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PREFACE

The finst two volumes have dealt with the structure and function of
muscle. The first part of this volume relates to the effects of drugs on all
three types of muscle and the subsequent chapters deal with abnormal
muscle. Speafic infections, certmn nutntional defidencies, old age and
death all inflict a pattern of alteration on muscular structure, all affect
muscular fanctron to a spectacular degree 1n the last condition. In
trmnic diseases of muscle cause changes which are reflected climcally
and thae dueases seem to follow a pattern of inhentance which 1
discumed 1n this volume.

We are most happy to conclude this volume and this whole treatse
with some general comments on muscle by such a dstingusshed au-
thonty as Albert Szent-GydrgyL Hn studies and his wninings on muscle
over the last twenty years have sparked interest, controversy and
research all over the world and we feel that his dynamic approach to
musdle structure and fimction 13 the nght note on which to bnng our
story to a closc.

This third volume will have spccaal anterest for pharmacologrsts,
pathologits, neurologists, and those climaans who are interested 1n
neuronmuscular diseases, to gerontologuts and nutntomist.

Grorreey H Boumer
Department of Anatery
Ewmory Unoersity
Atlexta, Georgra
Juxe 1960
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acrom the surface membrane of a single muncle cell, and to obtain
fathful records of ity changes dunng activity In particular thus tech-
nrque has advanced our knowledge of neuromuscular transmismon and
consequently has also farthered our undenstanding of drug effects
on these processes (cf. Cantillo and hatz, 1956) In this chapter, the
section devoted to striated muscle is based mainly on recent pharma
cological studes wath the aforementioned techmque, and on such
problems that have ansen as a result of this work.

A complete survey of the response of smooth muscle to the multitude
of drugs which act upon it Is bevond the scope of this preentation.
Ounly a bnefonentaton can be given of some general problems of drug
acion and of the effects of vanous pharmacologically impoctant
drugs. In my opinton, however this hmitation 15 not seriow, nnce two
recent and comprehennve reviews on the pharmacology of smooth
muscle are available. One deals with the effects of drugt on intestinal
mucle (Vaughan Willlams, 1954) and the other with the pharma-
cology of vascolar smooth mscle (Furchgott, 1953)

fl. DRUGS AFFECTING SMOOTH MUSCLE

Drugy may affect smooth muscle by a stumulatory or whibutory
effect on structures remote from the muscle tissue, andfor by local
acton on the mmnooth muscle cell. The former remotely initiated type
of drug action, comprises cffects on for imtance, structures
with the nervous and humoral control of muscle cells. Although this
mode of action 15 of great pharmacologreal importance the remote site
of the cffect excludes it from thus presentation, Here, only drugs whose
site of attack 1 spatrally withun the region of thsue containing amooth
muscle will be ducussed

Local acuon of drugs om smooth muscle may be of two types (Fusde
fott, 1935) Omne n denoted a3 “local indirect actron,™ and rendts
from reacton of a drug with some component of the muscle cell or of
adjacent usuer, leading to the relense or accumulation of o second
substance which acts on the musele The second type is called “direct
:nmu':ndmulu[mmmcﬁono(:dmgmlhfﬂmﬂw&
o o e gt s

as a
combrantion o et q;mndmgamhmmimuw

Thrdfcv:uofdmg\omh leet muoscke
cell wll be comtety t:;)ntalpmpcrduoflhcmm\h
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A. Locar Inomecr AcTiox

A frequently occumng mode of local 1ndirect acton 13 when a drug
C:tq p:-lyp\,uﬂ jc ganglia, therchy caunng release of the
postganglonic trammutter agent. Depending upon the nature of the
chemical transmatter and upon the type of muscle tissue, this produces
ather stimulation or inhibinon of the contractile elements 1 the
smooth muscle cell. Drugs like mcotine acetylcholine, banum, and
histamine probably act partly 1n thn way on intestinal smooth muscle,
However all these agents abso affect the smooth muscle directly by
acting on specific drug receptors on the cell surface. Although attempts
have been made by several workers to separate and compare the local
indirect and the direct action of these drugs, no conclusive resulty have
hutherto been cbtaned. As a generalization, 1t may be sad that since
thesc agents have both stimulatory and inhibatory effects on
ganglia, as well as on the smooth muscle ccll the extent to which
the mechamcal response of the muscle timie s modified by the respective
drug 1 complex, Contequently the predominant mte of achon of
these drugs tends to vary with the expenimental conditions. In view
of such difficulties, it 13 not surprnsmg that the results obtaned in
vartous laboratories have been conflicting, and that interpretaton of
the main mte of actron of the aforementioned drugs on intestinal muscle
13 still controvernal (for a review see Vaughan Wilkams, 1954)

A typical example of Jocal indireet action 13 provided by the effects
of anticholinesterase drugy. The man pharmacological effect of these
agents in moderate concentrations 13 an nactivation of enrymes re-
sponsible for the destruction of acetylcholine. Cholinesterase inhibitors
allow acetylcholme to accumulate at the effector cell, and ther action
on smooth muscle 13 therefore mumilar to that of externally applied
acetylcholine. When added in high concentrations to uolated smooth
muscle preparations, these drugs may affect the muscle cell directly
but it is quertionable whether this occurs with the concentrations wed
e rre (Koclle and Gilman, 1949)

Aumﬂa:modcoflcuonhubccnpmpmcdfurcuumtympadmml
metic amunes. Ephedrine, tyramine, and related compounds have been
found to inhibit moncamine ondase, an enzyme which » probably
responsible 10 some extent for inactvation of the sympathetic trans-
utters in the body Thus observation, and the finding that these drugs
affect smooth muscle only 1n the presence of adrenergic agents, have




4 STEPAEN THEALEFY

Jed a number of investigators to suggest that their sympathomimetic
actrvity Is due mainly to a local accumulation of the sympathetic tram-
rmtter caused by inactivation of the monoamine oxidase (Gaddum and
Rwiatkowski, 1938, Burn 1953) The correctness of this hypothens
has, however been questioned by several authors (see reviews by
Bacq 1949 Blaschko 1952, Furchgott, 1955)

Epinephrine 13 genernlly believed to exert its excitatory and inhibi
tory effects on smooth muxcle by a direct action. Recently however
a theory has been put forward that the inhibitory action of epanephnne
is due to “Jocal indirect action” (Mohme Lundhalm, 1933, Lundhol
1956) These workers suggest that the relaxation of smooth muscle by
epinephnine iy due to an increase in the mtracellular lactic adid con
tent, resuling from stimulation of glycolysts in the muscle cell by
epincphrine. It can be recalled that a reduction 1n the tisue pH level
1 known to have an inhibitory effect on smooth muscle (Evans and
Underhill 1924) The hypothesls is based principally on the obser
vations that relaxation of smooth miscle by epimephnine is atsocated
with an increase in the lactic acld content of the tissue, and that meta
balic mhibitors of glycolyms block the relaxing effect of epinephrine in
such preparations. Furthermore lactic acd alone, in concentrations
comparahle to those obtalned in the presence of epinephrine produces
relaxation when added to smooth muscle tzsue, If thit hypothesis ks
correct, it is an Interesting example of kow a drug, by altering the cell
metabalism causes the accumulation of a metabolite which inhibats its
parent cell by direct action.

B. Dmrcr Action

Measurements of the quantties of drugs necessary to produce an
action on cells prove that, in the case of certain powerful agent, the
amount fixed to the cell 13 30 small that it can cover only a small
fraction of the surface. Furthermore, the speed by wihich these agents
act indicate that they probably exert their effect on the cell membrane,
As far a3 these drugs are concerned, the fimplest conception i that they
occupy only certain specific active spots or “receptons” on the cdll
membrane, and that the formation of the drug-reccptor complex
imtiates the observed pharmacological reyponse. Morcover since
vanous agents may produce different types of effect on a single ecll It
hat been suggested that there are specific receptor sites on the cell
sarface for each kind of drug (Clark, 1937)
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'I‘hcfoﬂmng-gmumbell:vaimamthmwdonby:omhlnlng
revenibly with specific receptors on the surface of smooth muscle
acetylcholine, epnephrine, norepincphnne, S-hydroxytryptamme,
pitrensin and histamme, Depending upon the type of the smooth
musdcu.uue‘Lhucagmuchutatbumumummrdmucnofdlt
muscle preparation. The response of smooth muscle to these drugs 1
grsdd‘mdwhcnthccﬂ'ccthplot&dlgﬂnﬁ!hcdmnhypu'boﬁc
curve s obtauned. When the loganthm of the dase 13 used  the curve has

10

0.8

Fro 1 Effect of 20-min. expasure to 107 and 10 dihydroeryotamine methane
salfonate (DHE) on the resporse of spiral stripe of rabhit aoeta to epinephrine
(Furchyntt, 1955)

a symmetric sigmald shape. By assuming that the Tespomse {3 directly
proportronal to the fraction of the total usue receptors occupred by the
drug and that the amount of drug which combines with the receptor
13 neghgible compared to the amount in the surrounding solution, it »
ponible to fit thy dose-response refation into the mas-action formula
E ¥ Yuy[100—y where K13 2 constant different in each case, X is
the drug concentration, and y 1 the buological response in percentage
of maximal response (sec Clark s extemarve review 1937}

A number of agents have been observed to antagonize selectively the
effects of the aforementioned drugs. Such antagonists are atropine,
whichantagonzesacetylchohne dibydroergotamme, whichantagonizes
epinephnoe and norepineph and antibi ics, which nl
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hustamune. These antagonsts are believed to combine reversibly with the
same receptors as thar agonnt, but without evoking a pharmacological
response. If dose-response curves are plotted for the agonmt in the
presence of these antagonusts, the slope of the curves remains unaltered,
i ¢ paralle] curves arc obtained (Fig 1) Antagonmsm ofthis typemscalied
competitive on the p that s and agonst compete for
the same receptor Studies of the kinetica of the development of compet
tive antagonism and of the recovery from {t nevertheless indicate that this

Fro. 2. Effect of 10-min. expasure to difftrent concentrations of dibesamine
hydmhl«ﬂemmmmmmed:p&dru{pdnbﬂtmmqimphdm
(Furchgost, 1933)

posddbly {s an ovensimphfication, and that “drug receptor” interactions
are more complicated (Furchgott, 1955) The warmng given by Clark
(1933) is relevant “Imperfect knowledge appears to be the most proba
blcmmformylpparemdmphdtyinprmacfdmgmugonlun.
Hypoth lly, the bt may bine revernbly or frrevers-
ibly wlth a part of the receptor without thereby preventing the agonnt
frumcombrmngmlhlbcrtccpwrude When however the for
mation of such an Iy receptor lex dimunishes the phar
macological response produced by the -gonm. asituation arses which
is known a3y In petitive anta
gonlsm Lhc:}opcofthedwmponxcumnndtbemu{nmlmpomc
decline with g ¢ of the
{llastrating this ks the astagonism produced by ﬂ—hz.laalk)-hmlna
(e g dibenamine) to epinephrine (Fig 2)
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(For further informabon and a quanutative treatment of drug
receptor interactions and vanious forms of antagonism, the following
reviews and dmsertations should be consulted Clark, 1933 1937
Gaddum, 1937 1943 Schild 1947 1954, Furchgott, 1955 Symposrum
on Drug Antagonlm 1957 )

C. Errecrs or Drucs o THE ELECTROPHYROLOGICAL PROPERTIES
or Suoorn Moscrz

Our knowledge of the dectrophysological properties of smooth
nouscle 1s still inadequate, and in many instances controversial. This 18
due chiefly to the great technieal dafficulties d with recording
of electncal actvity from spontancously contracting tmsue, ay well as to
the smallness of the smooth muscle cell which makes 1t Lable to
damage when the mtraccllular microelectrode technique i used
(Boaler, 1946 Bilbring 19534)

It 1, however poasible to conclude from results obtuned by several
workers {n vanous smooth muscle tusues that 1n mammalian prepara
tioms, the membrane potential of the cell is 30-80 mv 1mde negative,
and that action potentlals are generated by membrane depolanzation
(Baltnng and Hooton, 1954 Balbmng 1954 Woodbury and Mc
Intyre, 1956) A close correlation seems to cxst between membrane
potentual rate of spike discharge, and mechanical tension Results
obtaned indicate that the membrane potential is inversely correlated
to tenon whereas the frequency of spke discharge is directly correlated
(Bitlbring, 1955) Conduction in smooth muscle probably occun by
extnnue nerve fibers andfor by direct potential spread from cell to
cell acrom ntes of low resstance (Bozler 1948 Prosser and Spere
lakis, 1956)

Drugs produang increased tennon 1n mmooth muscle (acetylcholine
and hitamine) have been obscrved to depolarize the cell membrane,
and to increase the freg of sp discharge (Fig 3)
Epinephnne, on the other hand, when it relaxes smooth muscle, as in
the intestinal tract, produces hyperpolarmation of the muscle mem
brane, and decreases the spike discharge (Bilbung 1954 1955)

From the aforementioned observations, it seems likely that drug
effects on smooth muscle could be explained by alterations in the rest
ing potential of the muscle cell, ve. that tennon 1 initlated by mem
brane depolanzation, and that relaxanon is imtiated by membrane
hyperpolanation. The mechansm of drug action is, however prob-
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ably more complicated (Evans and Schild, 1957s, b Evans o of,
1958) These investigators have shown that in wotome KCl or K,SO
soletron, various smooth muscle preparations respond qualitatively to
drugs, and to some drugs almost quantitatively 1n the same way asin
nrormal Ringer or Tyrode flurd. An incrense in the external potanijum
concentration of such a magnitude, produces, 21 could be expected,
complete depolanzation of the smooth muscle cell Intracellular
recordmg has shown that a membrane potential is not re-established

Spkes
per mn
240

J200
180

160

40
20
00

7
4] 1 2 3 4mm, ®
(a)

Fra. 3 Lffect of acetykchallne on membrane potential =—s  rate of spike
discharge -~ and tension e—s (n a tsenia coll preparation from the guines-
P (Dulbring, 1935)
by the drugs. Despite the fact that no potential exists between the instde
nnd the outiide of the smooth muscle cell acetylcholne, oxytocia,

ine and 5-hydroxytry} Ine chat a contraction of the muscle
preparation ofabounbcnmc amplitude as in normal Ringer solation
and when the muscle iy contracted cpincphdnc causes It to relax
A such as ine and ics also retaln thelr

3 {

actiaty in potassium Ringer In p ium Ringer solution, the musclc
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preparations respond to localized mechanical stimult by a local con-
traction, and in normal Ringer fluid by a conducted response. The
most feasible explanation offered for these observatons i that the
contractile response of smaoth muscle u primanly imtiated by an jonie
permenbulity change in the muscle membrane, and not by & membrane
potental change. Another possibility is that drugs ecting on the cell
membrane canes the release of x specific 10n or chemical substance
which activates the contractile clements, However In view of the
inadequate recording techniques available such theones remain at
present only speculations,

D Cowrxty

The mtroduction of the concept of speafic drug receptors at the
muscle membrane (Langlcy 1905, Dale, 1906) and the subsequent
i\ 1ve develop of the ptor theory (Clark, 1937) have
been of fundamental importance for an undentanding of pharma
cological effects on smooth muscle The receptor theory permits &
clanification of drug action, and m particular of drug antagonism, and
1 furthermore of great practical and theorctical importance for the
understanding of dose-effect relations. Sunce it 13 concervable that the
pattern of the receptors vanes alightly in different tisues, the receptor
concept also offers an explanation of the findmg that the actions of
related drugs, as well as drug antagonum, differ with every tusuc
stdied. It should, however be borne in mind that all physicochemical
interpretations of cell-drug reactions are still only provinonal hypothe
2, and not definitely established laws

The broclectrical approach to the study of drug action 1n smooth
muscle, despate great techmeal difficultics, has already grven promhing
results. Reslts hitherto obtamned show that the electrophysiclogical
Propertics of smooth muscle do not differ fundamentally from those of
stnated muscle, and in particular not from those of the "tlow™ muscle
fiber system. Our knowledge of drug effects on the dectnical properties
of the cell membrane i #till fairly himited, but it &5 concervable that &
drugnduced muscle contracture 1 caused by membrane depolan
zation, whereas relaxation is produced by membrane hyperpolanmation
The observanon that the contractile components of the muscle cell
may be actvated by drugs, even when no potentlal difference exists
acrom the cell membrane, 13 neverthelens of great theoretical interest.
It u to be hoped that further elucidation of this ph on will
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help to clanfy the nature of the processes which Iink events at the ccll
membrane to changes in the contractile components.

1L EFFECTS OF DRUGS ON STRIATED MUSCLE

Far a proper understanding of vanous drug effects on stnated
muscle 1t is necessary to recapitulate briefly some of the main steps
nvolved m neurc tr and 1n lar contraction,
A detailed ducussion of these processes has been given 1o Volume 11
Chapter VI (scc also Castllo and hatz, 1956)

i. The arrival of a motor nerve Impulse causes the release of acey!
choline from the nerve endings.

i Acctylchahine enters by diffusion into contact with the post
Jjunctional end plate and combinas with certain speafic structures
(the end plate receptors) at the membrane

in The combrnation between acetylchaline and the end plate
receptors causes the semipermeable end-plate membrane to become
highly permeable to alf jons, and this permeability change leads to a
depolanzation of the end plate region (the end plate potential)

iv. Withun a few milllseconds, acetylcholine 13 removed from the
end-plate receptors by enxymatc hydrolyxs and by diffunon.

v When the end plate potential has reached o cntical amplitude
(the “threshold™ of the membrane) 1t activates the adjacent muscle
membrane and causs a propagated potential change (the action
potential)

v The propagated action potential tnggers the contractile elements
m the fiber and causs muscular contraction by mechanisms the
nature of which is unknown

On the bams of this umplified scheme of muscle exatavon, 1t is
possible to clxnfy drug action into three groups (a) Drugs interfering
with step 1 i e. affecting release of the ncuromuscular transmitter
(b) Drugs actng on the posyjunctional end plate brane involving
the cvents bisted in 1i-n (¢} Drugs affecting membrane excitabibity
and muscle contraction ie steps v and vi.

A Tire ReLrase or TiE NEvROVUICULAR TRANSVITTER
Llectron microscopy  studies and  electrophysiological  evidence
ind that the neur lar t (acetylcholine) is stored
in the motor nerve codings, probably in intracellulor granules or
vasicles, and that a perve impulse causes durupuon of these granules,
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with resulting release of a great number of multimolecular units or
“quanta” of the transmutter (Robertson, 1956, Castillo and Ratz,
195) The synchronow release of a great number of quanta of acetyl
choline produces the end plate potential in the postjunctional mem
brane. Even when the myoneural junction 1 at rest ie no nerve
mpalsc 5 arrang a spontaneous and intermittent release of discrete
quanta” of acetylcholine occurs. These “quanta”™ chat minute
potential changes, the 0 called iature end plate p 1s, which
are well below the “threshold” of the fiber (Fatt and Katz, 1952a)
Magnenum and calaum rons have long been known to affect
peuromuscular transmusion (see review by Engbaek, 1952) That
thar princpal action is on the release of acetylcholine from the motor
nerve terminals has, however only recently been established (Castillo
and Enghaek, 1954} Usning the intracellular microelectrode technique,
1t eould be shown that high concentrations of Mg* 1ons reduce the
mmnber of units of acctylcholine released by each nerve Impulse,
without a decrease 1n the of the tr i ined in each
umt. The total amount of released acetylcholine is, however, diminuh
ed and the amplitude of the end plate potential is reduced When the
ewd-plate potential fails to reach the “threshold™ of the membrane, n
negromuscnlar block results, A matter of interest i that Mg 1ons
fl pather the sp frequency nor the amplitude of the
¢ end plate px Is 1¢ the effect 13 stnetly hmited to the
Procemes responable for the synchronous transmitter release by a nerve
mpulse.

Low extermal concentrations of Ca** ions dimunish the output of
the nerommcular transmitter 1n a way slmilar to Mg jons High
concentratons of Ca™ on the contrary increase the number of urnits of
acetykcholine released by cach nerve smpulse and the end plate
Potential may reach about three times its normal size (Castillo and
Stark, 1952) The sp iature end plate p Is arc not
affected by Ca™ 1oms.

Ao 1nteresung fact s that Ca  rons oppose the effect of Mg 108
tnd antagomze ther myoneural blocking action. This occurs quanti
tatively over a wide range of concentrations, which suggests that they
Are competitive antagonists at some step in the mechanism responsible
for the release of the transmutter by & nerve impulse, 1t 15 probablc
that, between the arrival of & nerve impulse and the release of any
individual unit of acctylcholine there 1 an intermedmte reaction
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and hatz, 1957a) A pomble exception s, however the chronically
denervated muoscle, 1n which tubocuranne has been observed to have
2 shght exatatory (depolanung) actton (Mclntyre 2 ol., 1943 Jarcho
«t al., 1951)

It is conndered that tub e blocks lar transmb-
son by excluding acetylchohine from the end plate receptors and that
unce the proportional relation between acetylcholine concentration
and depolanzatron still applies m the presence of tubocuranne ths

ﬁ}}ﬂ
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wwdmhmlpﬁddmmmm;gmﬂ
potenial with oo action potental, Le compiete neuromnuscular block 10)7)
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could be due to competiive antagonsm (Fatt and hatz, 1952b) On the
other hand, 1t has been shown that the rate of dusociation of the curare-
receptor complex s low and probably doesnot allow acetylcholine—on
the bans of nmple competition—to replace curarc at the receptors within
the short peniod observed expenmentally (Castillo and Katx, 1957a)

When tubocuranne 1 applied mn progresuvely increasing concen
tratons to the muscle, 1ty fint effect on the previomly curare-free
preparation is a shortening of the duration of the end plate potential,
Thus 13 followed by a gradual depression of 1ts amplitude and 1ts rate
of rise 13 reduced (Eccles ef al,, 1941) Finally the end plate potential
1 completely abolshed. When the amphtude of the end plate potental
13 below the “"threabold” of the membrane, a neuromuscular block
occurs (Fig 4) Elmunation of the drug causes rapid and full recovery
of tramymismon.

