. Suggestions
tliat, activation occurs in other kinds of rigor have recently been put
I'>'w>Lr(l on other grounds (SANI>ow IL»d > )GFINRYEIL (1965) for iodo-
;LGGtLlo rigor, a»d .I1AILNILN, Difzv aiul Tif@zt,|I>Ar,i. (1966) for dinitro-
1>lie<i ol cont ractures).

V. 3. OplLcal clLan/esA00NNG fwL/ch

V, 3. 1. ScatterLnf/d light

The early decrease in the amount of light di6éracted by the striations,
discovered. by D. K. HD.i. (194S), was mentioned on p. 300. This early
change isoon nasked by a much larger (kect, which appears to be a
decrease in the amount of light scattered by the muscle, and which
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follows roughly the tiinc course of tiie tensioii (H<'lIAEincR and Copi<ERT,
1937; D. K. HI'rL, 1040, 1053). This scattering occurs almost entirely
in the direction at right angles to the long axis of the fibres, and must
therefore be due to longitudinal elements of the muscle structure.
These are presumably (a) the outlines of the fibres themselves, and (6)
the threads of sarcoplasm that lie between the groups of fibrils. If we
set aside the possibility that the change depends on an alteration in
the shape of thefibrcs, then the decrease is>scattering is probably due
to a decrease in the difFerence of refractive index between sarcoplas»i
and fibrils. In isolated fibres under the interference microscope, it is
quite clear that the sarcoplasm has a higher refractive index than any
part of the fibrils (A. I<. HiTxLzv and. NFTEDERGERKE, 1054), so that a
decrease in the refractive index difference could indicate either a
transfer of dissolved substances from sarcoplasm to fibrils, or of water
in the opposite direction; the second seems a more likely possibility.
There is no basis at present for estimating tlie magnitude of the shift.

V; 8, 2. Decreasefobirefringence

It is well established that the strength of the birefringence of striated
muscle falls during an. isometric twitcli (voN MURAL.'r,i<832; i)uzi.l.>t
and COTTRELL, 1087), the amount of the fall being a maxinium (about
30 per cent) if. the muscle is near its natural length. This effect niight
also be accounted for by the shift of water from fibrils to sarcoplasi»
which was suggested in the last section as an explanatio» of the decrease
in scattering. This could act in two ways: first, by concentrating the
material which lies between the filaments in the fibrils, so reducing the
refractive index difFerence which causes the form component of the
bi refringence, and second, by reducing any contribution, anal ogous to
form birefringence, which may be made directly by the refractive index
<lifference between the threads of sarcoplasm and the fibrils. If the
»| ovenent ofwater. vent so far that the refractive isdcx iferciice w Is
actually reversed in either of these cases, then thc for»i bircl'ringo>ice
would increase again (since its strength is roughly proportional to the

sill>It>'< of tlio r<'I'>ketive in<I<Ix <lifl'<Irci>« 1); | [>i>> is<t I><gk ! <INI>hwaii |<»>
IS | I><! <ISbPS>>BTEKL <lI'v<t< | I» tl w<'lI'<I <>I>tel>><I<l >y v SN M > is 1T

V. 1. 'I'<Al»s<s(<»isi<»i

Ved 1.ZIIsON<N<<h<s

The absolute values for the tetanus tension pei unit cross-sectional

area that are to bc found in the literature for vertebrate muscle vary

over a wde range. I<'rog nmuscle at O C appears to give from1l 5 to

2kg/cm' (HILL, 1088; HAzDU, 1051); at room temperature, HAyDU

finds 2 5 kgcems, while RAMszv and STREET (1040) obtained 3 5 kg/cms
8n6

<>l ><lit 1'll It'N<>MIKNATN M IIsoril

fromisolated fibres,which woul d correspond to about 3 kg/cms in.
whole muscle when allowance is made for intercellular space. Larger
val ues aregeneral ly quoted for mamal i an nuscle (e g 5kg/cms for
rabbit muscle, WERER, 1055, p. 278) but RIToarz (1954) found only
15kgcms in rat diaphragm strips at 87'C. It would be valuable to
I.now whether these differences are real, or whether they are the result
oi' some accidental difference in technique or in the arrangement of the
iibres; if' they are real, the question arises whether it is the number
of active sites that varies, or the tension developed. per site: the tension

Irig. 12. Arrangement of fibres in a muscle which might give a spuriously high

value for the tension pcr unit area. Tendon, black; muscle fibres, shaded. The

tension exerted at the tendons by the fibres shown is four times the tension

generated by any one Cbre, whilethe cross-sectional area of nuscle fibre at
any point is only twice that of the oylindrical part of a single fibre.

per site is clearly important in developing theories of contraction
(cf.p. 206). A point which does not appear tohave been checked indl

cases is whether the fibres of the muscle run from end to end. Even
if the fibres are parallel, it would be possible for an arrangement such

as is shown in Fig. 12 to produce a larger tension per unit area of the

whole muscle than exists within the fibres themselves. The great

majority of the fibres of the frog sartorius certainly run from end to

ex»d, but it is well known that in the longer muscles of vertebrates, a

large number of fibres terminate with pointed ends within the muscle
(ROLLETT) 18M; KRAUSE> 1869, pp. 2—6; ADRIAN> 1923.