Because of the competitive mode of behavior any local increase in
transmutter concentration will antagomze the curare block. Repetitive
motor nerve stimulation, known 1nihally to merease the acetylcholne
release, thus has a short lasting anti-curare action. Drugs which
iactivate chalinesterase are cffective curare antagomsts, unce they
prevent the enrymatic destructton of acetylcholine, and thus mcrease
its concentration at the end plate region (sec also Riker 1953)

Since a neuromuscular block results when the amplitude of the end
plate potential 13 below the “threshold” of the membrane, any reduc
ton in the “threshold™ will antagonize the block. Increased mem-
brane exatability s produced, for imtance, by a “subthreshold”
depolarzation of the muscle fiber and provides an explanation of the
ant-curare cffect of cathodal currents and of an clevated external
K 1on concentration. Similarly agents which rane the membrane

threshold™ will intenufy a curarform block.

In addition to the curare alkaloids, numerous synthetic agents have
2 non-depolarinng blocking action on neuromuscular transousson.
Although these compounds presumably react with the same receptors as
tubocuranne, they do not necemarily behave as competitive antagonssts
o acetylcholine. Comsequently drugs produang cholinesterase inhy
bitton donotinvanably antagonize ther neuromuscular blocking action

3 Depolanpag Drugs Lake acetylcholine, a number of choline esters
and quaternary ammonim compounds produce a depolanzation of
the end-plate region Among the compounds wath this action are
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resstance and of the time constant of the membrane in the repolarized
end plate region (Thesleff 19352 1956a) Both were found to be
normal consequently 1t seems unlikely that repolarization of the end
platc membrane 13 to be nseribed to permeability changes of the
aforementoned type.

The most probable explanation, therefore Is that depolanzing drugs
reverubly change the end plate receptons from the normal type to an
wert acetylcholine insenutive type, which fails to maintain the high
tonic permeabnlity 1n the end-plate membrane. (For a duscussdion of
pomuble drog receptor interacuons see Katz and Thalel 1957a}

The change i the drug receptor complex from an active to an
inacuve form occurs with phymological concentrations of acetylcholine
and has a ime-counse related to drug concentration, High concentra-
tons of acetylcholme produce “deensitization™ of the end-plate
receptors with a half-time of development of a few seconds or less
(Katz and Thesleff 1957a Axcluon and TheslefT, 1958)

The recovery ime from *desenntization® varies conuderably with
expenmental conditions, When a depolarizing agent is applied locally
at close range to a single end plate regron of a frog muscle fiber and b
allowed to produce “desenutization” of the receptors, the recovery
ame after withdrawal of the drug is roughly independent of the applicd
drug concentration and has a half time of about 5 sec, If however the
drug is applied to the whole muscle and left to diffuse into it, the
recovery 1n a single fiber is much slower (> 30 mun.) Thh discrepancy
in recovery time between vanous forms of drug application ls poorly
undentood, and 13 probably an indicaton that hitherto unduclosed
slow changes may occur in the "desensitized”™ receptor

A neuromuscular block produced by depolarining agents is in many
stances not g d by chol ase inhibitors. The presence
of a non-depolanzing blocking agent such as curare antagonszes the
depolanzation produced by depolanung agents but cnhances the
subsequent “desenutizauon” block (Zaimus, 1953)

Some myoneural blocking agents, for instance certamn ethyl analogsof
decamethomum, produce a depol: fon far lews conspiczous than that
cawed by the aformentioned drugy (TheslefT 1955b) Whethier these
compounds should be clasfied as non-depol g or ay depolarzing
blocking agents 11 a matter of opinton lnd has hldcngni.ﬁcnncc aslong
a3 1t 11 ot known whether a fundamental difference exists between
the two forms of myoneural block {scc however Grundfest, 1957)




L EFFECTS OF DRUGH ON SIMOOTH AND STRIATED MUMILE 19

2 Antickolimesterass Drugs

One of the mamn factors responuble for the rapd removal of acetyl
choline from the end plate receptor 1 the presence of an enzyme sy»-
tem, cholinesterase, capable of datroying acetylcholine The dustnbu
ton of this enryme 1n the muscle and 1ts réle in neuromuscular trans-
mimon are dicussed in Volume 11 Chapter V

Numerous agents from all clases of pharmacologically active drugs
have been reported to mhibit cholinesterase when present im 2 suffi-
acntly high concentration It w however cmstomary to demgnate
a1 anticholinesterase drugs only those compounds which are potent
cholinesterase inhitators, and whuch exert ther pharmacological effects
mamly by an inactivation of these enzymes.

The pharmacological response of stnated muscle to drugs inhibiting
the enxyme cholimesterase are due mainly to delayed datruction of the
tranymutter substance. At the resting myoncural junction, this 1s
mamfested as an increase m amplhitude of the spontancous mimature
end plate potentials (Fatt and Katz, 1952a) In the presence of a

hol asc 1nhib these p Iy may reach an amplitude of
several millivolts, and if many of them are summated they will pro-
duce & propagated action potential. This causes spontancous twitches
mn ndividual muscle fibers (a phenomenon known as fibrillaton)
and 1 commonly observed 1 mammalian muxle in which the
cholinesterase has been ipactivated (Laley 1956) There u some
indscation that snticholinesterase drugs also increase the spontancous
frequency of the mmature end plate potentials and thus facilitate
syncbropom discharge of several it of acetylchohre (Fatt and
hatz, 19522 Nastuk and Alexander 1934) Furthermore, 1t 1s possible
that intramuscular nerve branches are cxated by the currents gener
atedn the activated muscle fibery, and that motor nerve impubes there
by also parbapate i produang fibnilation (Eccles et o!., 1942 Lloyd
1942)

When acetylcholine 1 released by o nerve wmpulse s achon u
enhanced by cholinesterase mactivation. The result 13 an increased
amplitude and a stnlang prolonganon of the end plate potential
(Fig 6) The lengthy depolanzation of the end-plate acts a3 a local
“nnk,” to which current flows from the surrounding membrane. This
may produce repetive firing of the membrane 1e. a tetaruc twatch 1n
ToIpoae 10 2 nngle nerve impulse. Repettive motor nerve sumulation
at hugh frequency on the other hand, produces & neuromuscular block
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(known as Wedensky inhiblton) which b preumably due to local
accumulation of acctylcholine at the end plate, It therefore has the
charactenstics of & block produced by a depolanzing agent.

With most cholinesterase inhibitors the rate of formation of the
1nhibdtor-enzyme complex 1 fairly slow and has a time comtant of
scveral minutes (Augustmsson and Naet 1949 Goldstel
1951) An exception however, Is edropbonium (2 hydroxy phenyl
dimethylethylammonium chloride) which rapidly mactivates the
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of 10% w.fy neostigmine (Fatt and hatr, 1951)

cholinesterase and has an almost instantancows anti-curare action
(Nastuk and Alexander 1954) In fmg musclc the time comant fbf
formation and dl lon of the edroph yme
lexs than 0 1 sec. (hatz and TheslefT 1957b)

In sufficiently high concentrations, most—if not all—cholinesterase
inhibitors allo have a direct effect on the acctylchohne receptons

of the end-plate. Depending on thelr chemleal structure, this 1
mamfutcdathcrulmn-dcpohﬂdngcrundcpohﬂﬂngblocﬁng
action. Thss probably for the dufe

antl-curare action of vanous equp holf inhibl

{Riker 1953) A number of necuromuscular blocking agents, for
example decamethonium, have on the other hand anticholinesterase
actraty  which may influence their Interacton with the nenro-
muscular transmitter at the cnd plate regon (Castillo and hatz,
1957b)
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C. Tae Excrrasry of THE Muscie Fzz

A mulbtude of drugy exert a direct action on the exatabihity of the
muscle membrane and thereby alter the aze and shape of the muscle
twitch (sec reviews by Ganer 1930 Hunt and Kuffler 1950) It i
possible In this chapter to inclade only a few of these agents. For the
sake of umiformity In presentanion only those drugs will be discumed
that have been shown to exert ther action mamly on the axatatory
syatem of the muscle membrane.

Depending on the recordmg technlque, these drugs have been
observed to change ather the electrical properties of the fiber mem
brane, or when tenston recording is used the “active state™ of the mus-
cle. Both cffects onginate m the muscle membrane but since there s no
conclumve cvidence of & relation between the electrical and the

mechanical changes occurmnng in muscle, they will be treated sepa
nately

1 The Elsctrical Preperties of the Muscle Membrane

A nngle stimulus to a muscle which, under normal arcumstances,
causes a nngle raponse will, in the presence of veratrum alkalods,
give e to a prolonged after-ducharge or semes of repeated action
potentabs (Ruffler 1945) Thus repetiive response to a tingle shmulus
15 observed only when veratnne 1s applied locally to a muscle fiber, and
duappears when the whole fiber 11 soaked n veratrine (Burns ¢ ol
1955) The explanation of ths effect i that veratnine delays the
repolarzatson phase of the action potential, thereby produang the
fiow of an electric current from the neighboring veratnne-free and
already polanzed membrane. This current depolanizes the normal
membrane and sets up a second action potental, which causes both
veratrimized and normal membrane to depolanze and the cycle of
events can agaimn be repeated (Burms et o/ 1955) In frog muscle, the
tume constant of the veratnne induced delay of repolanzation may be
a1 great as 5 sec. The mechanusm by which veratnne delays repolan-
muon in unknown. (For 2 review of the general pharmacology of
veratrum afkalords and ther action on vanons muscle thnes, see
Krayer and Acheson, 1946)

The tetraethylammonium 1on has an action smilar to the afore-
mentioned (Hagiwara and Watanabe 1955) Like veratnne thu
Quaternary ammonum ion prolongs the duration of the action poten



22 STEPHEX TIHESLEFF

tial and gives nse to a repetitive discharge following a single stimolus.
Determinations of the membrane resistance dunng the prolonged
decay of the action potential have shown that the change was less
marked than that obeerved dunng the decay of a normal action
potential. Consequently a posmble interpretation s that the prolongs-
tion of the actlon p ial 11 due to a diminished and delayed change
10 potassium conductance 1o the active membrane.

In contrast to the above drugy, a number of agents diminish the
excitability of the muscle membrane Hypnotic drugs like the bar
bitunc acd denvatives, paraldehyde urethane, chloral hydrate,
chloralose, and tmbromcthanol have been shown to incremse the
electnical “threshold™ of the muscle membrane, and to reduce and
finally to abolish the action potential (Quilliam, 19552, b Theslefl
1956b) The rate of nse of the action potential 18 reduced and s
duration 1 prolonged These changes occur without a significant
alteration 1n resting membrane potential or in fonic permeability of
the membrane The reduced membrane excitability can therefore
probably be ascribed to an inhibitory action of hypnotic agents on the
mechanim responuble for the selective sodium permeability increase
mitdaung the acton potental (TheslefT 1956b) Local anesthetic
agents praumably have a umilar mode of acion (Weidmann, 1933
Straub  1936)

2. Thke “Actice State” of Muscle

Fellowmg an adequate stimulus, tendon develops in a striated
muscle and ft contracts. The process underlying contraction & known
a3 the “active state™ (Hill 1949) Becnuse of the clastie elements in the
muscle fiber the duration of the muscle twitch is much longer than
that of the “active state ™ and the Iatter 13 normally too brief to allow
development of 2 maximal twitch tension. Prolongation of the “active
state” by for instance repeutve stimulaton of the muscle or by drug
action gives the clastic elements time to develop a higher tennon, and
thereby to increate the mechanieal respomse of the muscle (for a short
review see Wilkie 1956)

Development of the “actine state” following excitation occurs
rapidly  and is probably tnggered by a phymcochemical process
onginaung in the membrane and then propagated Inwards. The
nature of the process which hinls the b with the ¢ il
components in the muscle fiber 15 not known. It 11 poribly asociated
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with the changes 1n the electrical properties of the membrane accom
the action potential but such a rclation has not been estab-

lshed (Hudey 1957)

Am:mbcrofd:ugihavcbecn:hownmchangcthcumccaumuf
the “active ®ate™ without otherwise altering the contractlle mecha
nssm. Such agents are adrenaline and caffeine (Goffart and Rutchue,
1952), nitrate, bromde, and 10dide 10ns (FSill and Macphenson, 1954
Kahn and Sandow 1935) qumne and qumdine (Lammen and
Ratchie, 1955) tetracthyl and tetramethyl fum rons
and choline (Edwards ¢f «f 1956) By determmationt of the “active
state”™ curve 1n muscle, all these agents could be thown to delay the
falling phase of the curve, and thws to prolong the duration of the
*active state.” The twitch response to a mingle simulus was corre
spondingly mereased whereas the tetamc tension remained unchanged

A matter of jnterest is that all thete agents have also been found
to prolong the duration of the action potential 1ts faling phase lasts
long enough to be reasonably well correlated 10 duration with the
*“actrve state” curve (Edvards ¢t el,, 1956) As previowsly menhoned,
hypnotic agents increase the duration of the action potentnal and are
also known to aug; the twitch resp to a aingle lus (hraatz
«t al. 1953} Thar action on the “actuve state™ curve has not, however
yet been studied

D Tnr "Stow™ Muscrr Frazr Syatex or ToE Froo

The “slow™ muscle fiber system consists of small motor nerve fibers
conducting at 2-8 m. per second, and of their *"slow” muscle fibers
which are quite distinct from the previowsly conndered twatch fibers,
No propagated impulse can occur in a “slow™ fiber the motor nerve
scts up local potentials at the junctions which in turn cause local con-
tractions. Since the “slow™ fibers possens numerous junctions along
thar whole courie, practically nmultancous activation of the muscle
fiber takes place (Kuffler and Vaughan Williams, 19532, b)

“Slow™ muscle fibery are present in the stnated musculaturr of the
frog &od occur i particular abundance in the ihofibulans and m the
rectus abdonums muscle A “slow” fiber system comparable to that
amphibians has not been demonstrated 1n mammalians.

When a mmcle with “slow” fibery (e.g muscutus rectus abdomnss)
it tmmersed m Ringer flurd contaming drugs like acetyicholine or K Cl,
tennon develops and muscle thortening follows The contracture 13



2 STEFAEN THESLEFF

tial and gives nse to & repetiive discharge following a ningle stmulus,
Determinations of the membrane remstance during the prolonged
decay of the action potental have shown that the change was las
marked than that observed dunng the decay of a normal action
potentual Consequently a possible interpretation is that the prolonga
uon of the action p 1 s due to a di hed and delayed change
1n potasuum conductance in the active membrane.

In contrast to the above drugs, 2 number of agents diminish the
exatability of the muscle membrane. Hypnotic drugs like the bar
bitunc acid denivatives, paraldchyde, urcthane chloral hydrate
chloralose, and tnbromethano! have been shown to increase the
clectrical "threshold™ of the muscle membrane, and to reduce and
finally to abolsh the action potential (Quilliam 1955a b Thelefl
1956b) The ratec of rise of the action potential ks reduced and its
duration s prolonged. These changes occur without & significant
alteration 1n resting membrane potenual or 1n fomc permeabllity of
the membrane, The reduced membrane excitability can therefore
probably be ascribed to an inhilntory action of hypnotic agents on the
mechanism responnble for the selective sodium permeability increase
initiating the action potential (ThedlefT 1956b) Local ancathetc
agents presumably have a sumilar mode of action (W eidmann, 1955
Straub 1956)

2 The “Active State™ of Mustle

Following an adequate sumulus, tenslon develops i a stmated
muscle and it contracts. The process underlying contraction b known
as the “active state” (HIIL 1949) Because of the elastic elements in the
muscle fiber the duraton of the muscle twitch 1 much longer than
that of the “active state,” and the latter 11 normally too brief to allow
development of a maxamal twtch tension  Prolongation of the “active
state” by for instance repetitive sumulation of the muscle or by drug
action gnes the clastic elements ime to develop a higher temion, and
thereby to increase the mechanical response of the muscle (for a short
review see Wilkie 1956)

Development of the “active state” following excltation occurs
rapidly and » probably tnggered by a phymcochemical process
onginating 1n the membrane and then propagated wwards, The
nature of the process which Links the membrane with the contractile
components 1n the muscle fiber 13 not koown. It is ponibly associated
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wath the changes m the electnical properties of the membrane accom-
panying the action potential, but such a relation has not been estab-
Ished (Huxley 1957)

A number of drugs have been shown to change the time counc of
the “actrve statc”™ without otherwne altenng the contractile mecha
num. Such agents are adrenahne and caffeine (Goffart and Ritchie
1952) mitrate, brormde, and 1odide rons (Hill and Macpherson, 1954
Kahn and Sandow 1955) qumne and qumidine (Lammers and
Rutchue, 1955) tetracthylammonium and tetramethylammonium 1ons
and choline (Edwards ef ol., 1956) By determinations of the “active
state™ curve in muscle, all these agents could be shown to delay the
faling phase of the curve, and thus to prolong the duration of the
“active state.” The twitch response to a mngle shrmulus was corre-
spondingly increased whereas the tetame tension remauned unchanged

A matter of interest o that all these agents have also been found
to prolong the duration of the action potennal 1ts falling phase lasts
long enough to be reasonably well correlated in duratton with the
"active state™ curve (Edwards ef al. 1956) As previowsly mentioned,
kypnotic agenty increase the duration of the action potential and are
ako known to augment the twitch responte to a single stimulus (hraatz
et el 1953) Thar actron on the “active state™ curve has not, however
yet been studied.

D Tue “Srow” Muscre Fmer Systex or Tae Froo

The “slow” muscle fiber system commsts of small motor nerve fibers
conducting at 2-8 m. per second, and of thar “slow™ muscle fibers
which are quite distinet from the previomly conndered twitch fibers.
No propagated impulse can occur 1n a “slow™ fiber+ the motor nerve
sct3 up local potentials at the junctions which 1n turn cause local con-
tracuom. Smce the “slow” fibers possess numerous junctions along
their whole course, practically simultancous activation of the muscle
fiber takes place (huffler and Vanghan Wilkams, 1953, b)

Slow™ muscle fibers are present mn the stnated musculature of the
frog and occur 1n particular abundance in the wiofibulans and in the
rectus abdomims muscle. A *ilow” fiber system comparable to that in
amphibians has not been d rated 1n lians.

When a muscle with “slow™ fibers (e.g musculus rectus abdomrmus)
Bimmersed in Runger fluid contamning drugs like acetylcholine or KCl
tennon develops and muscle shortenng follows. The contracture is
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graded depending on drug cancentration and 1s roughly mamntaned
during the pertod of drug application. A similar effect 15 produced by a
cathodal current through the muscle while relaxauon of the muscle
occurs at the anode, Drug induced muscle contractures are intensified or
relieved by a cathodal and an anodal current, respectively It bas been
shown that contractures are initiated by membrane depolarization and
thatgraded depolanzation givesa graded tenmion response. In caztrast to
the twatch fiber syxtern, which relaxes relatively rapadly despate continued
membrane depolarization, the “slow” fibers stay contracted during the
whole peniod of reduced membranepotential (Ruffler 1946 Fleckenstein
etal 1951 Kufilerand Vaughan Williams 1953a,b Fleckenstein, 1955}

The depolanzation produced by acetylchahine approaches the rero
potential level, as can be excepted 1n a membrane wihuch b simnl
tancowsly highly permeable to K (or C1) and Na rons (Burke and
Gimborg 1956) The effect of acetylchaline on the “slow™ fiber mem-
brane is thus sumilar to that observed at the end plate regron of twitch
fiber. It 13 not known whether the depolanzation produced by acety!
choline 15 mamtained in the presence of the drug but the observaton
that the muscle remaim contracted, and that anodal currents produce
relaxation, suggest that the membrane is perustingly depolarized

Acetylcholine, 1n contrast to K lons, 19 believed to act on speafic
membrane receptors located at the numerous junctional regrons of the
“slow™ muscle fiber Thus assumption 13 strengthened by the obser
vation that junctional blocking agents like tubocuranne and atropine
antagonuze the effect of acetylcholine wathout altering the depolarizing
actionof K lons.

The antagonism produced by atropine and corare alkalosds to acety!
choline s quanutative overawiderangeof concentrations, whichsuggests
that they arec competitive antagomsts (Clark, 1937 van Maanen, 1950}

In view of the graded contracture of “slow" muscle fibers to increas-
ing concentrations of depolanzing drugs as well as the sclective
:u:lagonm-n produced by certamn agents, such muscle preparations are

ble for acetylcholine assays and for studies of compets
tve and no-ncompculnt antagontsm (Clark, 1937 Anens ef ol 1956}

L. Tue Istrarvsar Fraers or Tie Muescee Seovore

In mammals small motor nerve fibers nnervate the intrafusal muscle
fibersof the propriocepuve muscle spindle (Leksell, 1945) Histologieally
thus innervagon is muluple we., onc intrafusal fiber possestes several
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motor end plates (Barker 1948) Moreover phymological evidence
rnggests that the intrafimal fibers of the mammalian spindles arc capahle
of slow graded contractrons (Kuffler et el 1951) These properties pamt
to an analogy between the “slow™ muscle fiber system of the frog and
the mtrafinal fibers of the mammalian muscle spindle (Kuffler and
Vanghan Wilhams, 1953b Granit, 1955) Recent electrophysological
mvestgations have, on the other hand, shown that propagated action
potentials occur in the wntrafisal fibers of the frog muscle spindle
conwequently 1t 15 probable that at least some of these fibers have
“twitch™ fiber properties (Eyzagurre, 1957 Buchthal and Jahn, 1957)
Damte the great importance of the proprioceptive muscle spindles
for mamntenance of co-ordinated muscle movements, few studies have
been made of ther response to different drugs. Acetylcholine increases
the semsory dncharge from han muscle spindles pr bly
by produang contracture of thar intrafusal muscle fibers Thas acetyl
choline effect 15 blocked by tnbocuranne and enhanced by physo-
sugmine (Hunt, 1952) Agents like sucanylcholine and decametho-
mum probably alswo depolanze the intrafusal muscle fiber membrane
The former agent has been shown to eliat a frequent and regular sensory
drscharge from the muscle spindle, even 1n concentrations which do rot
affect the twatch fiber (Gramtetal. 1953) Bendeaitsdepolannng action
on the intrafinal muscle fibers, 1t probably also has a direct excitatory
effect on the sensory nerve endings [of the sumulatory effect of acetyl
choline on semsory receptors (Landgren o al. 1954 Diamond, 1955)]
The Golgn tendon organs are not affected by depolanzing agents. Inlow
concentrations, tubocuranne produces bnief stmulation of the muscle
receptor  whereas 1n hugher concentrations 1t blocks the response to
depolanning drugs The concentranon of tubocurarne required to
block the intrafusal muscle fibers 1 higher than that which produces
2 nenromuscular block 10 ordmary twatch fibers (Gramt ¢t al., 1953)
Any change in the normual function of the mtrafusal muscle fibers tends
to alter or aboluh the autogenetc stretch reflex, and thereby to interfere
with theservo control exerted by the mincle spindles on voluntary muscle
movements. This aspect of drug action has not, however been eluadated.

F Cowaxrs
Recent biophynical methods 1n particular the recording of electnical

phenomena from sngle cells, offer excellent opportunities for detailed
studses of the effects of drugy on striated muscle. Such mvestigations are
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particularly valuable when the drug effect can be analyzed into
elementary phyxcal or physcochemical reactions. This has been
posuible in many instances, and our understandmg of the mode of
drug action has thereby been consderably promoted. Large gaps
nevertheless still exmt 1n our knowledge of the pharmacology of
striated muscle. Interest In the apphication of brophysical techniques Is,
however rapidly growing and there Is every reason to assume that our
knowledge 1n this field of pharmacalogy will increase.

The release of the necuromuscular transmitter by a rerve impuhe
13 reduced by Mg™ low Ca™ 1on concentrations, and by botulinum
taxun, High external concentrations of Ca*™ jons counteract, presumably
by competitve antagonssm the effects of Mg 1om. Neather of these fons
influence the transmutter storage capacity of the spontancous quantal
transmutter release from the prejunctional structures. Therr effect
strictly lumited to the processes responnble for the transmitter release
by a perve impulse. Botulinum texn, on the contrary has the unique
abiltty to block the spontancous quantal cjection mechanum as well.
The mode of causation of these changes is and wall remawn obscure
until the mechanism by which nerve impulses iberate or facilimte
the refense of acetylcholine 13 revealed.

According to whether or not ny depolanze the end plate regron
post ne king agents have been
as either depolanzing or as non-depolarizing agents. The belief that
depolarmng agents render the muscle fiber Jocally inexatable by
excetuve, mantuned depolarization seems, however to be eroncout
The depolanzation » generally only a tranuent event, which very
rapidly pases into a pon-depolanning inlibition, Le. into a neuro-
muscular block in which the electrrcal properties of the muscle mem
brane are normal In the opinion of the author the posyunctional
neuromuscular block produced by depolarizing agents s dae to the
formanon of an inert drug receptor complex, which greatly resembles
that formed by non-depelarizing (curare-hke) agents. According to
this view 1t 15 searcely possible ot present to make a clear distincuon
between the neuromuscular block produced by a non-depolarizing
agent and the block produced by a depolanning one,

Numcrous agents affect the direct exatability of the muscle mem-
brane Inmost instances however their mode ef action1sunknown An
tnteresung feature 1¢ that drugs bke hypnouc and anesthetic agents
dimimsh the muscle membrane exatability just as they depress
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synapuc trammuswon in the central nervous system. Consequently &
systematic study of the effects produced jo the muscle membrane
conld probably serve as a gmde to the mechanism or mechanms by
which these agents depress the neuronal cell membrane, Presumably
drug-mduced changesinthe electncal propernesof the muscle membrane
would, if combined with analytical studies of the mechamical response
of the muscle, also provide valuable information regarding the proc

esses by which excitation 1 transmutted from the cell membrane to the
contractile components in the mntenor of the fiber

The small nerve-"slow” muscle fiber rystem of the frog has been the
subject of a large number of pharmacological 1nvestiganons. Unfor
tunately most of thee studies were made long before the distinct
physiological properties of ths nerve-musele system were realized. It
1 now difficult to interpret the results, and many of these mvestigations
will have to be repeated. Drug induced contractures 1n “slow™ muscle
fibers, however seem to be related to correspondmg depolarzations of
the muscle membrane. Whether or not depolanzation 1s mvanably
mantamed throughout the contracture s not known, nor have the
mnechanisms been eluddated by which agents other than acetylcholine
depolanze the membrane.

Ewvidence 1nd that the fsal fibers of lian rmuscle
spindles are functionally related to the “slow” fiber system of thefrog
Very litle, howeser 15 known about thar actual response to vanous
drugs. In view of the observation that the sensory dicharge from the
muscle spindle 13 proportional to the degree of stretch of the ntrafusal
ﬁbal,thmmumbenlcﬂo‘uﬁawino‘nphamumlog]ulknwl
edge. A drug selectively blocking the intrafusal muscle fibers could
probably be of therapeutic value m these states of musele ngrdity and
spasucity which are believed to be due to a patholegical continuous
afferent dscharge from the muscle spindles,
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parucnlarly valuable when the drug effect can be analyzed into
clementary p.bynml or phyncochemical reactions, This has been

ible in many i and our understanding of the mode of
drug action has thereby been conmderably p-romo(cd Large pap
nevertheless sill exist in our knowledge of the pharmacology of
stnated muscle. Interest in the application of biophyweal techniques b,
however rapidly growing and there is cvery reason to anume that our
knowledge 1o this field of pharmacology will merease.

The release of the neuromuscular tramnutter by a nerve impulse
is reduced by Mg™ low Ca* ion concentrations and by botehnom
toxin High external concentrations of Ca* 10ns counteract, presumably
by competitive antagonism, the effects of Mg 10ns. Narther of these om
influence the transmutter storage capaaty or the spontancous quantal
transmutter release from the prejunctional structores. Their effect
strictly brmted to the processes responuble for the tramymutter relexsc
by a nerve impulse. Botulinum toxin on the contrary bhas the unique
ability to block the spontancous quantal gjection mechanism as well.
The modc of causation of these changes 11 and will remain obscare
until the mechanism by which nerve impulses hiberate or facilitate
the release of acetylcholine 13 revealed.

According to whether or not they depalanze the end plate regren,
postjunctional neuromuscular blocking agents have been clasafied
a3 cither depolanaing or as non-depolanzing agents. The behef that
depolanzing agents render the muscle fiber locally incxatable by
excesuve mantained depolanzation scems, however to be erroncous.
The depolaritation 13 generally only a tranment event, which very
rapidly passes into a non-depolarizing inhibition, Le. into a meuro-
muscular block 1n which the electncal propertics of the muscle mem-
brane are normal In the cpiuon of the author the postju
nenromuscular block produced by depolarizing agents 1 duc to the
formauon of an nert drug receptor complex, which greatly resembles
that formed by non-depolarmng (curare-like) agents. According to
dus view it 1 scarcely posuble at present to make a clear distinction
between the neuromuscular block produced by a non-depolarinng
agent and the block produced by a depolanaing one

Numerous agents affert the direct excitability of the muscle mem-
brane In mostinstances, however thar mode of action 1y unknown. Ao
interesting feature 15 that drugs ke hypnotic and anesthetic agents
dimunish the mowcle membrane exatability just as they depres




1. EFFEGTS OF DRUGS ON IMOOTH AND STRIATED MUSCLE 27

wynaptic trapymrenoy in the central nervous system. Consequently, a
stematic study of the effects produced in the muscle membrane
could probably serve as a guide to the mechanusm or mechanums by
which these agents depress the neuronal cell membrne. Presumnably
drug induced changesintheelectncal propertiesof the muscle membrane
would, 1f combuned with analytscal studies of the mechanical response
of the muscle, also provide valuable informaton regarding the proc
enes by which cxatanon iy trammitted from the cell membrane to the
contractile components in the intenor of the fiber

The small nerve-“slow” muscle fiber system of the frog has been the
subject of a large number of pharmacological investgations Unfor
tupately most of these studies were made long before the dutinct
phynalogical properties of thu nerve muscle system were realized, It
1 pow difficult to interpret the resulty, and many of these investigations
will have to be repeated, Drug-induced contractures in “slow™ muscle
fibers, however seem to be related to corresponding depolarrzations of
the musde membrane. Whether or not depolanzanon 13 mvanably
maintained throughout the contracture 1 not known, por have the
mechansms been elucdated by which agents other than acetylcholine
depolanze the membrane.

Ewidence indicates that the intrafusal fibers of mammalian muscle
spindles are functionally related to the “slow™ fiber system of the frog
Very lttle, however, 1 known abont their actual responss to varjous
drugy. In view of the observauon that the sensory ducharge from the
muscle spindle 15 proportional (o the degree of stretch of the intrafusal

probably be of therapeutic value m those states of muscle ngdity and
spaatiaty which are belicved to be due to a pathological, continugus
afferent dpscharge from the muscle spindle.
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particularly valuable when the drug effect can be analyzed into
elementary phymecal or phymcochemical reactions. This has been
pomble 1n many imtances, and our understanding of the mode of
drug action has thereby been comuderably promoted. Large gaps
nevertheless still cxast m our knowledge of the pharmacology of
striated muscle. Interest in the application of biophywncal techniques o,
however ramdly growing and there 13 every reason to assume that ouar
knowledge 1n this field of pharmacology will increase.

The release of the neuromuscular transmirtter by a nerve impube
1 reduced by Mg™ low Ca™ ron concentrations, and by botulizum
toxin High external concentrations of Ca** 1ons counteract, presumably
by competitrve antagomam, the effects of Mg** ions. Nexther of these yoas
influence the transmutter storage capaaty or the spontancons quantal
transmitter release from the prejunctional structures, Therr effect 18
rrictly hrmted to the processes responmble for the tranymutter release
by a nerve impulse. Botulinum toxin, on the contrary has the umque
ability to block the spontaneous quantal ejectron mechamsm as well
The mode of cawation of these changes 13 and will remam obscure
until the mechanusm by which nerve impulses liberate, or facihitate
the release of acetylcholine 15 revealed.

According to whether or not they depolanze the end plate region,
postunctional neuromuscular blocking agents have been clamfied
23 either depolannng or as non-depolannng agents. The belief that
depolannng agents render the musele fiber locally mexamtable by
excesuve, mauntained depolarration seems, however to be erroncocs.
The depolanzation  generally only a tranment event, which very
rapidly panes mto a non-depolannng mnhibliton Le. into a meuro
mauscular block 1n which the electrical properties of the muscle mem-
brane are normal. In the opmion of the author the postjuncticoal
neuromuscular block produced by depolarmng agents 1 due to the
formation of an inert drug-receptor complex, which greatly rescmbles
that formed by mon-depolannng (curare like) agents. According t©
this view 1t 1 searcely posble at present to make a clear dtinction
between the neuromuscular block produced by a non-depolann§
agent and the block produced by a depolanzing one.

Numerous agents affect the direct exatabilty of the muscle mem-
brane In mostnstances, however their mode of action is unknown. An
Interesting featore 1 that drugs like hypnotnc and anestheuc agents
diminbh the mncle membrane excitababity just as they depres
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synaptic tranmsmussion 1n the central nervous system. Consequently a
systermatic study of the effects produced in the muscle membrane
could probably serve as a guide to the mechanism or mechannms by
which these agentt depress the neuronal cell membrane. Presurnably
drug 1nduced changemintheelectneal propernesof the muscele membrane
would, if combined with analytical studies of the mechanical response
of the muscle, also provide valuable mformaton regarding the proc
esses by which exatation 13 transmtted from the cell membrane to the
contractile corponents 1n the intersor of the fiber

The small nerve “slow™ muncle fiber system of the frog has been the
subject of a large number of pharmacological mvestigations. Unfor
tunately most of these studies were made long before the distnct
phymological properties of this nerve muscle system were realized. It
1 now difficult to interpret the resalty, and many of these investigations
wall have to be repeated. Drug induced contractures 1n “slow” muscle
fibers, however seem to be related to corresponding depolanzations of
the muscle membrane. Whether or not depolanzaton is invanably
maustuned throughout the contracture 18 not known, nor have the
mechamsms been eluadated by which agents other than acetylcholine
depolanze the membrane.

Evidence mdicates that the intrafusal fibers of mammahian muscle
spindles are functionally related to the “slow™ fiber system of thefrog
Very little, however, 15 known about their actual response to vanous
drugs. In view of the observation that the sensory discharge from the
musle spindle is proportional to the degree of stretch of the intrafusal
fibers, there seems to be a senous flaw 1n our pharmuacslogical knowl
edge. A drug selectively blocking the intrafusal muscle fibens could
probably be of therapeutc value m those states of muscle ngdsty and
spastiaty which are behieved to be due to a pathological, continuous
afferent discharge from the muscle spindles,

Rrreresces
Ancn‘-‘.zl"&z_!,mkumm,] AL, and Simonk, A. ML (1956) Arzmerwiticd-Farsch.
Angm:nm,k.B.(lB{B\Amend.&-l 15 Suppd. 52
A J';&m};uagm 444‘}3 (349)_75@&-179 H3
Bacy, Z. AL um\wm:x il Send 3 12

11
Barker D (1918) Quart. J Mareasp S 89 143,
Bernard, C. (1856) Compt rond. 43 B25

Blaxchlo, H. (195%) Phermacel, Rucy. 4, 415.




LI E s i i
e 4 : g . « 1 m 5
R S - N O F O
e LRI FTIETEN
e R N B Y
plpdefy, glliedd eylh
§ bt Lk i BecT i Fbkt R I
m .‘o..l Mmymwm W\ U \.}mu 3 mmﬂaimtrmm uwwmwwm h”_mmm,..mﬂ,m M
aagEESE mmwmummm 4 z auummwhwo o¥ faond me i Mr
Www w w%::t ,W wwd mem ummmww Jmmwnsw mm
p mmﬁc mmmmhmmmu JJE uumumwm I mm i
R e ft jit; ke ke
Emmmi«aaﬁﬁ T
i R



1. EFFECTS OF DRUGS O SMOOTH AXD STRIATED MUICLE 29

Haghwars, S, nnd\\numbe,A.(lBSS) J Hyn.L 129 513
Harvey A. ML (1939) Bull, Jekas Heplins Hop €3, 273.
HII].,A.V (1949) Proc. Ry Sec. B136 09

V., and Macpherson, L. (1954) Prec Rqu.Bl{J.Bl
Hod.(Hn,A.L.(lSSl) Buel. Recs Cemdnidge PAIL. Soc. 26, 339
Hobmateds, B, (1951) Ads Pirsiel mu,msu.

N T Acad 5. ™,
_'[mdcn,D.J..Klmlp,R_,undlelor D B, (1954) J Phomacsl Expl, Therep

jan:-un.D}L(lQﬁT).]leid.l 38,434
Tuakn, A. ], and Sandow A. (1955) Asz. X T Aced. Sdi. 62,159
Karrer P (1956) 7 Pharm. ond Phernacel. 8, 161
hatz, B, xnd Thelef, 8. (13578) 7 P Phyel_ 138, 63
Katr, B, snd Thelef, 8. (1957b) lezm
Kodlle, G B.,-niGi]m:n.,A.(lQ::X Pharmarel. Racs. 1
P, Gluckman, M. J,, Scbkkh,H.I.(lBS!) J Phowmacsl. Expid.

107 437
1915) Pqpy. Revs, 26 583

n

5

., and Vaughan Wilhame, E M. (19532) J Plysel. 121 289

\V and Vaughan Willnms, E. M. (1953b) 7 Plodel. 121 318

W, Hunt, C. C., and Quillam, ] P (1951),_7 Nearoplysiol. 14, 29
Lammers, W., and Ritchis, ] M. (1955) 7 Pbd-l.
hndl’r.:a,&,mjuu-ud, snd Zotterman, Y (1954) A.mewi-L&.-d.Jﬂ.
N (1905) 7 Plynd. 33 374

(1943) Act Piyrial, Scand, 10, Suppd. 31

(1956) J Fipuiel, 132, 630

(1849) 5&11.1.‘5: Crmp Physiel. 34, 352

(1956) "Arte Piyseel. Scond. 39 Swppl. 133
R (1947) “Carare, s History Nane and Clmical Use,™ p. 240

L
§
ilh
Hz@

E{E5
L

/
]
;

i
E
)
iE
%
g

77
]

E<E<

PRI

ECEE
B

§
1933a) Bnt. 7 Phermacel. 10, 133,
1935b) Brit 7 Plharmarel. 10, 141
53; Ras. 3,1

(l%)]smamwz,m
1947) Brit 7 Phomeol
SM)]an‘Llil,SSP



30 STEPHEN THESLEFF

Shanes, A, M. (1950a) Phermacel, Rrs. 10 59
Shanet, A. M. (1936b) Phoma!. Rrty. 10, 165.
Straub, R. (1956) Arch, fwern,

(1957) th-:-l.ﬂu::.’ an

Sympostum oo Drug Antagonhm.
Taylor D B. (1951} Pharvacsl. Reos. 3 412.

Plhysiol,
\\’il]de.D R. (1986) Brit. Med. Bull. 12,177
W., and Melntyre, D, ML (1956) dw. J Plysisl. 187 338,
mﬁm.? 1955] Pacmacel, Reer. 7 413
Zamois, E. J (1955) J Piysiel 122, 738,



CHAPTER 11
The Effects of Drugs on Myocardial Contracnhty
Nemw C. Moxax awp MawtoN pev Corren

1 Introduction
1 C-rd.n: Glycundu.

B. 'FﬂccudGlytcddamMyuurﬂthmu'uﬁhry
C. Mechansm of

E

1L Srmpn!hm:ﬂmcﬂc

AL Sources

B Eﬁccuon\lyoar{nlﬂmn—uﬂnry
cnmhxtmﬂmhmhmunmhmum
D Mechaniwn of Action

E. Summary

IV Erpthrophleum Alalolds
A, Effeca oo Myacardial Contraction
B. Mechanmm of Action
C. Summary
¥ Verum Alalods
A Sources and Chematry

B. Effects on Myocardial Contractility
€. Mechanism of the Dircet Acvan on Contractilay
D Sommary

V1 Inoegame Tons

A tB'ccuunMyucn:dthmmﬂny
B.Mc:h.uﬂsud‘

dEFNNDIE0AILCRBEBELLABRRLE

L INTRODUCTIOR

When the heart 1s conmdered as a muscular structure, the function of
which 1 the coordinated pumping of blood through the vascular
system, 1t s not unexpected to find that drugy can produce a varicty of
complex changes in its acuvity Through direct and indirect mecha
ustm, drugs are capable of altering not cnly the contractile actwity
of the myocardium but abo the rate of pacemaker dncharge, the speed
of impulse conduction and the rhythm of the heart, Adding to this
complensty 1 the large number of drverte chemical substances which
alter cardhac funtion.

Refined analyus of phynological and pharmacological mpeets of
cardae actmity has become posuible only wath the introducton of
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adequate expenmental techniques, beginning In the latter part of the
last century This has resulted in the accumulaton of an extennve
hterature devoted to studies of the cardiac actions of many natural and
synthetic chemical compounds. Mast of thus literature conusts of
merely descriptive pharmacology although recently there has been
increased emphads on determuning the fondamental mechanitms of
drug action at cellular and subcellular levels,

Becamse a comprehentive analyns of the subject of carciac phar
macology would be too extennve, this chapter will be hmited to &
discumon of the effect of selected drugs on myocardial contraction.
The effects of pharmacological agents on electrophymological proper
ties of the heart, such as exatabibty conduction, and automaddty,
will be omutted, although their importance is recogmzed Readens are
referred to & recent monograph by Brooks e «l. (1955) for discussions of
this latter topic. Furthermore, the omustion of discumion of certain
cardiac stmulants, such as the xanthine denvatives (caffene, theo-
phylline, and theobromine) and cardiac depremants such as qunl-
dine and barbiturates, has been deliberate because of the nearly total
absence of work on baslic mechanisms of action of these drugs on car
diac contractility

The locus of action and the banc mechanismy by which drugs alter
the contraction of beart muscle are of primary importance in under
standing therr actions. Theoretically drugs can influence myocardial
cantraction in several wayx. They may alter the supply of energy for
contraction cither at the stage of final utilization or at some stage 1n the
scquence of productton and transfer of energy They may directly
affect the contractile protelns. Finally they may influence the coupling
obecwnvcofcxduuonltLhccr_llmemhrunszhmcchlmmlcon—
traction, Thesc potential h ly are not Iy
exchurve and the posibihity exists that drogs may influence the con-
tractron of heart muscle by a mmultaneous cffect on two or mare

hani Precise localization of the site of action of a drug iv
d dent on an understandmg of the intimate details of muscle con
tncdtm, knowledge of which 1s  still ncomplete,

Many drugy affect myocardial contractility both directly and in-
directly Complete analysis should account for both types of action.
Indirect effects include (a) releass from extracardlac sources of
humoral substances which when transported to the heart, influence the
foree of contraction, e.g cmnephnne from the sdrenal medulla (b)
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alterations 1 the autonomic regulation of the heart, (¢) hemodynamic
changes, which by altering myocardual fiber length, change contractile
force, and (d) alteration of the blood supply to the myocardium.