A. I<'. HUxLzr and NZZDEROERKE(1954) pointed out that, if the
tension in each filament is the sum of efFects generated at a number of
poi nts ineach zone of overlap between actin and nyosin, then, other
tliliigs being equal, a fibre with broad sarcomeres, and therefore a
longer zone of overlap, woul d be expected to produce nore tension
tlia<l one with narrow sarcomeres. This would be compensated by’
sl»w<;l contraciio», sirico the number of contracting zones in series
(<I<>lli>I<i the nuinber of sarcoinerey wouhl be reduceil inproportion.
1 Asi'l'lt a»d PzzARD (1034) showed, in a comparison between different
I»<>soles of the same animal (eral>s and lobsters), that speed goes with
»ltrrowiiess of striation, and 11>tzzzzR (1939) showed the same in a
comparison between the three pairs of legs of Dytiscus, but | do not
know of any data on absolute tension in these or similar cases. There
is no comparable variation between different striated muscles of
vertebrates; the striation spacing at rest length appears to be remark-
ably uniformatabout 25p.
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1h(ero dues not seex»i to bo any oxplanatio(l al I>IT>sent for. t lie v;Lri(L-
tion of tetanic tension with temperature, nor for the failure of tension
to be maintained in a constant current contracture.

V. 4.2. Thelimit to shortening in <L tet<inus

The fall of active tension in a tetanus as a muscle is extended beyond
i tsunl oaded length finds aready (though by no neans proved) expl ana-
tion in the decrease of the width of eacli zone of overlap between actin
and myosin filaments, and. consequent decroase in the number of sites
at which tension can be developed (A. F. HvxLzv and AizDzilLoziLKz,
1954; this assumes that the sites produce tension in parallel). The>o
is no correspondingly simple explanation for the fall of tension with
shortening below the unloaded length. This takes the muscle into the
range of lengths where the actin filaments must be shortened (perhaps
crumpled at their ends); the force required to produce this deformation
might be directly reducing the tension which appears at the ends of
the muscle. In a tetanus which is not unduly prolonged, the extreme
shortening brings the muscle just about to the point where the myosin
filaments come into contact with the neighbouring Z lines; further
shortening only occurs (at any rate in frog muscle) if the muscle ie
brougl(t, into tlio "dolta stat(:" (14AMs>.vand hT(LIlizT, 1940 ), Which
involves irreversible changes in the muscle. Again, it is conceivable
that it is the stiffness of the myosin filaments that normally prevents
further shortening. Alternatively, it may be that tho degree of activa-
tion is progressively reduced ae the muscle shortens; this is suggested
by the experiment of KATz (1939, fig. 6) in which he allowed a tetanized
frog sartorius to shorten considerably and develop tension; he then
applied a load greater than it could. hold. but less than the isometric
tension the muscle could. produce at its rest length. This load stretched
the niusclo beyond the point where the isometric tension should have
been enough to hold it, and the mlisclo thon shortene<| again to tliis
point. This exporimont suggests that tlie degree of activation wee
temporarily reduced, but there is no evidence whetherthis wae (L
c(>(Iso<1((clice ot t>llo eli(>I'loi((ilg as slicli, (>1"0'f 11((>I'lLI>I(1 el>i'ot(;li.

V. 5>, I>islr'<I>nfi oil o' olh<!r s<L6sl«><«s

V. 5. 1. 8arcopkmmic proteiris

It was iiioiit/otiod ai>ovo (p. 30(i) t>liat tlio s(Lrcol>las(I1 llas (L higlioi'
refractive index than even the A bands of the fibrils, at any rate iii
isolated fiibres fi'oni tho frog. One would naturally oxpe«t tlie reverse,

since rofractivo in(lcx ie probably a good measure of tho total co(ice»-
tration of soM and dissolved matter present, and the fibrils contain a
large anount ofactin and nyosin inthe foomof filanents which are
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" Lbsentfrom t he sarcoplasm Tho | bands probably contai n sone ot her
material as well as actin, since the refractive index difference between
A and| suggeststhat the total cocentration inl isabout Pthat inA
(A. F. Hvxr,zv and NrzDzlLozzKz, unpublished), while this ratio
shoul d beabout <ifthe | bands oontained only actin