The evaluation of the effects of drugs on myocardial contractility is
dependent on an apprecanon of the lmitations of the methods
employed. These methods vary from measurement of the contrachon
of extracted actomyosin threads or of solated segments of myocardium
to indirect determunations of cardiac output and cardiac work in
intact animals or human subjects, For a detailed discusnon of many of
the methods used in ontmal experimentation, se¢ Loubatieres (1951)

Ideally, it wonld be desirable to directly changes In foree of
contraction of the myocardial fibers. Such evaluation 13 posuble with
uotated hearts of animaly, with fsolated segments of hearts and as the
reslt of recently developed techniques, wath hearts 1e s12x 10 animals.
These latter methods employ the wse of resistance strain gauge equip-
ment and have been described by Walton ef &l (19502 b) and Bom
face et al (1953) The vahdity of the measurement of cardiac contrac
tle force m ste by the use of resistance strain gauges has been demon
strated by Cotten (1953), Cotten and Bay (1956) and Cotten and
Maling (1957)

It s not always feasible, however to measure contractle force
directly and reliance then must be placed on measuring changes in
cardinc functions which result from changes sn ventricular contractile
force. With these methods, care must be taken to control or to account
for changes in sccondary factors such ns heart rate, cardiac size,
artenal pressure, and venous return of blood to the heart, as these are
factors which may mdirectly alter cardiac contractile activity Among
the indirect methods are meamrements of changes of intraventricular
prassures changes of cardiac output, changes of the size of the heart,
and calculated changes of ventricular wtroke work. Wiggen (1927a)
has p d an Alent evah of the analyns of cardicactive
drugs baged upon changes of intraventricular pressures. For examples
ofthcuscofchangucrclrdmcoutputmdvcnmcuhrnmkcwurk,m
Samoff et ol (1954) and Cotten and Maling (1957) Rushmer (1955)
and Rushmer and West (1957) have utilized several 1ngemous methods
for meaturing changes in the xize of dog hearts and for the evaluation
of the function of the heart based upon analyns of cardiac work and
pawer The use of the electrokymograph, a radiologic technique for
measunng changes in the size of the heart 1n man (Heyer and Boone
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1952) has been employed by Eddleman ¢f &/ (1951) and by Hanng
and Luusada (1958) for studying the effects of drugs 1n man.

IL CARDIAC GLYCO$IDES

Among the most important drugs employed in medical practice b 2
Iarge group of closely related compounds known as cardiac glycoddes.
In the form of Galenical preparations, they have been used for cen-
turies, but modern understanding of thelr actions began in 1785 with
the clastic description by William Withering of the benefiqal effects of
the foxglove (Digushs purparea) in patienus with dropsy Althoogh
Withenng attributed most of the action of digitahs to an effect on the
Indney it 18 recognized today that the edematous patients he treated
were suffening from congestive heart farture and that the digretic
cffect of digitahs was Iargely secondary to the increased cardiac output
which the drug produces in thus state. Neverthelen, Withermg abo
recognized that digitalis has important actlons on the heart, actioms
largely overlooked for the next hundred years.

Because the literature relating to cardiac glycosides s too large to
review completely in this chapter anly those papers will be dted which,
1n the opinton of the authon, are most helpful 1n understanding the
cffects of these compounds on myocardial contractility The older
hterature has been adequately reviewed 1n several monographs on
cardiac glycondes (Cushny 1925 Kisch, 1944 Mowitt, 1049) A review
in the French hterature covers much of the work of ther effects on
contractillty {Loubatierres, 1951) and a recent review by Hajdu and
Leonard (1959) critcally examines the cellular basis of achan of
cardiac glycondes.

The term cardiac glycoside will be used 1n & general scnse to apply
not only to the glycosides but also to certain non-gtycosidic compounds
which either are derived from the glycondes or occur in nature withont
the sugar components,

A, Sourcrs aND CHIMBSTRY

Cardiac gtycosides are present In a vanety of plants but are obtained
manly from Diygialy perperea Diguials lanata  Strophanthas species,
Lrgoaes species (Squill) and Cemvallena species. In addition secretions
of the skun and smalvary glands of toads contain noa-glycondrc com
pounds rascmbling plant glycosides 1n pharmacalogical action and in
fundamental nng structure,
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The des are composed of one or more molecules of mono-
tacchmg:c:gnn hed to a cyclop perhydrophenanthrene
nuclevs. At postaon 17 of thn stermd nuclews (known also as » gaun or
aglycone) is attached an umaturated lactone ring The lactone ring may
be five-membered a3 in the digitalls and strophanthus glyeosides or
1x membered, as in glycondes from squill and 1n cardicactive steroids
from toad venom. In addition to the sugars and lactone nng other
groups, such 23 hydroxyl, methyl aldehyde, and acetyl, are attached to
the steroud ring at vanous pontions, The sugar molecules arc not
exential for pharmacological actvity although they augment potency
p bly hancing water solubility and ccll penetrahlity of the
aglycone. Although semisynthetic compounds have been made,
complete synthess of the aglycones or glycosides has not been achieved.
The chembitry of the cardiac glycosides has been comprehensvely
reviewed by Stoll (1949)

B. Errects of GLYtonpzs on MyooARDIAL CONTRACTILITY

The cardiac glycondes and related aglycones durectly augment the
contractility of the myocardium. In addition, they influence cardiac
activity through indirect actions such as vagal slowing of rate, de
prasnion of speed of propagaton of impubies through the cardiac
conduction system, changes i ventncular exitability iminaton of
cardiac arrhythmias, and alteratons in penpheral remtance and
venous return to the heart,

1 Duect Actien en Comtractilt Forcs

Allof the acuve cardiac glycondes and aglycones increase the magn:
tude and rate of development of systolic contraction and are capable
of mcressing ventrienlar work, These effects have been demonstrated
repeatedly by many invesgatons using a vanety of experimental
techniques.

Indirect evidence for mncrented contractile force has been obtmned
from at Jeast two different types of experiments. Plant (1914) utibnng
the heart lung preparstion for the study of cartho-active drugs, found
that strophanthin increases cardiac output, reduces atnal pressures,
and slightly ncreases arterial presure without changing heart rate.
In thn preparation, with controlled fystemic artenal resstance and
venow return these cffects are a result of increased ventricular con-
tractile force. Many uvestuigators have confirmed Plant s observations
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on the heart lung preparation (hrayer 1931 Peters and Vischer
1936 Farah and Maresh 1948 and others) The uso of ventricular
function curves obtmned from calculated stroke work and atral
pressures in dogs wath intact arculatory systems also shows that the
work capacity of the ventricles 1s enhanced by ouabain (Cotten and
Stopp 1958)

A sccond indirect method demomstrating augmented myocardual
contractihity is the measurement of changes 1n intraventricular pres-

0-1Zmm. 0-2mn. 0 Q+3mn.  O+7mm.  O+[6mn  0+30mn
Time

Fia. ] The effect of & cardise ghyeossde an right ventricular foreo in an one
ancytbetmred dog. A stram gauge arch was sutured to the ventricle several days before
this experiment, Atropine sulfate, 10 myg./kg, wes grven parenterally befaro

sures in animals. In 1927 Wiggers and Samson found that, In dogy
strophanthun and a crude digitalls mixture Increase manma| intraven-
tricular systolic pressures and the rate at which the pressures rise during
isometric contraction. They aho noted shortening of the period of
systolic contraction. These results, obtained under conditions of con

trolled heart rate and artenal pressure, indicate an increase in ven-
tricular contractile force.

A decade Iater Cattell and Gold (1938) established the fact that
glycosidea directly increase lsometric contractile foree of the hypo-
dynamic paplilary mncle of the cat. This phenomenon has been
confirmed by other workers uning cat papillary muscle (Weeks and
Holck 1948 Whute and Salter 1946 Whte o «f 1948) rat ventride
strips (Masuoka and Saundery, 1950) tortolse ventricles (Wedd «f of
1941), guinea pig auricles (Furchgott and Sleator 1934) and papillary
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muscle from the dog and human being (Loubatieres, 1951) White
et « (1948) systemancally surveyed several different glycosides and
found that they are all qualitatively alike in ther action on cat
papillary muscle

More recently Walton ef « (19503) umng stran gauge recording
systems, have shown that several cardiac glycomdes increase ven
tncular contractile force of the dog heart 1 st (Fig 1) Loubateres
(1951), unng a spring lever system 1n dogs, and the authors (Cotten
and Moran, unpublithed observations) using the strain gauge arch
1n dogs, cats, and monkeys, have obtalned comparable resultr.

In confirmation of the observations of Wiggers and Stumson (1927)
that glycondes shorten the duration of systole, Garb and Chenoweth
(1949) demonstrated that digitoxin shortens systole in the cat papillary
muscle. Also Cotten and Bay (1956) found that lanatoside C aceeler
ates the development of ventnicular contractile force 1n dogs an effect
cotrelated with the abbreviated isometric pressure gradient produced
by glycosldes.

2 Inflwence on Drastolic Tone

The frequently observed decrease in mze of the dilated ventricles
following admimstration of cardlac glycondes 1o patents with conges-
tive heart failure has led to the concept that glycosides increase dras-
tolic tone of the heart. This concept 13 supported by the experimental
work of Luisada and Diamond (1955) who found that many glycondes
increase resting tennon of segments of dog hearts, and of Loubatieres
(1951) who descnibed incressed diastolic tenmon in cat and human
papillary muscle (but a decrease in dog papillary muscle) However
other workers have found no evidence for such an effect. In the ex
penments of Wiggess and Stumson (1927) end-diastolic intraven-
tricular pressures were unchanged by doses of strophanthin which
increased maximal intraventncular systolic presuret, habat and
Vincher (1939) found no effect on diastolic elasticity of actrvely con
tracting tortolse ventnicles after providing deses of glycondes whuch
increased cardiac systolic tension and work. The dustolic tenson of
frog ventncle stnps (Lundin and Strom, 1948) and of rat ventricle
stnps (Benforado 1958) is unchanged by doses of ouabain which
increase contractile force. While this question hax not been answered
conclunvely 1t would appear that a change in diastolic tone of the
heart is not an important actron of the glycoudes. The decrease in nze
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of the failing heart in patlents treated with these drugs can be @
plained adequately by (a) the increased emptying of the heart due to
the augmented contractle force, and (b) a reduction of arculating
blood volume,

3 Effects ex Faling and Nexfarhng Hearts

Carduac glycosides, according to a widely held concept, increase
cantractile force only of failing myocardium. This concept sterm from
the behief that congestive heart farlure i due to a defect of some phase
of the contractile process which is corrected by glycosides (Oban and
Schwartz, 1951 Bing, 1955) and from frequent observations that
glyconda do not increasc cardinc cutput in normal man or animalky.
Certain experimental results of studies of tortoise hearts (Wedd o o/,
1941 Wedd and Blar 1948) tend to support thu point of view

However, recent datz denved from studies on man, dogs, and isolsted
ventricle strips of the rat cast doubt on the vahdity of this concept.
Eddleman # ol (1951) on tho basis of electrokymographically ob-
served decreases in systolic and diastolic sre of the heart and accelera
ion of cardiac ¢jection 1n normal man following intravenous injectons
of glycosldes, concluded thxt the drugs augment ventricular contrae
tiity but that peripheral actions resulting in reduced venous return of
blood to the heart prevent tramlation of the angmented force into
effectrve work. Similar results were obtained by Hanng and Lulssda
(1953)

In both anesthetired open-chest dogs and conscious dogs (in which 2
strain gauge arch has becn attached to & ventricle at a premouws
operation) 1ntravenous imjections of a number of glycondes produce
substantial increases 1n comtractile farce (Walton of ol 1950a) Sec
Fig 1 Nelther the anesthetized nor the conscous dogs showed signs
of cardiac fathmre,

Sanya! and Saunders (1937) have demonstrated that glycondes
Increase the contrachle force of “nonfailing™ isalated ventricle stnps
of the guinea pig When placed 1 a bicarbonate buffered medium and
driven by rhythmic electrical sumulation, these strips show no mgn of
fatigue over a period of several hount. Additton of ouabain incresses
contractile force. When phosphate buffer u used (a3 was cmployed by
Cattell and Gold, 1938) the contractlle force of the strip progressively
declimes with the passage of time. Ouabain, administered immediately
after the preparation i set up or at any time doring the progresave
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failure causcs substantial increases m contractile ferce. Figure 2 shows
the results of these expennments. These observanons have been confirm-
d 1 cat papillary muscle (Cotten, unpubluhed observations) and in
rat ventnicle stnps and polated atna of rabbets (Moran, unpublithed
observations)

The olservations that glycondes do not increase cardiac output or
ventnicular stroke work 1 normal ammal {Harnson and Leonard,
1926 Olion et «f 1955 Regan et of , 1956) must be reconaled with

in dogy, Recent work by Cotten and Stopp (1958) has helped to resolve
some of the ducrepancics in thus area of glveoside action. They found
that intravenous admimstranon of ouabain in anestbetized dogy
tncreases {efl ventncular contractile force concomutantly with decreased
lu;ul presures, decreased syTtemue output, mcreased penpheral

f and anly neghgit

hanges 1n strole work, However of
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diaphragms wath those on wolated ventnicle stnips of gumea pags. In
low concentratioms, the glycoside increases contractile force of the
diaphragm when 1t iy stimulated supramaximally aeither directly or
through the phremic perve. The responses of the diaphragm are lens
marked than those of ventricular muscle to the same concentrations of
ousbam, Higher concentrations of ouabamn came tramment infoal
augmentation followed by depresuon of contractile force of the
diaphragm. There was 1n thar experiments no evidence of increased
exaitability of the guinea pug diaphragm to account for the increase in
force by ouabain Faust and Saunders reviewed past work on the cffects
of glycosides an skeletal muscle, pointing out technical factors which
probably accounted for conflicting results 1n the past. It appean that
cardmac glycondes augment contractility of all muscle, but that the
effect 13 most striking on cardiac muscle.

The selectivity of glycondes for heart muscle has been attributed to 2
special affinity of the myocardium for the drugr. Rothln (1947) coe-
cluded that up to 35 ttmes as much of a given dose of a glyconde o
taken up by the heart than by other tusues. However Hatcher and
Eggleston (1919) were unable to demonstrate digiteoan in rat hears
after parenteral adminstratron although the lrver contained demon-
strable quanntics. With more refined techniques for determmation of
glycomde content of tissues recent workers have also been unable to
show a specaal affimity of the heart for glycoundes (Fnedman ¢ of,
1952 Brown et el 1956)

The glyconde which 1 taken up by heart muscle 1 found primarily
1n the water soluble 2nd not in the noclear mitochondnal or mcro-
somal fractions of the cells (St. George & ol.,, 1958 Fischer ¢t ol,, 1952
Spratt and Olota, 1938)

Present evidence, therefore, does not support the contention that
myocardium has a special avichty for cardiac glycondes. It b posible
that metabolites of the glycondes arc taken up selectively by heart
muscle, but no evidence exauts for thrs assumption,

2 Metablic Efects

Numerous attempts have been made to explain in brochemical
terms the action of glycondes on myocardial contractihty Wollen
berger (1949) has surnmared this work op to 1949 in #n excellent and
comprehentive review

1t has been recogmzed generally that cardrac glycoddes increase the
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mechanxcal eficency of the failing heart. Petens and Vincher (1936)
found that 1 the spontaneously failing heart-lung preparation, the
adminutraton of a glyconde produced an increase in oxygen con
sumption and work performance under conditions of constant heart
rate and constant external disstolic volume. The per cent mcrease of
mechanical effifency was greater than that of oxygen consumption
indicating an increase 1n the utilzation of energy Smnce the work of
Peters and Visscher nearly all subsequent studies of the effects of
glycosides ou energy metabolum of heart muscle have substannated
the concl that the compounds act pnmarily by mcreanng utilza
tion of energy and not by increanng energy production.,

Cardiac glycondes have a speafic effect on the respuration of myo-
cardium. In low concentrabons which approximate those estimated to
st 1n body tnucs after the admumstration of therapeutic doses,
glycoudes mereate O, comsumption of nolated shees or segments of
myocardum 1n & vancty of anumal speaies such as the dog (Wollen
berger 1953) the cat (Finkelstern and Bodamky 1948
et &l 1953 Lec, 19532 Herrmann o ol., 1954) the guinea pig (Wol
Ienberger 1947 Doull ¢ o/ 1951) the mowse (Herrmann 1950) the
rat atnum (Ramsom and Looms, 1932) human papillary muscle
(Burdette, 1952) and chick embryo hearts (Smuth ¢t of,, 1954) Herr
mann (1950) was unable to find increased O, consumpton inratven
tricle alices, a finding in keeping with the greater renstance of the rat to
glycosides. The concentratons of glycodddes which inerease O, con
sumption are 1n the range of 1077 to 167Af In some speaicy, such a3 the
cat (Finkelstein and Bodamky 1948 Langemann ¢ ol, 1953) the
increased O, consumption » maintuned for several hours, whereasyn the
guinea pig (Wollenberger 1947) the imtial ncrease u followed by a
decrease.

The stmulant effect of glycondes on heart musele resprrauon 13
dependent on an mtact cell structure, since no increasem O confump-~
tofl 13 observed m homogenates of guinea pig heart (Wollenberger
1947) or 1n mitochondnal preparatioms of eat heart muscle (Lange-
mang, ¢t af, 1953} The ficance of thn ph 1 not clear
Wollenberger (1953) concluded that it 1 not due to increased diffon
of substrates wnto the cell, unce glycosides, in concentanons which
increaie O copsumpuon, do not increase the consumpton of C
labded glucose 1n dog heart alices.

Cardiac glycosrdes have httle or no sumulant action on the respi
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umultancously increases O consumption and omdation of glueose
while reducing glycolyss and the uptake of glucose. Lactate uptake
and oxidation are increased concomtantly with the increased O con-
sumption. However the uptake of pyruvate and its oxdanon and
converxion to Iactic 2ad reman unchanged 1n the presence of ouabam.
Wollenberger postulated that the actton of cuabaun i centered around
pyruvate, increased CO  production from glucose and lactate beng a
result of making more pyruvate avalable from these precursons to the

was
act the devel of arthythmias and the begloning of
Redrawn fram Lee (1953%)  through the courtesy of the author and Preceedings of
Secsuty for Eperimental Bislegy and Motrons.

;4 which lyze the oxrdaave decarbaxyladon of pyruvate vz
acetyl coenzyme A and the Krebs cycle. He further speculated that this
action involves the lactlc dehydrogenasc system.

Attempts to demonstrate an action on specific enzyme systerms have
not been especially succesful. Glycondes appear to have no effect on
Isctic dehydrogenase (Reiter and Barron, 1952) on cytochrome
oxidase (Wollenberger 1947 Hehmreich, 1950 Doull o ol 1951)
or on succinic dehydrogenase (Doull ¢t &f  1951) No effect has been
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demonstrated on oadatve phosphorylaton (Doull ef al,, 1951
Langemann ¢t «l., 1953, Grsola 1955 Flantetel, 1957) or on anaero-
bic glycolym (Doull et al., 1931)

Vanable results have been obtained concerming the effects of ghy
condes on adenasinetniphosphatase (ATPase) actvity himura and
DuBais (1947) and Proctor «f af (1955) reported an wnhibiton of
myocardial ATPase actiwity by digitoan. Munchinger (1953) on the
other hand reported that glycondes enhance ATPasc activity while
Retter and Barron {1952) were umable to demomtrate any effect of
ouabam on the ATPase actvity of crystalline myonn. The most recent
investigators in thi area (Read and Kelsey 1957) could slso detect no
effect of digomn on ATPase activity of punfied actomyosin. They
found, however that digoxin blocks the inhibitng effect of myolanase
on the ATPase actrvity of myostn B from dog hearts. They also found
that digoxin, at a low concentraton, augments myokinase actoity 1n
the myokinase controlled reacton ADP— ATP They postulate that
digoxin acts by inhibiting ATP hydrolyss and by augmenting ATP
resynthesis thus increasing contractility at the expense of relaxation

The influence of glycondes on the concentration of high cnergy
phosphates in the myocardium has been the subject of a number of
studies, for the most part yiclding equivalent results. The work of
Wollenberger (1951) b representative. He found that ouabain and
digoddn have hitle effect on myocsrdial phosphates in the canine
heart lung preparation when admnutered 1n doses which prodace
only a pontive motropic effect. Toxic doses deplete phosphocreatine
with no change in ATP These observations, which suggest that non
touac doses of glycomdes do not alter the total concentration of high
cnergy phosphates, do not, however preclude a more rapid turnover of
phosphate groups which mught not be reflected in total concentraton.
In other expenments, Wollenberger and hassh (1952) found that
dinitrophenol (DNP) markedly reduces the photphocreatine content of
the 1olated guinea pig heart without altering ATP concentration. In
the DNP pretreated heart, onabain no longer increases contractile
force and reduces by 507, the labile nucleonde phosphate content.
Furthermore dosex of ouabain which are ordinarily nontome are very
touc m the DNP treated heart. Wollenberger and Kanh postulate
that these effects represent an aceeleration of dephaspharylaton by the
gl conde. In the D\P pouoned heart with syntheus of ATP blocked,
ocuaban then depletes the ATP resenves. Although these effects were
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observed oaly under conditions of toxic action, these authors suggest
that even under nontaxic conditions the mamn effect of glycondes fs an
acceleration of dephosphorylatron and that the primary site of attack
of the drugs m the myocardial fiber is probably the same dunng the
therapentic and toxic phases of action. Working with 1solated electn-
cally driven left atna of guinea pigs, Furchgott and deGubareff (1958)
found no mgnificant differences 1n phasphate concentrations (ATP
ADP, AMP, creatinc phosphate and inorganic phosphate) among
control (non faling) atna, stna in spontaneous faiflure and ama
restored from failure by k-strophanthin. Excess glyconde decreased
both contractile strength and creatine phosphate and ATP These
authors concluded that the positive Inotrople effect of glycondes 5
independent of any changes in concentrations of ugh energy phosphate
[ dv. They agree, b with Vollenberger (sec above} that
theinotmp:cl.mmybcduemlmoredﬁomtuulmhond
energy rich phosphates 1n the contractile process,

Other investigators have also concluded that the glycosides act by
altenng the utihration of ngh energy phosphates. Ellis (1958) uung
metabolic inhibitors such as dinitrophenol and flnoroacetate on the
hypodynamuc frog heart, cancluded that the pomtive inotropic sctiont
of kstrophantiun 11 not dependent on the functonal Integnty of
oudative metaboliun as long 2y adequate energy can be derived
from anaerobic metabolsm. Grubmt and Farsh (1955) found that
spantancous and pentobarbitalanduced failure of the heart-lung
preparation of the dog 15 readily reversed by cuabain, whereas the
fulure produced by sodinm azide, sodlum cyande, and dindtrophenol
13 partially ar completely refractory to the effects of ousbain, in pro-
portion to the degree of poisoning by the metabolic inhubdtors. Rothbm
et al. (1955) showed that the failure indnced by small doses of DNP 1n
the heart lung preparation is reversed by lanatoside G, although the
increased O consumption produced by DNP remalns nnaltered. Failare
reselung from high doses of DNP or by a combination of lov dosct of
DNP and hypaxia was not reversed by the glyconde.

A number of the authors whoee work 1 reviewed above have -
plied that cardiac glycosides increase eardiac contractile force by

the amount of energy from ATP available to the contrac
tile substance. In the light of the recent work of Mommaerts (1955)
which casts doubt on the validity of the concept that ATP (ar phor
phocreatine) 13 the final energy source for cither contracton or relaxa-
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t1on of muscle, the ngmficance of the actions of glycondes on morgame
and organic phosphates in heart muscle 11 questionable. Until more 19
Imown about the energencs of muscle contraction, particularly of heart
mmclc.nndunulmorerdincdmethodx,mchuthmcmcdby“om
maerts, are applied to the study of heart muscle, the asumption that
glycondes increase cardiac contractile force through actions on the
final stage of energy utilizaton must be comudered at best as a teata
trve hypothens.

3 Effects ex Contrachle Prolems

The posibility of a direct action of glycondes on contractile proteuns
has been conndered by a few invetigators, According to Horvith ef al.
(1949) g-strophanthin (ouabain) and dipitoxin accelerate the poly
merizaton of actin obtauned from heart muscle but not of actin obtained
from skeletal muscle. They suggest that glycondes merease myocardial
contractility by accelerating the polymenzation of G~actin to F actin,
Snellman and Gelotte (1950) obtmned mmilar results, However the
significance of thls ection 1o relation to the effects of glycondes on
myocardial contruction # uncertmn, dnce Wollenberger (1954)
demonstrated that both cardio-active and cardio-nactive sterod
glycosides augment polymenzation of G-actin prepared from calf
hearts Forthermore, nedther the acve nor mactive glycosides were
found by Wollenberger to affect polymerizaton of G-actin which is
prepared from hearts removed from the ammals immediately after
stunmng a1 compared with actin prepared from hearts which had
remained 1n the animal for some time after death.

Robb and Mallov (1953) observed an ncresse in ATP-induced
contractle activity of actomyosin threads prepared in the presence of
ouabain et compared to the contraction of nontreated actomyonn
threads. Both skeletal muscle and myocardial actomyonn respond
with greater thortening and greater performance of work, but skeletal
muicle actomyosin is much lew sensitive to the glyconde (Fig 4
Bowen (1951) found that digoxin camed a sgnificantly faster ATP
induced thortening of myoan B threads prepared from skeletal muscle
a3 compared to untreated control threads. Edman (1953) formd that
glycenn extracted fiben of rablut psoas muscle contract more com
pletely in response to ATP of both ouabam and calaum are in the
medium. Nesther ealaum alone nor ouabain alone had any augment
ing cffect on the contractions. In thus respect, 1t should be noted that
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the results of Robb and Mallov on cardlac actomyosin were obtamed
10 the absence of calcium.

In contrast to these observations, Stutz ¢f al, (1954) were unable o
detect any effect of lanatonde G on the ATP induced contraction oc on
the length-resting tennon relattombhips of glycerol extracted fibers
from the hearts of dogs which has been given the glyconde for sevenal
days before sacrifice. (The heart muscle was additionally exposed to
the glyconde durmg the extraction peniod of several days.) However

0

Lood tmg )
F1o 4 The effect of ousbain on ATP-Induced contraction of carduac
threads.

cent shortrning of 185 control and heart actomryosin, Statietical

analysn indicates diffc Crystall i

mrytain solutoes before prepamtion of thresds, » concentration of 731 % 10

(.bouuo—'u) annhbmdu.mm(lgss) courtesy of the autbory and
The Journel of Ph o

the gtycoside treated fibers did thow changes in the action potentizh as
compared with the normal controls. It 1s not clear why the contraction
of glycerol extracted myocardial fibers 1 unaffected by glycondes when
myocarchal actomyonn threads appear to contract more foreefully
(Robb and Mallov 1933) Thh discrepancy may Lie in the differences
of techmique or 1n the doses of the glycondes which were used by these
two groups of warker,
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he visconty of skeletal muscle actomyonn solutions hay been
orted to be decreased by scveral glycondes (Waser and Volkart,
) Thus effect 15 abolhed by ethano} or methanel. The viscosity of
osin was unchanged by glycondes.

i Relahenship betireen Glyrosudes and Jons

Salerum resembles cardiac glycomdes in its actions on heart muscle
Teanng concentration of caldum augments cardiac contractile
ce, caunng arthythouas m high doses. Calcium also increases the

consumption and mechameal eficency of the failing heart lung
paraton (Peters and Vincher 1936) An additive or synergutic
ationship between calaum and glycosrdes oxists 1n terms of cardiac
retion. Reduction of the concentration of calcum m the bath of the
lated frog heart results in diminhed contractile actvity and re-
ced eflectivencas of the glycondes (Clark, 1912 Salter e ol., 1949b)
»wever the hypodynamic contractions caused by calcium defiaency
¢ Testored to normal m the frog heart (Ransom, 1917 Salter o af
492) and In the cat papillary muscle (Cattell and Gold 1938) by the
Idition of & glycoside. Salter «f ! (1949a) have shown that the per
ntile contractile response of the frog heart to a piven dose of cuabain
cremses with increasing concentrations of calcium. Other examples of
ds interrelatiorship between calaum and glycosides include ther
fects on cardiac rhythm (Gold and Edwards, 1927-1928) the 1n
sence of calclum on the fatal dose of glycondes (Licherman, 1933
loyd, 1928) the increased O, consumption of heart muscle 1n re
onse to glycondes (Section 11 C, 2) and the rhythmic actwity of
nbryonic chick hearts (Paff 1940)

The precise mechannm by which calaum and glycondes interact
unknown. Burndge (1916) suggested that the glycondes sct by 1n
reanng the responuiveness of the heart to calqum. Salter ¢t af (1949a)
rund that each molecule of uabain can compensate for the lows of &
wven number of molecules of calaum 1n the frog heart, a finding 1n
1pport of Burndge « suggestion. Fnedman and Bine (1948) found that
Iyrondes exert therr typical effects on uolated embryonic duck hearts
1 calaum-free mediom. Since calqum was undoubtedly present 1n
hemyocnrdulcdk,thuobsm1dmdnanotm}eounhcpombiﬁq
hat the effect of glycosides 11 medlated through smereasing the senst
™ty of the cells to calaum, Also the fact that actn contalns calclum
3 an integral part of the molecule and that polymerrzation of G-actin
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to F-actin depends an an optimal ratio between calcium and potasmm
suggests an intimate relationalup between the glycosides and caldum, if
one agumes that glycondes act directly on contractile proteins (Sec
tom II C 3 and VI B 2)
Potamum appears to modify the action of calejum on the eontractile
of the frog heart to cardlac glycondes Salter and Runes
(1951) found a quantitative relationahup between the relative con-
centrations of cal and p 1n the medium and the contrac
tile resporse to ouabmn. For sny given concentration of caloum,
changes in the concentration of potamium in erther direction from an
optimal valuc of 4 8 mA decrease the response to ouabain. In can-
trast, Garb and Ventun (1954) found that the effect of ouabaln on the
force of cat papillary muscle is unchanged by alterntions in potassivm
concentration between 3.5 and 8.5 mA{ although the onset of arrhyth-
mias 15 delayed or prevented at the ngher potassrum concentrations

Cardiac glycondes have been shown to reduce the influx of potasstum
1nto myocardial cells (Haydu, 1953, Rayner and Weatherall, 1957) and
human erythrocytes (Schatzmann, 1953 hahn and Acheson, 1955)
Haydo suggested that the powtive inotropc action of glycomdes 1 &
result of a reduction of intracelllar potardum content secondary to
diminuhed re-entry of potamium Into the myocardial cells during
relaxation produang & more optimal intracellular environment for
contraction of the contractile protans. Hajdu s hypothesds is based 02
the effects of potasdum and glycosudes on the aboltion of the staircase
phenomenon of the isolated ventniele of the frog (seo section VI, B 1)
The mechanum of Inhibition of potassrum re-entry is unkoown, k-
though 1t has been suggested that glycomdes, by affecting cholinesterase,
alter celtular permeability to fons (Govier ¢f o/ 1953 Holland #f /.,
1954) According to this concept, the permeability of the cell membrane
1 contralled by acetylcholine. Thus, chollnesterase, by govermng the
amount of acetylcholine present, regul the rate of fon movements
across the membrane, Cardiac glycosides are believed to compete with
acetylcholine for the active sites on chobnesterase and thus to affect
ntracellular potassium and sodium content,

Most early work indicated that the potasrum content of cat and
dog hearts & 10w 18 unaffected by small doses of cardiac glycoside,
although toxc doses cause a decrcase (Calhoun and Harrison, 1981
Wedd 1939 Boyer and Polndexter 1940 Sherrod 1947) In the
canine heart-lung preparation, however Wood and Moo (1940)
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found a correlation between the dose of a glyconde and the rate of
increase 1 serum potasaum. The rate of increase i serum potassium
was alto correlated with the extent of improvementn external carduc
efficiency The failure of the former groups of Investgators to find a
ngmficant decrease m myocardial potasmum content @ riro may be
related to the use of chemical methods for determmung the concentra
tion of potassium. The wse of the more senntive flame photomemc
analyus has shown that small deses of cardiac glycondes do camse a
gy loss of intracellnlar pe as evidenced by the develop-
ment of & negative coronary artentovenous (A V) potamum difference
(Hellems ¢t l., 1955 Bay and Bay 1956) Assocated with the lows of
potastum, there 15 increased uptake of sodwum by the heart. These
effects arc nmlar to those occurnng in the frog heart. Gonlubol ¢t of
(1956) could not confirm these findingy 1n patients with cardiac disease,
but, as they pointed out, the failure to find 2 ngmficant A V potasmum
difference after small doses of glycondes may be due to a slower rate
of potarmum low from the human heart as compared with the dog
heart, An alternate ponibility 1 that the d d human heart may
have a lowered potasnum content and therapeutic doses of glycondes
do not reduce it further This would imply that the increased contrac
ulity provided by glycosides is not directly related to alterations in
wtracellolar environment, This pombility 13 supported by the obser
vations (Vick, 1938) that angelicalactone and glycondes cause 1solated,
hypodynamic guinea pig hearts to lose milar quantities of potasum,

although the former compound depresses contractility while glyco-
ndes stimulate the heart.

D Smuary

The contraction of heart muscle develops more forcefully ramdly
and effickently in the presence of small amounts of cardiac glycondes.
This effect occun in both failing and nonfailing hearts. While the
mode of action is unknown, present evidence polnts 1o at least three
pomible utes of action (1) the ulnmate steps 1n the tramsfer of energy
to the contractile protewns, (2) the contractile protens, and (3) the
Tzdlmnrpmtmcdumsmdlhcrltlhecdlm:mbmn:nrmthm

3

Thcdgnlﬁanc:o{muchef!hx:wmkonbam:nzd:mmmo{
glyconde acuon, however Suggestive, can not be adequately amessed
3 present. The incomplete undenstanding of the contractile process 11
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partly responsible. In addition, many mvestigators have not attempted
to correlate their observations on changes in certain ractile cell
functions (such as O, consumpton, phosphate concentration etc.) with
changes 1n contraction 1t3elf. Increased emphash on such correlations
would help clanfy the actions of these drugs, such as was done by Lee
(1953a) who simult ly measured changes of contractile foree and
O, comsumption in response to cusbamn. Also neglected has been the
me of glycoudes which lack effects on contractihty 1n experiments
on energy metabohsm and contractile protemns, such as was done n the
work of Wollenberger (1954) on the polymenzation of G-achn

1L SYMPATHOMIMETIC AMINES

Most sympathormmenic amines increase the contractibity of cardizc
muscle, an action which 15 qualitatively mrmlar to that produced by
stimulation of the cardisc sympathetic nerves. The fint desenption of
sympathomimetic actrvity was that of Oliver and Schafer (1893) who
observed a marked rise 1n blood presure of the dog after intravenoms
injection of an extract of the suprarenal gland Fallowing the solation
and rdentification of epmephnine from the adrenal gland by Abel and
Crawford (1897) and Takamune (1901) and its synthens by Stalz (1904)
and Dakin (1905) some 57 amunes were synthesized and studied by
Barger and Dale (1910) Since many of the latter amines produced
epinephnne like effects, they proposed the name sympathomimenc
for this clam of drugs. The latter investgation paved the way for
further development of a variety of sympathomimetic ammes, many of
which are currently employed in therapeutics as cardiac strmulants,
vesopressor agents, bronchodilators, local vasocomstrictors, nasal
decongestanty, and central nervoos system sumulants.

A, Sourcxs ANp CueuoTRY
With the P of phnnc and inephrine, which are

found 1n animal tiwues, and of cphedrine, which 1 obtaned from 2
plant, virtually all of the sympathomimetic amnes are of synthetic
ongm. Even those which occur in nature are now made synthetically

Sympathommetic activity 18 formd 1n numerous amines, including
umple aliphatic and alicychic amines and aromatic alkylamines. Most
of the important compounds are derrvatives of phenylalkylaminet.
Epinephnne, for instance, can be conndered as a substituted dervatve
of P-phenylethylamine,
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A large bterature exits concerning the relanonships betw etn chem:
cal structure and pharmacological actvity in this senies of compounds.
(Hartung 1945 Beyer 1946 Landy, 1949 abo sec Goodman and
Gilman {1954) for a dexcripuion of these rel hips and for add, 1
references) However while certmn relationships are promuncat, 1t
13 not ponible at the moment to define preasely the structural require

ments for optumal actmity, particulary in regard o effects on the
heart,

B Erricr ox Myocarniar Coxmracriry
‘The increase n contractile force evoked by sympathomimetic ammnes
reprosents a direct acton upon myocardial cefls. The intenuty » 2
function of the dose employed (Fig 5) Most amunes abo increase the

heart rate of spontaneowsly beating hearts, but the increased foree 15
not dependent npon increased rate (Lee, 1953b)

The sympathotumene xmna vany greatly 1n the magnitude and
duration of their actions on the heart, Some, like cpinephrine, produce
mﬂcd,mmzhuwuxnwnmcﬁkfmwhﬂeothmnmhu
ephednne cause more prolonged stmulavon, Sall atheny, rach ax
methoxamune, are pracucally devoid of cardiac effecty. The penpheral
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vascular actions of these drugs are not necessanty correlated wath ther
effects upon contractile force, e.g popropylnorepinephrme, a vasodi-
lator amune, markedly augments contractile foree while methaxamne,
av rictor has no stmulant effect on contractile force.
Epinephnine, norepncphrme, and sopropylnorepinephnne are
typacal potent cardiac stumulants wath short durations of action. Therr
relative potenaes vary from ane ammal speaies to another and even
the aurcular and ventricular musde of the same species vary m
responuveness to equumalar doses. Table I winch contrasts the effects
of these amines on the amplitude of contraction of 1salated auricles of
the cat, gmnea g rabbit, and rat, shows that cpinephnne n generally
more potent than norepincphnne, while mopropylrorepnephrine B
the most potent of all (Garb ¢t al., 1956) In contrast, cptnephrme and

Tamx 1

Erraor or Texax SywraTHOMDaTIO Axmnas o Ascrurrooe oF Covraanos
or SronTaNEovILY BraTiG IsoraTen Atmcins or Srvaxar Serooyt

C Relatrve potency
Drog 4; increxro Rat  cpinepiine
(ug.fml) cqual I eqmh I
Rat
Norepunephrine 2 x 10 1 25
Eganephrine 1 x 107 1
Isopropyinarepinephrne 5 x 100t 1 400,000
Gumes-plg
Noreplnephrine 3 x 10* 7 1
Epinephrine 1 x 10 10 0
Isopropylnorepesephrne 2 x 107 TH00 150
Rabbit
1730 1
Erinee 16
Isopeopylnorepinephrine 7 x 10 1/13,000 1,000
Cat
7 x 100 3 1
gmm 3 x 100 13 2
Isopeopyloorepmephrmo 5 x 10 1/10,000 4
Dats from Garb d o, (1956) Courtesy of the authors and Thv drwrxcae Ferne!
o

4 Calrulation based oa kem than a 40% increass In foree.
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hrme are i\

i on the spontancomly
pIinep 1% Rty

beanng rabbit heart (Hilton, 1935} and on ventricular contractle
foree 1n both conscious and anesthetized dogs (Zanetti and Opdyke,
1953 Cotten and Pincus, 1955 West and Rushmer 1957) (sce Fig 5)
In ntact dogs, uopropylnorepinephrine is approsamately four times a3
potent as cpunephrine and norepinephrme (Cotten and Moran,
unpubluhed oservatiom)

Epinephnne and norepanephnne alio increase the veloaty ofcon
tracuon (Wiggers, 1927b Cotten and Bay, 1936) and the distennbility
of ventricular muscle (Rushmer 1955 p 101) The relaxation phase of
the cardiac cycle 13 shortensd, an effect readily demonstrated when
heart rate and artenal pressure are kept comtant (Wiggen, 1927b
Opdyke, 1952) Increanng the rate of relaxation of ventrcular muscle
ncreases the time available for cardiac filung dunng diastole, while
increased dutennbility perouts greater filling of the ventricular cham
bers at the same filling pressure. These factors combined with an in
creased contractle force and venom return, allow more complete
filling and emptying of the heart with each beat,

Other amines which are capable of increanng contractile force of
heart muncle to approximately the tame extent as cpinephrine and
norepinephnane differ from these two amines 1 that they are len potent
and have & longer duration of action, Ephednne, which 13 a typleal
example, has been shown to increase contractile force of the dog heart
e e (Chen and Schmidt, 1924 Walton and Brodie, 1949 Goldberg
et gl 1953) and of the papillary muscle of the cat (Krop 1944)
A number of other amines have been shown to have a sumflar type
action on the heart (Crismon and Tanter 1938 Goldberg et a/., 1953)

Other vasocomstnctor amines, such ay methoxamine and phenyl
ephnne, evoke hittle or no increase In contractile foree in doses causing
substantial ymes 1n blood pressure. Methoxamne har no positive
Inotropic action on the isolated rabbit heart (Melville and Lu 1952)
or on the dog heart w s (Alexander 1952 Goldberg et of  1953)
In the camine heart-lung preparation, the admunistration of as much as
40 mg of methoxamine has no effect on cardiac actvity (Cotten,
unpublshed observations) Like methoramme phenylephrine has
Litrle effect on contractility in doses which produce a 30-mm. Hg rise
tn the blood pressure of dogs (Goldberg ef al., 1953) Myocardial force
n dogs subyected to hemarrhagic shock alss does not 3ppeaT 1o be
wnfluenced by phenylephrine (Opdyke, 1944) the drug produces
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cardiac dilation 1n man, suggesting the absence of myocardial shmn-
lation (Keys and Violante, 1942) However the injection of ten times
the usnal pressor dose 1n anesthetized dogs markedly 1ncreases contrac
tile force and blood pressure Indicating that phenylephrme, unbike
methoxamme 15 nherently capable of stimulating the heart (Cotten,
unpubluhed observations) In thu connection, phenylephrine has abo
been shown to increase cardixc output and heart rate 1n the camne
heart-lung preparation (Crumon and Tanter 1938) Apparenty
phenylephnne has potent vasoconstrictor propertics in doses winch
are connderably smaller than those required to produce cardiac
sumulation. In contrast, contractile force and blood presure increase
approximately 1 parallel after admimistration of graded doseas of
hrine and nor phrine (Cotten and Prnens, 1955)

C. Evipernce ror MyocArDiaL STovurAaTioN
v IeracT Armuars AND Max

Attempts to determme the cffects of sympathomimetic ammnes on the
contractile force of cardlac muscle in 1ntact animals or human bangs
by hemodynamic analyxis has often led to confimon regarding the
fundamental behavior of the drugs on the heart. For example, Goldes-
berg «t al. (1948) found that wntravenous infunen of small doses of
epunephnne in human subjects meresses heart rate and cardiac output
with little change 1n mean artennal pressure, whereas comparable dosot
of noremnephrine decrease heart rate and raise mean artenal pressare
leaving cardiac output unchanged. These data would suggest that mor
epancphrine, 10 contrast to epinephnne, has no cardiac sumulant action
1n man. However calculations from ther data show that both drugs
increasc left ventricular stroke work to approximately the same extent-
Since there 13 no evidence that the heart dilates to perform the mereased

stroke wark after norepinephrine administration, the ol y
measurements of cardiac output alone to evaluate thc positive Lmu'oplc
actions of drugs becomes apparent.