Presumably either the filaments are very highly hydrated, or else
t,he soluble proteins of the sarcoplasm are at least partially excluded
f'lom the spaces between the filaments. The second of these explana-
tions is suggested by the observation of %ziizz (1934) that a dried
"myosin" thread placedin a 15 per cent nyogen sol ution woul d take
»p fiivoor nmoro tines its volune of water wthout any change of dry
vei ght,i.e none of the nyogen entered the thread. To explain this,
W | >zR postul ated that the micell exonposing the thread nust be
snal | enough, and. therefore nuner ous enough, toleave spaces no larger
than 90 A (based on a nol ecul arwei ght of 81,000 for the nai n com
ponent ofthe nyogen, wth an allonance for a shell of bound. vater).
On a simple caloulation, the spaces between the filaments of fresh
muscle come out to be much larger than this. In the A band, where
both sets of filaments are present, the X-ray data of H. E. HvxLzv
(1952; HANSOMNand H. E. HvxLzv, 1955) give the distance between
contres ofa nyosin filarent an'd each of itsneighbouring actin fla-
ments as 250 A; under the electron microscope the diameters of these
filaments are 110 and 40A respectively (H. E. Hvxr.zr, 1953a),s0
that thegap is1/ A For thisfigure to be reduced to 90 A by hydra-
tion, the filaments would need. to be increased. to more than twice the
diameter found with the electron microscope, and even then the situa-
tion woul chot be explained since the gape are very nuch wder inthe Il
region and inthe | band, and they al so increase when the nuscle is
al l owed to shorten; also,such a degree of hydration woul d probabl y
be too hightobe consistent wth the strength of the form conponent
of the birefringence, unless perhaps the filaments are tubular as is
suggested. in some electron microscope photographs (H. E. HUE,zV,
1953a; HODGz, 1955). An alternative possibility is of course that the
librilere separated fromthe sarcoplasmby a nmenbrane which is
i»(1>orinoablo to tho soluble proteins, but no such structure has yet been .
li:1>ortod from oloctron microscope obeorvations; or again, "long-ringe
l'orcce” may bo involved. Tho situation is altogether puzzling and
(lesorves further investigation.

V. 5. 2. Ultra-(>iolet absorbing riiciteri<il

The well-known measurements of CAspzzesoN and TaozzLL (1942)
show nearly all of the material with an absorption spectrum resembling
that ofthe purines to be locdized inthe | bands. They state (wthout
evidence) that 95 per cent of the material with this absorption consists
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of the adenosine phosphates; if this ia correct, tlieir observations must
mean that the concentration of ATP in free solution in the muscle 6bre
is very much less than the average concentration obtained by dividing
the fibre volume into the total amount of ATP present. This is clearly
a point of great importance for interpreting the role of ATP in con-
traction; it appearstobe commonly ass»Died that all tlio ATP is
present in free solution.

There seemto be two | oophol es i» CASPERssoN and Ti«)RELI."s
work. The Brat is that their measurements were made on fixed fibres,
and there waa no actual check that some ultra-violet absorbing material
di d not escapefromthe fibreson fixation, though their photographs
certainly show that the appearance of the fibres was not noticeably
changed. The second ia that figures for the nucleic acid content of
muscle (DAvinsoN, 1947; LzsLrz, 1955) suggest that ATP i»ay forni a
much smaller proportion of the absorbing material than is assuined
by CASPERSsSON and THoRELL. The location of the ATP in the living
6bre is of such theoretical importance that a check of these points
might be worth while.

It isnteresting that some of CASPERssoN and THoORELL s phot ogr aphs
show the ultra-violet absorbing band to be double, so that the distri-
buti(>>1 of absorbi»g niatorial (:or<'ospo»d>) tu tlio position OI' the iV
bands, whi chare probably forned by rows of regularly digned gran»l es
(tz'PE<US, 1890, togothor witli other sarcoplasmic structures.

CAsPERssoN and THoRELI's expei'lllleilal findinga wel'e conf<i'l»e(l
by KNasrzoM (1944), who al so showed that the ash produced by
microincineration at 500'C waa localized in the | bands. He believed
this ash to consist of phoaphates, and to be derived from the adenylic
aci dsand from creati nephosphate, but he did not nention asapossi be

' source either the riucleic acids or the phoapholipids; the latter appear
to be concentrated inthe | band, at any ratein nammal i an nuscl e
(DEMPszv etal., 1946).

FI)ALTAND i i1 AN < IL>1(LI VIN (1 1)44) ILIS((FO<Iil( iLba(=I'1 I ILI 255017 A,
agaul localiaed in the | banda (HoOAOLAND, 1946). Their nlaterial waa
fixed in formalin and sectioiie<liii p;LI;Lfii», but tl)ere is no evi<le»ce
WICIIAT HEIDA D L 1HE DEFILVIEICH ILDSG birlg 1IDKCT D TILA (NS

VI. C()N(a.<rsioNN

Aa a 1't'suit’ ol expo<'L)llelltiLl wol'k wllicll HHIL>I1)(11), QILITIe( ollt il tl)e lasl
three oi four years, it is at last possible to give interpretatio»s I'0> tlie
chi effeatures of the striations of nuiscle. The fdlowng points can be
regarded aa very well supported, though perhaps not established
beyond doubt in exactly the formstated.

(1) The A band does not change in width during stretch and moderate
shortening.

(TON(1<IH1<E K

(2) The high refractive index and birefringence which distinguish
the A band aredue to rod eta of nyosin.

(3) Filaments of actin run across the | bands and into the A bands
as far as the boundary of the less denseH region, which represents the
gap between adjacent seta of actin 6lamenta.

{4) Except in extreme shortening, changes of muscle length take
place not by stretching or shortening of either of these seta of filamenta,
but by their sliding past one another in each xone where they overlap.

(5) The dense Z line which biseots the | band. is concerned with
conveyi ng thenfivence of the dectrica changes inthe 6bre nenbrane
which accompany excitation to activate the contractile myofibrils.

The poi nt mentioned under {1) waa foreshadowed by nuch evi denoe
from nineteenth-century work, while evidence for (2) continued to accu-
nmul ate up toabout 1940. In each case, the old (and it now appears
inore correct) opinion was generally discarded, on evidence which now
seems inadequate but which was supported at the time by theoretical
considerations. This re-emphasize the necessity for keeping experi-
ment al dataclearlyinview whatever ideas about the nmechani sm of
contraction may be current.

These interpretations of the striation pattern are of great interest
from the point of view of the nature of the contraction process. In the
first place, they are sufficiently definite and detailed. to play their part,
alongside the biochemical and biophysical information, in the formula-
tioii of hypotheses. In the second. place, they are not easily reconciled
with the current idea that contraction takes place by the folding of pro-
tein chains at a number of links in seriea; they therefore suggest new
interpretations both of the contraction process itself and of many other
phenonena in nuscle. The greaterpart of this article is devoted to
exploring some of the possibilities that are opened up in this way,
A suggested mechanism of contraction, formulated with reference to
t,heédea that shortening takes place by SMng, not fddng, and tothe

ll<aiix facts of the resp<maes of glycerinated fibre preparations to ATP,
is worked out ni sufficient detail to show that it oan account fairly
woll for the mechanical and thermal behaviour of muscle. Neither this
IQw('vo>',noi' tho oxplariationa that are tentatively proposed for various
otl)erphenonena, are a present beyond the stage of acting as working
I>ylathos()s.

Nole added in proof
The experiments on local activation d e tnmacls fibre, apparently through
the g membrane (pp. 24 —26), have been extended since this article waa
written (A. F. HUZLEY, Pt'oc. Phpaiol. 8oc. 2 — 3 November, 1956).
The chi efnew findings are:

1. In crab muscle, the sensitive region ia not opposite the 8 lines

but is near to each boundary between A and L % 'hen the membrane
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is depolarized over such a point, only the adjacent half-1-band (from
Z to A-l boundary) shortens.

2. The experiments on frog muscle werc repented under the inter-
ference microscope, when the Z line is clearly seen. It wascon6rmed
that the sensitive region is opposite the Z liiie, andthe contraction
always involved both halves of the | ban<i eqttally, oven when I, weak
contraction was evoked by placing one edge of the pipette over the Z line.

3, The extent of the inward spread of the contraction in frog fibres
vas found to be graded according to the strength of the applied
potential even when the fibre as a whole was able to respond to an
ordinary stiniiilus with an all-or-none twitch and propagated action
potential.

4.In frog fibres, the rensitivity to depolarization does not extend
continuously along the line of contact betw'een the Z menibrane and
the sarcolemma, but is restricted to spots whose separatio jj along the
perimeter ofthe fibreisof the order of 6 p.

Most of the conclusions reached on pp. 27-81 are «trengthcne(l by
these results as far as the striated muscle of vertebrates is concerned,
but clearly some structure other than the Z menibrane is involved in
arthropods. In the latter case, the Z linesi»ust have soi»e Other
{ (OO (ct. 1>. 3()), IL(rd ((i Is  Hkely LIDITIDC Z 1ilt(«<) I v(l'l (>hka
muscle perforni this function, what<eyer it may b(«;tswell ;is heing
I»yolv('.d iii t lie liiwat'(i spiyca(i ol act;ivat (()».
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PUA, phosphoglyeerie acid: A'T'P, adonosine triphosphate:
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