An example of the fact that even stroke work is not always a reliable
mensure of the actions of drugs on myocardial contractility 1 seen in
the effect of large doses of uopropylnorepinephnne on anesthetized
dogs (Cotten unpublished experiments) where the amine causes 2
marked increase in left ventnicular force with a decrease in calculated
left ventricular stroke work. The latter u the result of a combnation of
reduced stroke volume secondary to cardio-acceleration and decreased



U THE EFFECTS OF DRUGS ON MYOQARDIAL COXTRACTILITY 59

artenal pressure. Calculated left ventricular stroke work is not, how-
ever always decrensed by usopropylnoreplnephnine but depends upon
the magnimde of the changes 1n hemodynamue factors, which are 1n
turn dependent upon the dote cmployed For example, in conscious
human beingy, the mravenous infunon of small doses of the drug

winch ncrease heart rate only slightly and which do not change mean
blood pressure, substantially increases left ventncular stroke work and
cardiac output (Dodge and Murdaugh, 1957) Thac exampla
emphanze the 1mportance of complete hemodynamme anatyns of
cardiovascular drugs, espeaially 1n consaocus subjects where compen

1atory mechanbms modify cardiac actons. (For more detailed du-
cummon sce Sarnoff o of 1954 Rushmer and West, 1957 Cotten and
Stopp 1958)

D Mecuawmt or Agnox

Although most sympathomumetic ammes have marked actions upon
myocardial contractihty only epncphrine has been extenuvely
stndicd with respect to its ccllular effects. These wall be discussed using
the scheme employed 1 conndermg the cardiac glycondes, namely
changes in energy sources for myocardial contracton, effects on
contractile proteins, and effects on the 1onic content of heart muacle,

| Changes m Energy Seurces for Myocardial Contraction

Epinephnine reduces the glycogen content of cardiac muscle w rive
(Chang 1936-1937 Mulder et o/ 1952) and e e (Cruickshank,
1913 Patterson and Starling 1913) The increated glycogenolyns
appean to be due to augmentation of phosphorylase actwvity by
epuiephrine, following the same general pattern as 13 seen in skeletal
muscle and liver (see Elln, 1956 1959 for references) According to
Sutherland and Rall, epinephnine activates phosphorylase indirectly by
mcreanng the ac 1 of ad 3 5 phosphoric aad (3,5-
AMP) from ATP 3,5-AMP is then mvolved in the convertion of phos
phorylase § (inactive) to phosphorylase « (actrve) (Rall and Suther
land 1938, 1959 Sutherland and Rall, 1958) Actvanon of phos-
phorylase of heart muscle can be produced by sympathomimetc
srmnes which simulate contraction (Hen and Haugard, 1958) but
rot by these such as methoxamine, which lack myocardial strmulant
properues (Havgaard ot 19592 Mayer and Moran, 1939 and un-
publnhed  observations) Dichlormsoproterenol (DCI) 2 specific
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uptake by the bolated rat diaphragm 15 not affected by cpinephrine,
neither when wnjected into the ammal prior to removal of the
diaphragm nor when added 1 nitre (Walaas and Walaas, 1950)
Both eptnephnine and norepmcphnne cauwse a smultancous, marked
inerease 1n O, uptake and contractile force of the cat papillary muscle
(Fig 6) with no change in heart rate (Lee, 1953b) Others have also

J-<cpinephrine war
added to the bath to make a fmal concentrition of 116,000,000 (aboat 5 x 107 Af )
Note the gmultancoos increase, {ollowed by smultancous decrease, In both O, con-
loc and b Litude. M. ect waa obtaiped In 5 mm. wth
renurn to control values within 30 min, Redrawm from Lee (1953b) through the
oy end E ! Therapenti

courtery of the nutbor and The Jeornal of Ph

»

noted that increated heart rate is not essential for the increased O,

p after epinephnine ad ration (Kramer ¢ ol 1950)
aithough Goliwatzer Meaer and Kroetz (1939) found that there was
lem O uptake when the cardiac actions of epinephnne were modified
by neural reflexes than when they were unopposed The fact that the
uptake of neither glucose nor O, is affected in resting muscle, but 1
markedly increased in working muscle, suggests that the augmenting
effect of epinephnne on these fi 1 the result of the increased
beart work and not an effect of epucphrine per se \When the working
heart » stimulated by epincphnne the increase 1n phosphorylate

IC::IW may play an impontant réle in supplying glucose to the heart
muscle,
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The substantal Increates in both O uptake and contractike foree of
working heart mincle suggest that myocardia! efficiency b not increased
by epmephrme but thiy problem remains unresolved (Elh, 1956).
In contrast, cardiac glycondes defimtely increase the efficency of
contraction of falhing heart muscle (Section IT, C, 2) The strikmg
difference between the effects of ouabain and cpinephrine on O
consumption and contractile force of molated myocardium may be
scen by companng Fig 6 with Fig 3

The encrgy requured for increased contractility of the frog heart due
to cpincphrine administration can be provided ather from anacroble
or acrobic sources. For example, Ells (1953) found that epincphnne
increases contractile force of the frog heart under nitrogen, provided
that glucose u present as an anaerobic source of energy In additon,
blockade of the Krebs mearbaxyhe acid cycle with fluaroacctate docs
not prevent the sumulant action of epinephnne on ether the kypo-
dynamic frog heart (Elhs, 1953) or on hypodynamic cat and rabbit
papillary muscles (Chenoweth and Pengsntong 1950) Blockade of
anzerobic metabolnm in the frog heart with sodinm fodoacetate also
does not inhihut the response to cpinephrine, mndicating that sufficent
energy b avalable from other sonrces (Elis 1958) the energy for
increased contractility apparently was not derrved from glycogenolym
since these hypodynamme bearts were consldered to be depleted of
glycogen.

The contractile response to epinephnne in frog hearts is dependent
upon the presence of ATP nnce the response is completely prevented
by small concentrations of dinttrophenol (Ells, 1953) In this connet
tion Century (1954) observed that epinephrine does not inflnence the
rate of breakdown of ATP ether in homogenates or in slices of rat
hearts. However when the work of the dog heart x v was augmented
by an ifusion of epinephrine, the concentration of ATP was
(Mulder o of., 1952) These observations agwin suggest that mcressed
energy production and utthzation after administration of cpunephrine
 tire is the result, and pot the cause, of mereased cardiac work,

2 Efects an Contractile Pratons

The anly paper which has come to the attention of the authors
concerning the effects of epinephrine on contractile proteiny o that of
Straub #f «! (1948) which demonstrates that epinephrine enhances the
rate of polymenzanan of actin from globular to fibrous forms. The rate
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of thus reachon depends upon the rano of potassium and ealcium present
in the medium, being greatest when the h/Ca rato 15 near the phyn
ological optimum,

3 Effects on Iomc Content of Heart Muscle

Robertson and Peyser {1951) reported that large mtravenous doses
of cpinephnne (50pug per kilogram) or norepunephnne (10ug per
kilogram) have no mgmficant effect upon intracellular potasnum or
sodrum content of the cat heart. Bay and Bay (1956) also concluded
that myocardial p content was unchanged by norepinepbnne in
the normal dog mnce there was no change in the coronary artenove
nous potasmum difference even though both arterial and venous
potassium concentrationy were increased. In contrast, Hapdu (1957)
found that the addition of epinephrme to the molated frog heart

abolshed the staircase ph an cffect p bly duc to a
red in mtracellular p content (Section VI B 1) It has
also been thown that epinephnne, notepinephnne noproterenol and

phyllime cause a t net loss of potaswum (K*) from 1solat

ed, perfised rabint hearts as well a3 an increased rate of K turmover
(Meciville and Rorol, 1958) These mvestigators suggested that the
obterved potasium disequilibrium might cawse changes in myocardial
permeability which conceivably act a3 “tngger mechanisms™ for the
increased contractlity evoked by sympathomimetic amines. However
the exact rile of changes 1in intracellular potasmum in wmtianng or
maintumng the posiave inotropic cffects of epinephnne and related
agents remaing obscure even to the extent that it is still uncertan
whether the changes in potasnum represent causal events or merely
sccondany alteratiom.

4 Selectire Blackede of Sympathommetic Drugs ox the Heart

The effects of sympathomimene compounds on contractile force of
mammalian myocardium can be differenuated from the stimulant
actioms of other types of drugs by the ute of a new type of adrenergie
blocking agent, dichloronoproterenol. This compound 8-hvdrexy N
sopropyl 3 4.cdichlorophenethylamine hydrochloride (DCI) antago-
mzes the ponuve inotropac actions of sympathomimetic ammes and of
cardiac sympathetic nerve stimulation in the open-chest dog and of
aminet in the isolated perfused heart of the rablng, while not altening
the cardiac sumulant effect of glycondes, aaldlum chlonde or theo-
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While these observations do not suggest the fundamental mechanism
of actson of sympathomimetic drugs, they doindicate that thedrmechan
1amy duffer in some ways from those of other drugs, such as glycosides,
in tesma of thar effects on myocardial contractiity

E. Stuary

Sympathormmetic amunes, hke the carduc glycondes, durectly
increase the force of contraction and its rate of development, as well as
accelerating the relaxation of cardiac mmcle, Uniike the giycondes,
the amines apparently do not increase the mechanical efficuency of the
heart. Because of hmited data, even less can be said about the mechan
ism of actron than about that of the glycondes. However on the baus
of studies with aelective blocking agents, the myocardial shmulant
acton of sympathomumenc ammes can be distingmshed from that of
other drugs, suggesting a specifiaity of effect. Whether the mte of action
of the amines 13 intracellular or at the cell membrane 11 unknown. It
appears that the increased metabolic actvity which sympathomimetic

ammes produce in myocardium is secondary to and not & result of,
the increased contractile actinity

Y ERYTHROPHLEUM ALXALOIDS

The Erythrophl Ikaloads, obtained from the bark of the Afncan
tree, Ersthrophloom gwneenss and E. coumnnga, have actions resembling
those of cardinc glycondes. The alkaloids are phenanthrene-like
tncyehe acds estenfied with dimethylamunoethanol or methyl-
ammocthanol The chemutry of these alkaloids has been reviewed by
Dalma (1954)

Eight or more alkaloids have been bolated and studied chemmeally
but only five have been studied for cardiac effects. These are canane,
C d c ingidine, and erythrophleine, which are
structurally similar in that selemum dehydrogenation of their acds
yiedds 1 7 8-tmmethylphenanthrene. All of the alkaloids have the
same type of activity on the heart, but vary m potency and in the ratro

of the dose producing inotropic actions to that producing cardiac
arthythmas,

A. Errecrs ov Myocaroir Covrracrioy

Although syxtolic contracture of the frog beart was described as
carly as 1875 the first defimtive desceniption of pontive Inotropie
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actlomwubyMl.llngandKnycr!n 1946 These authars found that

g and erythrophlanc reverse the
pcnmba.rbml indaced [n.ilu.n: of the camine heart-lung preparation, m
addition to cauing characterstic glyconde like arrhythming. Coumung-
me also increases the contractile force of the hypodypamic papillary
muscle of the cat (White and Salter, 1946) In dogs with mtect dr
culatory systems, these alkalmds incremse cardiac contractile force
(Goldberg and Walton, 1952 Cotten o al,, 1952) In contrast to the
effects of onabain, the erythrophleum alialords have a more rapid
onset of action and a ghorter penod of ectoprc activaty at lngh doses.

The nuaofp(m&vctmouoplcdmcmminmdin-q;uhntydmeh
the heart lung preparaton d in the order- idi
> erythrophlane > coumingine (Maling and Krayer 194-6‘) In the
mtact dog the ratlo is greater for cAmaine and camarhne than for
ouabain, while coumngino produces arrhythmias at approxumately
the same dose which causes mcreased contractile force (Goldberg aod
Waltan, 1952 Cotten o oL, 1952)

The tncyelic acids obtaned from hydralyxs of the ester alkaloxd
have no cardlac action (Maling and Krayer 1946 Uhle o ol,, 1956)
The dimethylaminoethanal morety of the esters, however does effct
a pontive mnotropic effect in the canine heart-Jung preparation (Krayer
¢ al 1946) and in the intact dog (Cotten and Moran, unpublmked
observations) This effect more closely rexembles that of epmepbrine
than that af the erythrophleum alkaloids or of the cardiac glyconder.
Estenfication of dimcthylanunoethanol with the dibanc sucomi,
glutaric, adipic, and pimehic acids results 1n a five to tenfold fncrease in
potency on a malar basis (Uhle ¢ L, 1956) but the type of action is
still more closely related to that of epinephnine. Thu the characterote
action of erythrophleum alkaloids on the heart seems to depend upon
the ester linkage between an amino alcoho! and camauc acd or 19
congeners.

B Mrcranmy or Agmion

There are few data available concerning the manner in which
erythrophleum alkalonds increase myocardial contractility Wollen-
berger (1949) has d rated that coumngine, 1n slices bat pot 11
homogenates of guinea pig hearts, produces biphasic changes in O
consumption nmilar to thase produced by cardiac glyconder. A fimther
mmilanty between erythrophleum alkalmds and cardisc glycorides is




I, THE EFFEQTS OF DRUGS O MYOCARDIAL CONTRACTILITY 67

een 1 the abolition of the stal ph m of the nolated frog

heart, where cournngine has an actvity approximatng that of stro-
phantiun (Hapdu, 1957)

C. SuMmaRY

Erythrophleum alkalods, phenanthrene-iike compounds obtaned
from African trees, affect myocardial contraction 1n a manner sumilar to
that of the cardiac glycoudes. Virtually nothing s known about the basic
mechanims of action except that they appear to resemble the glycondes
on ther effects on myocardial resprration and on their effects on the
staircase phenomenon of the frog heart. Itis unfortunate that thus inter
eaung and potentially usefal class of drugs has recerved o Iittle study

¥ VERATRUM ALKALOIDS

Veratrum alkaloids are orgaruc bases of plant ongm winch have
complex pharmacological actrons involving the cardiovascular system,
the nervons system, and the skeletal muscles. In the form of aade
extracts, they have been used in the past in the treatment of many
unrelated conditions. However wathin recent years, as & result of the
nolanon and pharmacological desciption of pure alkalouds, thar
climical use has been restnicted to the therapy of hypertensive states

A. Souxrcrs arp Crieuasrry

Veratrum alkaloids are obtained from vanous genera of the famuly
Liltoceae such 23 Veratrum elbom Veratrum ninde Schormocaulen officonale
(Feratriom sabadiila) and Zygedemus pewemosus Two main clanes of alka
losds have been designated on the bams of cherscal types. These are
(1) C bases with low oxygen content occurring in nature as free bases
or 1 glycondic combination. Of these, some are typical steroidal
alkalowds (rubjjervine) while others are secondary amme vanants of
sterordal alkalords (vertramune and jervine) (2) Highly oxygenated
C* tertiary alkamines, which occur 1n nature as esters contaimng acyl
groups denived from simple organic acds. The fandamental nng struc
ture of this group resembles that of the secondary amine alkaloids,
such as veratramune. The glycosidic alkaloids and corresponding
allammes are qualitatively smilar as are the terhary amine ester
allalmds and their corresponding alkamines, However the ester alks
lowds are mamy tmes more potent than thelr alkammnes. The divinion
010 two chemucal classes 1s reflected 1n distinet differences 1n pharma
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actrons was by Maling and Krayer m 1946 These zuthors fornd that

dine, g and erythrophl revene the
pentobarbutal mduced failure of the camune heart-lang prepanation, m
addition to caunng charactenstic glycoride like arrhythmias. Coamng-
me abwo increases the contractle force of the hypodynamic papillury
muscle of the cat (White and Salter 1946) In dogs with lntact o
culatory systems, these alialords increase cardiac contractile force
(Goldberg and Waltan, 1952 Cotten of of., 1952) In contrast to the
cffects of ouabain, the erythrophleum alkalords have a more rapd
amsct of action and & shorter period of ectoplc activity at hugh doses

The rato of pentive motropic dose to munrmal rregulanty doe
the heart lung preparation decreares in the order- cassune > casadine
> erythrophleme > couringine (Mahng and Krayer 1946) In the
mtact dog the raho is greater for casainc and camaidme than for

bam, while coumingme prod arrhythmias at approximately
the same dose which causes mereased contractile foree (Goldberg and
Walton, 1952 Cotten «t al. 1952)

The tricychc aads obtamed from hydralyms of the ester alkalonds
have no carduac action (Maling and Krayer 1946, Uble «f ol 1936).
The dimethylaminoethana! marety of the esters, however dos elict
a pasrtve motropic effect in the canine heart Jung preparation (Krayer
¢ ¢l. 1946) and 1n the ntact dog (Cotten and Moran, mnpublizbed
observations) This effect more closely resembles that of cpincphrine
than that of the erythrophleum alkalaids or of the carduc glycondes
Esterlfication of dimethylaminocthanol with the dibasic suecinit
glutarie, ld:plqmdpxmcﬁcndd:muluin-ﬁvetotcnfoldinaaxln
potency on & molar bans (Uhle « ol., 1956) but the type of acbon B
still more clotely related to that of epinephnne. Thus the characteroic
action of erythrophlenm alkalowds on the heart seems to depend opoa
the ester Linkage between an amuno alcohol and canaic acd or its
congeners.

B. Mrcuanmu or Action

Ihmmfmvdxunnﬂnlﬂcmngthcmmnuinm
erythrophleum alkalosds incresse myocardial contractility Wollez-
berger (1949) has demonstrated that coumingine, in shices but not in
homogenates of gunes pig bearts, produces biphasic changes in O
consumption similar to those produced by cardiac glyconder, A further
similanty between erythrophleum alkaloids and cardiac glycondes &
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scen in the abolition of the sturcase phenomenon of the olated frog
heart, where courmingme has an actvity approxmatng that of stro-
phanthin (Hajdy, 1957)

C. Suaary

Erythrophleum alkalords, ph h Lke compounds obtaned
from Aﬁmntru:,lﬂ'cctmyoardulcomncummlmnntrnmﬂzrm
(hat of the carduac glycondes, Virtually nothing s known about the banc
mechanisms of action cxcept that they appear to rescmble the glycosides
on thar effects on myocardial respiration and on thewr effects on the
sturcase phenomenon of the frog heart. It s unfortunate that this inter
eting and poteatually useful class of drugs has recetved o little study

¥ YERATRUM ALKALOIDS

\ eratrum alkaloids are orgame bases of plant ongm winch have
complex pharmacological actioms involving the cardrovascular system,
the nervous system, and the skeleml muscles. In the form of crude
extracts, they have been used m the past in the treatment of many
unrelated conditions. However within recent yean, as a result of the
isolation and pharmacological daenpton of pure alkalods, thewr
clinical use has been restnicted to the therapy of hypertensive states

A. Sourcza arp Crrumry

Veratrum alkalmds are obtaned from vanous genera of the family
Liacrer such as Teratrum album, Veratrem rinde Schoemocoulon sfficmaale
(1 aratrem sebadhils) and Zygadoms rearmarus Two mamn classes of alks
lowds have been dengnated on the bash of chemical types These are
(1) € bases with low oxygen content, occurnog i nature a3 free bases
or 10 glycondic combination. Of these, some are typical steroidal
allalods (rubsjervine) while others are wecondary amine vanants of
sterondal alkalonds (veratramine and jervine) (2) Highly oxygenated
C teruary alkamunes, which occur in nature as esters contaning acyl
groups dem ed from nmple orgame acids. The fundamental nng struc
ture of ths group resembles that of the secondary aminc alkalowds,
such a3 veratramune. The glycondre alkaloids and cotresponding
allaminey are qualitamvely sumilar as are the tertary amine ester
alkalords and thar correspondmg alkamina., However the ester alka
toids are many umes more potent than thar alkamines The division
1nt0 two chemical clastes i3 reflected 10 distinet differences 1a pharma
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cological actions. For reference to the chemistry of veratrum alkakeds
sce the paper by Barton ¢ & (1954) which proposes a new structure
for veracevine, the alkamine of veratridme, and to the review by
Prelog and Jeger (1953)

Related pharmacologically to the tertiary armine ester alkalods,
although differing chemically is acetylandromedol (andromedotoxin)
a palycyclic, neutral, crystalline compound obtained from the leaves of
Rkododendron marmum and other plants of the Encaceae family The
structure of acetylandromedol is 24 yet unknown, although a triterpene
rng system has been proposed for related compounds For a recent
description of the chemntry sec Tallent &2 ol (1957)

B Errzoms ox MyocarDIAL CONTRACTILITY

The tertiary amine ester alkaloids of veratrum and acetylandromedol
reflexly produce in intact animals bradycardu, decreased blood
prassure, and respratary depresuon, as a result of stimulation of
sensory receptors in the heart, cerotid smnuses, aortic arch, and the
longs In addition, high doscs of these compounds increase cardize
contractile force, produce cardiac arrhrythrmas, and raise blood prev
sure, effects which are not prominent in intact animals becanse of the
predominance of the reflex vasodepresion and carduc slowng [Set
Krayer (1954) for & description of the actions of veratrum alkalofds and
Moran et al. (1954) for a description of the effects of acetylandromedol ]

The tertiary amine ester alkalolds, particulardy veratridine, produce
unlque effects on nerve and skeletal muscle. The action an muce,
termed the “veratmne response™ is composed of & tetanic prolongatren
of muscle cantraction following & single twitch. This fs nccompanied by
a senes of repetitive electrical ducharges superimpaosed on the negatve
after potentnial (Witt and Swaine, 1957)

The secondary amine alkalowds and their glycosides differ from the
tertiary amine ester alkakods in that they lack the reflex circulatory and
respmatory actions, the carduc inotropic and arrhythmuc effects, and
the veratrme action on skeletal muscle. Instead Lhcypoﬂallﬂd‘
veratnmc actions on skeletsl muscle and antagommre the cardo-
acceleration produced by adrenergic stimull (Krayer 1954)

1 Drrect Effwcts ox Contrectiisfy
The tertiary armne ester alkalmds and thar fnes augmant
myocardial contractility both direetly and indirectly Early studies
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dealt mamly with descriptions of the actiom of veratnine on isolated
heartr. (Veratnne 1 a mixture of alkalods from Sk dlox efficueal
ponapally veratndine and dine.) For a comprehensive review of
early work on these alkalodds, sec Krayer and Acheton (1946)

Modern inveshgatons of the actions of veratrum alkaloids on myo-
cardial contractlity stem from the demomstration by Krayer and
Mendex (1942) that veratrine revertes the spontaneous or pento-
barbutal induced failure of the canine heart lung preparation. Subse
quently similar effects were described for various pure alkaloids such
a3 veratnidine and cevadine (Moc and Krayer 1943) protoveratnne
(Krayer et ol., 1944}, and several new alkaloids olated from Jygadmus
renemosus (hrayer ¢t al., 1958) Protoveratnne, in companson with
veratnidine does not completely reverse the failure. The tertlary amne
ater alkaloids are singularly potent—as lttle as 5 pg of some alkalolds
produces a powtrve wotropic achon in the heart-lung preparation
(hrayer and Acheton, 1946)

Benforado (1957} has compared the cardiac actioms of various
tertiary amine ester alkaloids and has concluded that the highest
molar potency with regard to pomtive inotropic action n the heart
Iung preparation 3 found 1n the tn and tetraester alkaloids such as
protoveratnne A and B germitetnne B and neogermitmne. He also
found that the doses which produce cardiac arrhythmias vary from 2.5
10 39 dmes the minimal inotropc doses.

Benforado (1958) has recently demonstrated that veratridine direct
1y 1nereates contractile foree of nolated ventnele strips of the rat. After
the initial increase 1n systolic tennon, resting tenson then mcreases.
This is m contrast to the lack of cffect of cuabaun on resting tension
(Section IT B 2)

Acetylandromedol raembles protoveratrine in trannently and in
completely reversing the faflure of the heart lung preparation (Cotten
et al., 1956) Like the veratrum alkaloids, It produces cardiac arrhyth-
muas at doses somewhat above the motropie dases,

The secondary amine veratram alkaloids, such 3 veratramine, have
wirtually no effect on cardiac contractility In doses as high a3 10 mg 1n
the canine heart-lung preparation there 1 nelther positive nor nega
tve notrople action (hrayer personal communication)

2 Indirect Effects on Contractility
luldd.hmnwthcdmctlmunonﬂmhnn,thetamrynmm:utd
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alkaloids and acetylandromedol indirectly stimulate the heart pre
sumably by & centrally mediated sympathoadrenal discharge. For m-
stance, Cotten and Walton (1951) have shown that the incresse m
contractile force resolung from the iatravenous injection of harge
doses of veratndine and cevadune 1n vagotomzed dogs » langely
prevented by adrenal y or by the admunistration of large doses
of the adrenergic blocking drug, dibenamine, in deses which abolith the
cardiac sumulation of epinephnine, They conclnded that the alkalods
stimulate the heart m s1fx by both direct and indirect actions, the latier
resulting from release of catechol ammes from the adrensl medula.
Evidence for adrenal medullary stimulation hes been described for
veratndine (Mendez and Montes, 1943) and for protoveratnne
(Krayer et of. 1544)

Acctylandromedol aho increates the contractle force of the beart
through similar indrrect achons. Cotten o &f (1957) found that 1t
augments contractile force 1n the open~chest dog after the promment
arculatory reflex effects have been prevented by vagotomy and carond
nnns neurotomy The increased foree induced by moderate doses m
this preparation 1 predominantly indirect, smnce the effect i virtually
abolished by procaine infiltration of the cervical spinal cord, Inasmuch
as nether adrenalectomey alone mor cardizc sympathectomy alome
prevented the contractile force response, 1t was conclnded that sectyh
andromedal produces a sympathoadrenal discharge as a result of
stmulation of centers in the braun,

Q. Mronanms or THE DIRECT AoTroN o CONTRACTILITY

Little can be sard regarding the mechamsm of action of veratram
alkaloids on myocardial contractility becaose of the paucity of &
penmental work. They have been compared to the cardiac ghycosides
on the basls of thelr direct positive inotropic actions in low doses
followed by cardiac arrhythmas at higher doser. Alo, Wollenbeger
(1945) and Relter (1950) found that the reroary arnoe aliafolds
t 0o, p of myocardul slices, but not of homogenates,
in a manner nmilar to that of the glycoxddes. In high concentrations,
the alkaloids depress cellular respiration. In contrast to the tertiary
amine ester alkalotds, veratramine, & secondary amine alkalold lacking
cardlac Inotropic action, produces cnly depression of O conmmption
of myocarchal shices (Rater 1950)

Uniike the glycondes, veratrum alkaloids appear to have htile effect




n.mzmwnnrnlumunmouu.buLoomAn'an 7!

on contractle protans. Straub et sl (1948) found that veratrine
depreases the rate of polymerizanon of myocardial G-actin to F actin
According to Robb ¢t af (1955), veratndine causes contraction of
skeletn! muscle actomyonn fibers 1n the absence of ATP brat the effect
wunogrmtcrthandutmmcdbynnn«tpcuﬁcngmumchmdhnﬂcd
water hutamine, and acetyl 8 methacholine and was mach lesy than
the response to ATP or to calcium.

The stmrcase phenomenon of the frog ventricle is inhibited by vera
tnne (Szent-Gydrgyl, 1933, p 97) and by protoveratnne A and
acetylandromedol (Haydu, personal ication) Hajdu prop
that veratrine and related substances increase the efflux of potasnum
from the cell wth each beat, resulting in reduced intracellolar potas-
num content. This 1 1n contrast to the inhibiton of K influx produced
by glycondes (Section 11 G, 4) However the relation of potassiam loss
to the effect of veratrum alkalords on contractihity i not clear mnce
Witt and Jaeger (1958) found that thes¢ two parameters can be
di d ofier admmistration of veratndine to uolated rabbit
auncles.,

Cotten and Walton (1951) have suggested that the effect of veratrum
alkalowds 1 like that of sympathomimetic amines on cardiac contrac
ulity In the intact animal, the indirect action of the alkaloids indeed
resembles that of epinephnne, nnce thus action 13 mediated through a
sympathoadrenal ducharge. Whether or not the direct effect on
myocardium 1 sympathetic in nature, however, 1 not clear

Robb and Witt (1958) have presented evidence that veratndine
produces a “veratrme response” in the uolated rabbit heart analogous
to that scen in skeletal muscle. They found that veratndime prolongs
fystole, decreases relaxation and causes secondary contractions which
are accompanied by repetiuve electneal discharges and slower repolan
ration. This agrees with the suggeston that myocardrum 1 non-

tyncytal and that tetanic respomes are possible (Robb 1949 1952
\Moore and Ruska, 1957)

D Smouny
The tertiary amine ester alkaloids of veratrum and of related plants
increase myocardual contractihty both directly and andireetly The
indirect effect on the heart appears to be due to 3 sympathoadrenal
ducharge, probably a1 2 reqult of stimulation of sympathetic centers in
the brain. The mechantsm of the direct acton is only poorly under
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of the 1solated frog heart (Ringer and Sainsbury 1883 Thomas, 1937)
and the cat papillary muscle (Garb 1951) Strontium also increases the
force of contraction of both the frog heart and cat papillary muscle ina
calcrum defient medinm, but strontum differs from caldom by peo-
longang systole (Thomas, 1957 Garb, 1931) In the frog heart, at lcart,
the prolongation of systale by strantium appears to be due to 2 loss of
intracellular potaraum caused by thu 1on (Thomas, 1957) Addition of
calaum restoret 1o normal the strontium-induced prolongation of
systole (Ringer and Sunsbury 1883 Garb 1951 Thomas, 1957)
mdicating a form of antagonism between these two 1001 The presence
of calanm 10 the medium prevents the lons of intracellular potasuum
and prolong; of systole mduced by in the frog beart
(Thomas, 1957) and presumably calaum restores the prolonged 5y
tole to normal by restonng intracellular potasunm to normal The
latter assumption is supported by the fact that, in the absence of potar-
uum in the medium, calaum not only fulls to reverse the effects of
strontium but actually further prolongy systole (Thomas, 1957)

5 Banum

Substitution of barum for calaum results in gradual reduction and
eventual cematzon of the contractility of the frog heart large amounts of
banum induce systolic contracture, which 15 not obviated by addition
of potasnum (Ringer and Saimsbury 1883) The auricles and ventricke
of the turtle arc also deprested by barium (Wedd and Blair 1943)
Small doses of barlum have little or no action on contractile force of the
cat papillary muscle, but high concentrations depress coptractihity
(krop 1944) Intravenous imjection of bartum chiorlde in anesthetuzed
dogs mcreases caarduac contractile foree (Valton and Brodie, 1947)
but moat of this effect can be attributed to sympathoadrenal discharge
(Woods et ol., 1956)

6 Magnoun

Magneuom has hitle effect on myocardtal contractlity Cat papil
lary muscle contracts pormally 1n magnenum-free medium and 10
medium contaming ten times the physiologleal concentratron {Garb,
1951) It has been reported however that increased serum lovels of
magnenom 1n the dog heart lung preparapon decrease output and
competence of the heart, suggeshng a depressant actron on contrac
ulity (Stanbury and Farah 1950)
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B Mecnaxou oF AcTioN

No attempt has been made to review comprehennvely the cffects of
1oms on enrymatic systerns mvolved in the production of energy for
myocardnl contraction. Thu ducusmon 1 dengned to indicate some
major areas 1n which 1ons have been shown to inflaence coatractle
protelns and the final stages of energy supply for contraction.

1 Sedixwm axd Polassoem

Both sodium and potastum induce polymenzation of actin extracted
from cardisc muscle, and thus reaction proceeds most rapudly in con
centrations isosmotic with blood (Szent-Gydrgyl 1951) Combuned
sodium and potassum, 1n concentrations found in blood have a greater
effect on the rate of polymerization than ather lon alone, while m
creaing the concentraton of either jon above that foand in blood
decreased the rate of polymenzation. In the absence of potasium the
shortening of skeletal muscle myonn B induced by ATP 1 less than
when potassium Is present, the increases in the magmitude and rate of
shortening are appraxmately proportional to the Increases of potasnam
concentration from zero to 0 1 Af (Bowen, 1951)

The 1nfl of changes in Intraceltular p content on the
force of contraction of the frog heart is seen 1n the experiments of Hapda
(1933} who has atudied the staircase phenomenon of Bowditch When
the potassium concentration of fiber water is 107 meq per liter clec
tncal stimulatron evokes no contraction, whereas reduction 1n potas-
dum concentration by only 3 meq per hiter changes wometnic contrac
tile force from zero to manmum Reduction in the internal sodium
concentration has the same effect. Further reduction in intracellular
potarnum by 6 to 7%, produces systolic contracture, even in the ab-
senee of clectrical stimali. Hapdu (1933) found that decreased potas-
sum was anocated wath cancomitant Joas of water so that the intra
ccllular concentration of potamium was unchanged, suggerung that
the contractile proteins are sensitive to changes 1n the total amount,
rather than the concentration, of the Jons 1n the cell.

With each coatraction of the perfited frog or turtle beart, 3 meas-
urable quanuty of potassium is rapidly extruded from the celly and fs
slowly regamed dunng relaxaton (Wilde ¢f of., 1955 Haydu, 1957)
The longer the diastolic interval the greateris the re-entry of potasnum
1mto cellt. When the frog heart contracts at a daw rate, the foree of
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contraction is small, but with fast rates and less time for re-entry of
potasum during relaxaton contractile force increases. Foree of con-
traction under these conditions is invensely proportional to the intrace
lular potasum content and, as Hajdu (1957) states, the tension deve-
oped is a senntive indicator of mtracellular ronic balance.

The sturcase phenomenon of the frog heart 1 abolished by additon
of scrum obtained from a variety of species (Hajdu and Szent-Gydegyl,
1932) and 18 not seen in ntact ammals, However Conn and Robert
son (1955) who studied the kinetlas of potasnum tramsfer 1 the heart
of anesthetized dogy, concluded that, with each beat of the heart, there
is probably a rapid outflux and a slow wnflux of potasium of equal
magnitude 5o that potasmum content of the cells remains unchanged.

2 Calowm

According to Szent-Gydrgyr (1951) at least four atoms of calanm
are contamned in each molecule of actin, but the significance of thu i
obscure. Calaum and potamum have been reported to have a syner
gutc cffect upon the polymenzation of globular actin to form fibroas
actin, with maximal actrvity occurnng at the phymological ratio be
tween these two fons (Straub et ol 1948) On the other hand, both the
rate and magnitude of shortemung of skeletal muscle myenn B, m re-
sponsc to ATP are diminihed i the presence of calaum (Bowen,
1951) Robb ez a! (1955) found that caldum chloride in a concentrs
tion of 1 8 Af induces shortening of actomyosin threads to a greater
extent than that produced by 0.3% ATP However this effect may be
nompcuﬁc,mdarymdteh:ghmncmmdonofthem}dm
Smaller concentrations of caldum chlonde, as well as a vanety of
other rub including acetyl B methacholine, hi aleabol
potasnum chlonde, and distilled water cause only munmal sbortening
of actomyosin threads

Galdum increnses contractile force of the frog heart both under
acrobic and anacrobic conditions, as do cardiac glycosides and epl
nephrine (Ellis, 1953) (Sections II C 2 and III C, 1) High energy
phosphates are required for this effect. In thu coancction, it Is of
mterest that calaum enhances the ATPase actwvity of myosin and
2ctomyonn (Engback, 1952) Thus, one pomible explanation for the
increase in contractile foree induced by calaum may be an incresse
in energy available for contraction through more extenstve breakdown
of ATP
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Calcrum may also produce its effect on contractility by an action at
the cell surface as Niedergerke (1957) has postulated. Based upon stud
103 of the rate of change in contractile tenmon of the frog heart relatve
to changes in net of cal between tisues and extracellu
lar fluid, Niedergerke concluded that a certmn quantity of calaom 1
taken up revernbly by a superficial layer of the heart while contractlle
tenuon changes However the intermediate steps between such events
at the cell surfaces and the increased contractile temmon evoked by
calaum remam to be defined.

Another posible explanation for the sumulant action of calaom was
suggested by Limak (1938) who showed that Ringer solutron contain
ing excem caloum, unbalanced by potamum, causes the release of a
sympathinlike substance from the frog beart, an incresse 1o contrac
tile foree of a second frog heart was observed upon addrtion of this
matertal to the medium. Harrls and Madjerek (1948) also arrived at a
smilar conchmon, but questoned the concept smee calaum and
adrenalim differed 1n their abilities to evoke ventnicular ectopic systoles.

In the intact dog, the postive inotroplc effect of sympathomimetic
amines and of sympathetic nerve stmulation can be dusociated from

that of calaum by utilizing the dichloro analog of isopropylnorep:
nephnne, described in Sectlon 111 C, 4 The fact that the effects of
adrenergic shmull are completely prevented while those of calaum are
pot seggests that the augmenting action of calaum is not due to release

of catechol amunes, either from sympathetic nerve endings in the heart
or from the adrenal medulla.

3 Megntsam

The important réle plays in enzymatc processes supply
ing energy for contraction 1t well known and will not be dealt with
here (for references see Enghack, 1952) Magnenum also has an 1m
portant cffect on the contractile protews. Szent-Gybrgy: (1951) has
shown that polymerization of acun does not occur 1n the absence of
magnesinm, but, in the prasence of this fon the rate of polymenzation
1 proportional to the amount of fum added. In addition, the
rate and magmtude of shortening of myonn B threads from skeletal
mmd:orlhcnhhnmmmxdmthcpmmecd‘wm_\{ofmg
newum (Bowen, 1931) The latter result may be related to the augment
ing action of thss 100 on actomyosin ATPase activity nnee it has been
shovn that magnenum, in concentrations of between 1 and 5 mAf
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enhances the phosphatase actvity of actomyoun (Engback, 195%)
On the other hand, cven very low concentrations of magnenrum mhibe
ATPase activity of purc myosm, and Mommacrts and Serasdaran
(1947) concluded that magnesum probably wnhibats ATPase actnaty
of myoun under conditions found in lving muscle. The fact that
magnesnum has hittle or no effect on the foree of contraction of cat
papillary nmscle, ather when absent or present m high concentranoes
(Garb 1851), suggests that the cell membrane is relatively rmper
menble to this lon or that skeletal and cardrac musele are different.

C. S;moiary

Calctum and strongum increase, while potassum and banum de-
crease, myocardial contractility In contrast, sodunm and magnenum
have only mmor effects on contractihty Antagomstic effects occur
smong the actions of some of these cations as in the case of calaum and
potasdum. Catrons also have measurable effects on the contractile pro-
teins, encrgy sources for contraction, aud the cell membranc of cardac
muscle, but for the most part, these actions have ot been related ©
the contractile process ix moe
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1 INTRODUCTION

BMuscle timue in general is not very receptave to vinu infections, with
the outstanding exceptron of the recently dncovered Coxsache
group Levadit (1926) has pownted out that infections of mesodermal
denvatives (les mésodermoses) are produced by and large by bacteria,
{angy, spirilia, or pr a, 1.¢. by mcroor which are viible in
the hght microscope, while those of the ectoderm (les ectodermases)
are due most often to filterable viruses. While muscle itself may not
fract cven to the intoduction of virus by direct injection, generalized
injection may nevertheless follow Diseases such as herpes and rabnes
can 1 fact regularly be produced by Intramusentar inoculation of the
virws without the octarrence of local changa On the other hand,
certain viruses which are essentially “neurotropic” have shown them-
sclves capable of produang Ieions both in voluntary and 1n cardiac
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muscle. It has also come to be recognized that cpidemic myouts
(Bornholm Duscase) 13 viral 1n ongin.

IL SPREAD OF AN INTRAMUSCULAR INJECTION

If herpes or rabies virus contaning brain emulnon be mpected mtr-
larly, general Infe results in 2 wade range of lnboratory

ammals such a3 mice, rabhits, dogs, monkeys, cte. An inoculum of the
order of 0.5-1 0 ml. of 10% brain suspension is commonly employed
for larger ammals and 0.2 ml. for mice. Experiments with such volumes
of india ink or Weed s Prussian Blue solution show that a so-calkd
“mtramuscular™ injection spreads widely In the tusuc spaces between
muscle fiber bundles and in the lymphatics of the fascial planes. Tt s
indeed because of this immediate spread into the septal lymphatics that
absorption from a therapentic intramuscular infection can take place
rapsdly

111, EFFECTS OF INOCULATION OF NORMAL BRAIN SUSPENSION

Normal sterile tssuc susp (10% h ly used) when
injected mnto a muscle produces an Intersal inflammatory mfi-
traton with lymphocytes and some polymorphs. Rustigan ard
Pappenhamer (1949) as a preliminary to their work on the local
ntramuscular effects of variow viruses, mvestgated the evolution of
the *lesian™ produced by normal brun tinue, mng thar standard
02 ml. inoculum. They reported an early and often quite intense Jocal
reaction wth edema and polymorph and monenuclear infiltraton.
Muscle fibers adjoining the injection nte tometimes showed necroas
but restitution followed, 50 that httle ngn of the reaction might persist
after a few days. They found, too considerable vanation 1n the intennty
of the reaction provoked by indrvidual normal bram preparatiops. This
obviously makes more difflcult still the assesment of the significance of
the relatively mild reactions described after intramuscular oculaon
of certain viruses,

v HERPEZ

No sgnificant changes occur 1n striated muscle when animals are
infected by routes other than the intramnscular one, and then only
1n the muscle which has been directly 1noculated. If the masscter
muscle of a rabbit so inoculated 1 ined when phalitis bas
become establithed, the muscle appears normal or perhaps a litte
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swollen and rather gelatinous. Histologically many muscle fibers have
lost thar mﬁdomgiti taken on a uniform cosm stalning Scattered
columns of lymphocytes are present between the fibers: bt polymorphs
are absent. Accnmulations of lymphocytes may be fourd around small
nerve bundles, the fibers of which, however remain unharmed. No
herpetic Inclunon bodies are present and a3 & whole, the changes are
nompeafic and resemble thae found when a tuspennon of normal
bram 13 moculated 1n 2 nmilar way l.e. there 18 no specific “take™ m
the muscle fibers (Field 1952)

Y RABIES

Alerans and Bricka (1904a) claimed to find generalized and carly
lesoms in the muscles of infected rabbits in the form of accentuated
longitudinal striation, mcreased numbens of nucla and, later areas
where stnation was absent. They described the changes as vanable, but
mast marked m the muscles of the hmd hmbs (Alezau and Bricka,
1904h} Altogether thewe changes seem unconwvineing and appear to
fall within the range of “normal™ appearances of striped muscle com
mented upon in Volume IIT Chapter V. The most thorough work
wag camed out by Babdy (1912) who reported the microscopic
lenoms to be “peu prononcdes,™ with shight localized prohferations of
sarcolemmal nucler and moderate thickenmg of the walls of the
smallest blood vemsels. Field (1951) found that after mtramaswtenc
mpection of rage-fixe viru, yome muscle fibers presented a hyahmzed
appearance and stained uniformly pink wath eosin, while here and there
were ulands of muscle fibens containing centrally placed nuclel. There
was & moderate filtration with Iymphocytet. It may be concluded
that rabres, like herpes, doat not produce any characternuc lesion of
stnated muscle. With street virus, the Negn bodies charactenstie of the
dusease are not seen within mncle fibers.

V1L COXIACKIE GROUP OF YIRUIES

\Mostinterest in lenons of mucle produced by virutes centers around
those amsociated with the Coxackie group. Ther story is now well

koown (Dafldorf, 1955} but the mamn facts may be bnefly recalled.
A. Huromcar N\ore

In 1947 1n the presence of a pobomyelitis epidemmic, & new virus was
wsolated from the stools of two affected chuldren 1n the village of Cox
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sackie NY The dutingushing character of this new virus was an
ability to produce a paralyming disease in suckling muce but notin adah
animals, In a prelminary report, Dalldorf and Sickles (1948) formd
this virus to produce severe and widespread degeneration of skeleta
muscle cells, with loss of stnatom, eoninophilic hyahnzaton, and
fragmentation, Smooth muscle and mryocardium was spared. At th
stage, no changes were reported in the central nervous system. Cunon-
ly enough, 1t was later found pomible to produce severe destructive
lesions 1n the pancreas of adult mice with Coxsackie virns (Conn-5)
without changes 1n the central nervous system, heart, fat, or muscls
such 23 were found m suckling anmaly (Pappenheimer ¢ af., 1951)
Viruses nmilar to the onginal Coxsackie speamens have now been
isolated m many parts of the Umted States and 1n other centers all
over the world, and have been called the Coxvackie group of virmes,
or C viruses.

B. Grour Ao PatrRoaEMIGITY

As was 10 be cxpected it was s0on found posble to sphit the original
“virus® mto many subgroaps, chicfly by the labors of Dalldorf and he
group an the one hand, and Melnick and hus co-workers in the United
States on the other (Dalldorf ¢ . 1950 Dalldorf, 1955 Melmick,
1950) It is now recognmred that Coxsackie viruses are distinct from
thosc of pohomyehit, constituting a distinct antigenic group While it
15 true that other viruses will alo produce muscle lesions in suckling
mice slmilar to these produced by the C group (e.g Columbia-SK and
MM) they affect adult Is, while the pathog, y of C viruses b
ordinarily limited to newborn animals.

Like poliomychtis viruses, the members of the Comsackie group are
small viruses (about 20 mp 1 duameter) and show similar seasonal and
geographical dutributon reustance to phyncal agenaes, and geaeral
occurrence m the throat washings and feces of infected individuals.

On the baws of the experimental disease producted 1n suckling mice
and h C viruses are subdmided into two main groups—A and
B Each of these has been further subdivided into serological types, 0
that altogether some score of different strains are known. The out
atanding difference between groups A and B fs that the former will
regularly produce widespread lar lenony in immatare mce of
hamsters without damage to the central nervous system, viscera, or fat
body while group B viruses arc less conmstent in ther effects. The
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muscle lenons which develop are focal in character, the nervous system
1s commonly involved, as 13 also the interscapular pad of fat. Sometimes
ako the pancreas may undergo necrosis. On the whole, group B viruscs
produoclcncﬂ'cctinmusdathmdo!.hmcomeupA, and their most
characterntic lenon s produced in another dermal denvative—
the 1nterscapular pad of fat.

C. Crnacar CoNmpERATIONS

From the clinical point of view, viruses which turn out to be of the
Cooackie type when tested on immature mice are found asociated
with an ever increasng number of different conditions (Ash, 1958)
Thus group A viruses have been Isolated from cases of brief febrile il
nem occurring 1n young children dunng the late summer months (in
erther the presence or absence of an epidemic of clintcal pohiomyelitis)
and featunng headache, neck stiffness, tenderness of the muscles, to-
gether with small bliters which [ater [eave ulcers on the fauces and
palate 30 that the whole plctures has been termed “herpangina.” Less
arresung are cascs of so<called "Summer Grippe™ and “Three day
Fever " in which myalgia b agan a feature. There seem to be many
chinical conditions for the most part mild, from which Coxsackie
viruses can be {solated, bat which yet remain to be clearly grouped
from the standpant of the physican.

Group B viruses have been isolated from outbreaks of cpidemic
pleurodynia or myalgma (Bornholm Disease) charactenized by febrile
illness, with headache, sore throat, perhaps some cough or vomiting
and a severe stabbing pain in the side of the chest or occanonally in the

bd oralimb Sometimes signs of an ascptic memingitis are super
added (Rhodes and van Rooyen, 1953) Recently cases of myocardits
n newborn infants due 10 Cooackie group B virus have been reported
and a group A virus has been nolated from the feces of cases of Guillain
Barré syndrome. The ngmificance of the latter caser bas not yet been
ctablished Myocardity has also been reported (on both clinical and
pathological grounds) in cases of pobomyehtn (see Sectron VII)

Finally unce Comackle viruses may be fsolated during an epidemic
of paralyne poliomyehity, there 1a the pombility that therr presence may
llpthcbahmconcmyorlheothcrmthmpecnothcdn':lopmcn!
of the discase Evidence that this might be 5o has been found by Dall

dorf (1931} and Sacerdote de Lustig and Bricux (1956) and
Dombl (1957) (1958 b
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D ExrernoxraL Isrecniox oF \rwsorx \ircz

The outstanding feature of the Coxsackie group of virmses from the
pathological pant of view 15 that they will affect the skeletal musches
of immature hamsters and rmce. Rowe (1953) workmg on the assrmp-
non that the lrochemical transformations in denervated muscle mght
resemble those of immature muscle (Mink and W erthermer 19
Schapro  1949) found that group A virus conld profiferate m the
gastrocnermus mmuscle of the adolt Swin winte mouse 3 days aftex
denervanon, while 1t failed to do 50 m the intact muscde. The vorm
could be camned semlly from muscle to mmscle which had beea
denervated.

The more impartant pathological features of virns myoats will pow
be comudered. Detailed avalyses of the lewons produced by groap 4
a0d B vinmes have been grven by a number of anthars (Armstrong @
al.,, 1950 \Melmck and Godman, 1951 Gifford and Dalldorff, 1351
Godman ¢f ol., 19522, Aumomer 1952) and ther descriptions have
been collated m what follows.

1 Groap A Infections

In ths gronp, major pathology s found m skeletal muscles, while
there 15 an absence of encephalitic ugns (convulnons) Death follows
within a day of two after the onsct of weaknen. The muscle lesrons ar¢
sufficiently extenuve to be seen with the naked eye when the mroscle 15
cut Jongitudinally a3 opaque white streaks scattered here and there
The lenons are widespread, imbs, diaphragm, scalp, mancter e, all
belng affected.

2. Group B Infectiams

Here, encephahine symptoms arc more m the foreground and the
mice may present generabized spasms and tremors of the hmbs and 12l
Incunmnxnﬂ:gmp;\,itnmthcccntrﬂnm'omryntmﬁu‘
mlcrmcopncdnngumtheformofumguuomurntnhqncfawoﬂd'
the cerchral hemispheres may be met with, while the muscles apparent
ty remam normal. The mternscapular pad of fat may however beus
usually pale or congested. While in group A infections, almost every
muscle of the body 13 found to be affected when examined mucroscop
cally the lenons m group B cases are scattered and focal, and may bave
to be searched for of not ymmeduately ighted upon, It 15 posdble fof
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example, that they may have been particularly sparsc 1n the newborn
ymee dexcribed by Pappenheimer et el (1950) The micsoscopic changes
produced are, however 1dentical in both groups and may therefore be
descnbed together, though indivdual strams of vinis may produce
mimor differences m histology mainly of degree (Godman o al., 1952)

E. PatnioLooicaL Lrsoms

1 Degereration

The fint stage s a degencration of the muscle fibers, preeminently
segmental vLe. abruptly demarcated regions of obvicus change may
occur In the course of an otherwise normal muscle fiber The segmental
character of the lenons 1 cunously smilar to the Gombault-Stransky
type of degeneration m penipheral nerves scen 1n vanous pathological
conditions, mainly mtoxd ym. No explanation » available for the
phenomenon in ather case, though it no doubt depends upon subtle
biochermeal dufferences which at the moment escape us (Field 1957)

Accentuation of A ducs 1 an cardy and tranuent or inconstant
feature and b soon accompanied by proliferaton of sarcolemmal nucled
The Z discs are saud to be at first unaltered, but later they too du-
appear when myofibrillar thickening takes place. The lengitudinally
running myofibnilac become accentnated and then obviously thick
ened paning off on erther nde into still normal appeanng muscle. The
sarcoplasm m which the myofibrillac are embedded becomes strongly
and uniformly connophilic, though at first 1t may present arvas of mot
tled basophilia. Exactly the same sort of changes may be observed in the
neghborhood of a septic focus in muscle and the changes do not seem
to be specific. Affected segments may be folded or “fractured” in
appearance, perhaps due to an mereased ripidity as compared with
adjacent unaffected and sull contractile fibers. Karyolyns and karyo-
rhexds take place and the affected segment becomes converted into a
waxhke homogencous mass. Regeneraton changes appear very early
and this is an outstanding feature of the pathology in these new horn
mce The course of the degenerative changes In the muncle fibers n
also very raped and many hyalinkzed scgments are to be found on the
first day of chmical ogns of paralyss.

2. Inflavemation
Thnhlhcmmnlwqudwdtgmn'aunuandfoﬂm\nuusuﬂmunc,
with edema, ceflular outpounng (histrocytes, polymorphs, and lympho-
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cytes) usually reaching ity hedght in about 24 hr., at wiuch stege
lear cells predominate. Indrvidual virns strawns vary in the
degree of inflammaton wiuch they evoke.

The monomuclear scavenger cells remove degencerated muscle proto-
plaim, leaving sarcolemmal tubes which are the directing scaffolding
mto which regenerating muscular buds can later grow The sarco-
lemmal tubes are seen to be filled with many nucld denved from
proliferated sarcolemmal cells, histiocytes, and begmnmg Ingrowing
muscle sprouts Attempty have been made to dntingush the histiocytes
by pretreatment wath trypan blue 1n expenmental muscle lemons
(Forbus, 1926) and the point is dscussed in Volume ITI, Chapter V
The sarcalemmal tubes found m Coxsackie infection are gmilar to
the “Sarcolemmschlfuche” descnbed by Waldeyer (1865) in nonvirm
detruction and also to the reconstitution of muscle ciscuned fn the
next chapter Phagocytes, from whatever source they are derived,
laden with detritns, emerge from the tubes and a reaction  found m
the local lymph nodes. Preparations for regeneration begin very eady
even before inflammation has had & chance to clear away the necrote
material.

3 Repeneration
This takes place to an extraordinary degree, despite the persstence
of a lugh virus titer 1n the affected muscle (Melmck and Godman,
1951) and origmates posibly 1n part from some of the proliferated and
sarcolemmal nucler within the tubes, but manly from the
adjacent ends of surviving muscle segments, It would scem that re
generation is therefore cluefly of the “continuous™ type rather than of
the “discontinuous” or “embryonal” type discumed in Chapter V
At the ends of surviving muscle fibers bordering on the necrotic
segments, there 135 & well marked proliferation of mucla which become
clongated and tend to arrange themelves In Line, acquiring as they &0
30 a clear and decply staining mantle of cytoplasm. In ths way an®
cytul protoplasmic strand is formed which grows into the
tube, now mostly cleared of debrs. Often the muscular outgrowth takes
place at the penphery of the healthy muscle fiber but sometimes the
healthy segment tapers off 1nto & “terminal® syncytial outgrowth The
muscle plasmodial slips which grow in often bafurcate, Nuclear drvisfon
scems to be by amitosts, wiule that of the sarcolemmal nucled i mitotic
The sarcolemmal tubes clearly cxert a guiding influence on the 10
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growing muscle sprouts 1o much the same way as neurilernmal
tubes do upon axis cyhnder sproots dunng nerve regeneration.
There may be much cellularity at the height of the regeneration
proces, $o that the mucroscoplc appearance may come to resemble
lm)mrwmltumthxtmnyofthcmmdelpmun&ﬂm
find sarcolemmal tubes which can be occupied, and so come to
pothmg

4 Drfferentiation

Reatitution of damaged muscle fibers s for the most part com
plete about a week after the onset of ngns. The muscle sproats are at
firgt thun and strongly basophilic, with centrally placed nucle in Iine.
In general, maturation changes follow the course occurnng in normal
ontogeny Thus longitudinal striae appear finst; usmlly by the second
day wfter the onset of signs they are definute, Le. even before marked
ingrowth Into the srcolemmal tubes has had time to take place. At the
mme time the sarcoplasm increases 1n amount and becomes ecuno-
philic as myohemoglobin begins to late within it. The longl
tudinal striawons increasc in ber and show ioms along
therr course which are the beginnings of A disca. The nucla which are
still centrally placed begin to space ont from one another and about
the fifth day Z discs and sarcolemmae begin to appear so that by the
end of the week the muicle fibers look like well developed young struc
tures. Only their shmnes and the eentral locaton of thar nucla inds
cate ther newnen, Remnants of destroyed muscle tissue may still be
scattered about, here and there. The procen of striated muscle fiber
degencratron and regeneration consequent upon Coxxackie virus infec
ton & estenually the same as that which follows fiber degeneration from
other camsey, ¢ g direct lar § 1| of toxie chemicals
(Forbus, 1926) wuchemia (lc Gros Clark, 1946) etc. The tme scale
on which the changes here discumed occur 15 2 rapid one, partly no
doubt because they arc taking place here mn neonatnl animals, The
temporal iequence of changes n older animals 1zed in
Volume III Chapter V

3 Histockemmeal Chenges

It has been pointed out above that a stnkmg feature of the muscle
changes is the discontinuous natare of the 1utial lenony, affected 1eg
ments beng found along the counse of apparently normal fibery. Some
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hustochenucal observations of the changes brought about 1n muscle by
Comackie virus infection have been made 1o recent years but they
are largely unconnected, and a co-ordmated picture must wat
upon a fuller development and interpretation of techmquer. It hay,
for example, been recorded that birefnngence 18 increased in the
carly stages of infection but that no definite A discs can be seen,
that basophilia 1 1ncreased 1 the hyalinized scgments but that ths
13 apparently not amoaated with aither deoxyribo- of ribormdde
acads that phosphate and phosphatase are vamable that lipids may
appear a5 uny grapules that with Increasing length of infection
there 15 2 potasnum and creatinine depresnon (Gifford and Dalldod,
1949) and sodium elevation (Gadeke and Walenberger 1952) and
that glycogen content 13 dimunished (Albrecht 1954) On the other
hand, It has been claimed that alkaline and aad phosph
activity arc unaltered (Rausche ¢ «f 1951) and that alswo unalt
are both inorganic acd total phosphorus levels (Albrecht and Sauthof,
1934) Ferric won has been fonnd 1n nffected mmdes (Godman
etal 1952) While these authors and also Petto (1952) have clumed
to demonstrate caldum in the lesions, their results have not been
substantiated (Sauthoff 1956} More recently, Albrecht and Gldeke
(1956) have clumed an fncrease in inorganic phosphorus i paralized
muscle, while the acid soluble pbosphorus and phosphaliprds remaln
unaltered and suggest that the change is associated with interference
with the formaton of the phosphates so important as a source of
energy in muscular contraction The change is oot found m the
first 24 br after infection. The biochemleal changes In musde
may be 50 severe as to lead to kidney lesions in fnfected suckling
mice resembling those seen m “crush Kdney” when striated muscle
has beent extenuvely damaged (Gddeke, 1952)

It is interating that some selective Interference with the bwo-
cherical transactions of heart and skeletal muscle leading to mee
rodc changes similar to those described above can be brought
about 1n rabbits muce, and rats by intravenous infection of papaln,
trypein, ficin, or streptokinase (hellner and Robertson, 1954a) The
activity is apparently due to proteolytic actlvity of these enzymes in
the casc of streptokinase plasminogen scems to be converted into the
proteolytic ensyme, plasmun They abo found that
protenase had a similar sclective necrotinng effect (Kellner and
Robertson  1954b)
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F BorxniorM Dorate
(Epdemme Myalga or Pleurodyma Devils Gnp)

1 Histerueal Note

The disease takes its name from the epidenuc on the uland of Born
holm described by 2 Dansh geaeral pracutioner whose family devel
oped the condition while on holiday there 1n 1930 and hu wmonograph
on the rubyect appenred in 1934 (Sylvest, 19302, b 1934) About the
tame time, 100 Pickles described cases in Yorkture, England (Wann
1956) Actually the drscase scems to have been known for much longer
than thu, having been fist described by Finsen (1874) as occurring
two eprdemmes m Iceland m 1856 and 1863 and nnce that time out
breaks have occurred 1n many countmnes of northern Europe and North
Armenca (Finn et el 1949) Recent outhreaks in this country have been
described by Wann ¢f «f (1953) Dimey et ¢/ (1953) and Swain and
Myechell (1953)

Followng the 1solation of Comackie wirus 1n 1948, Cumen o ol
(1949) reported bnefly on the presence of the same agent in the feces

of four cases of apparent cpldemic myalgia. Since that time the
avsotation has become firmly recognized.

2 Cluncal Features

Climically Bornholm dwsease is charactenized by the sudden omset
of severe stabbing paln umnally 1n the chest or abdomen, lesy commonly
in the trunk or head and neck. A varying degree of moderate pyrexia
13 usually present for a few dayy, and headache wath neck stiffiness and
some photophobia may mggest a benign meningtis. Muscle tenderness

may be prosent in the affected region. Generally the conditon does
not fast more than a week or so

3 Patkelegy

The condition is not fatal, but the findings 1 muscle biopsy have
been reported upon by Lépne et ¢l {1952) In two adult cases they
found the same sort of lenon 1n muscle fragments removed from the site
of maximal affection as occur 1in newbormn Coxackie infected muce.
Thus, 1n one case there were localized interstiual mononuclear cellular
wnfiltratront with few polymorphs, hyalme degeneration with lows of
fnanon of mucle fibers, followed by necrosis and the clearance of
sarcolemmal tubes by phagocytes. Coxsackie virns was demonstrated
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by carrying over the infection to suckling mice. A second case showed
duappaintingly few lenons but this may well have been due to the
chances of biopsy Thus, Welborn (1936) found no pathological changes
in a slip of Isttmmus dorm muscle removed at biopsy from a case durlng
an epldemic in Cinannat

Freudenberg ¢ &/ (1952) have reported upon the lenons due o
Coxsackie vinus (proven by tramfer to Immature mice) In a 7} montls
old child with congerutal deformmty in both hips, apparenty canse-
quent upon some intra utermne (blood borne) infection wath virm. Tk
virus had produced grom lar changes remi atop of
the naked eye appearances scen in Coxsackie infected baby mice. There
was much scar formation and permstent signs of a low grade infection,
the condition thus differing from the sclf contained process which takes
place 1o the new born mouse. The authors remark upoen the proloaged
presence of vinm, which could indeed still be molated from the stools
at mne months after birth While there can be no doubt now of the
anoaation of Comackle virus with Bornholm discase, there are alo
scveral other conditions 1n wiuch 1t may be found and indeed it may

be carried by an apparently normal person.
Vit POLIOMYELITIS

So long as poliomyelins viruses were regarded as exdunvely meuro-
tropuc, hitile attention was devoted to possble early changes In muscles
which might be of importance for an undesstanding of the dueax
procen. In more recent years, with the development of a Jon ngid
outlook, muscular changes have been sought for and recorded.

Chor (1933) Hordnyl Hechst (1935) Sanz Ibanex (1945) and e
pecially Carey and bus co-warkers (1944 Carcy 1943 1944) claim to
have demonstrated earty changes in muscle motor end_plates afhumans
and amumals infected with poliomyelitls. In the monkey Carey (1943)
found some end plates to be retracted mto ball like mases a1 early as
the fint day of paralyris and to stan decply with gold chlonde. He
found many to be small and dense, while others were large and grasu-
Iar He estimated that some 20% of end plates were absent on the fint
day but thus must be accepted with reserve becawe of the well known
capricousness of the gald chloride method, 1n which mauny of the factors
determuming the success of impregnation are as yet undetermined. How
ever withun 2 to 4 days, Carey reported 50% of the end plates to have
disappeared and that this was followed by centripetal changes in the
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notor nerve fibers. Thus sequence 13 different from that which occurs
when a nerve s sectioned for then changes proceed dustally Carey also
ound the muscle fibers themselves to show lemons beginning m the
santy of the sole plates and spreading into the adjacent sarcoplasm.
Transient “incusion masncs” were found 1 the neighborhood of the
end plates, but only In the early stages of the infection. It must be
dmitted, h that the of such masses 1n metallic 1m-
pregnated materdal 1s dufficult. There were also lymphocvtic mfiltra
tions 1n the muscles. Other workers have not found such alterations but
have drawn attention to the occurrence of sporadic sarcorporidions
(Hurst, 1929) While there can be no doubt that the maun attack of the
poliomychtis virus 15 on the anterior horn cell (Bodian, 1948, 1949) 1t
i3 possible that disturbance here may manifest 1self very rapidly (wath
in 2 matter of a few hours, or cven munutes) st the lughly Iabnle synapse
or motor end plate before changes along the course of the intervening
nerve fiber appear
Haran (1943) described hustological changes in the intercostal mus-
cles duphragm, pectorales major and minor of a boy of twelve who
wuccumbed to poliomyelitn, Varning degrees of homogenizanon, waxy
degencration, loss of stnation, and dusrupton of muscle fibers_were
found tegether wth some infiltration of the myocardium but the
changes do not seem very comvinang  Neverthelens, there is some ev1
dence that muscle may be affected early and apparently directly in
poliomyehts infections. Caughey and \Maleolm (1950) for instance,
found that electromyographic studies failed to reveal motor potentials
n muclet which were in spasm, curare failed to reheve spasm, which
coald, moreover be seen in muscles devold of voluntary power They
therefore suggested that it originated, to some extent at least, withm
the mnscle stselfl Guyton and Recder {1950) performed anterior rhizo-
tomy on dogs and observed the development of muscle tenderness to
pressure and stretch such as occurs 1 poliomyehit suggesung that
these features might arise from local pathelogical changes in the mncle,
pomubly following the accamulation of metabohc products. Pollock
¢t ol {1949) mamnianed there was bo true spasm dunng the develop-
ment of paralym but that tendernoss and stretch pun occurred
more particularly in paralyzed muscler. Suceessful attempts to isolate
poliomyelins vinus from muscle have been relatnvely few in pumber
Jungeblut and Steevens (1950) succeeded 1n one of thirteen cases 1n
tsalxting the varus from punctore bropsy speamens of muscle. It seems
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that there 1s connderable vanation 1n the abibty of different human
polio strauns to produce lenons when njected directly mto muscle.
Thus, Rustigan and Pappenhamer (1949) found that Columbu SK
virus (of Jungeblut) was lughly virulent and produced lenom of great
mtenuty With a standard dose of 0.2 m! of 109, bran suspamon,
definlte lenons were recognired within 15 min. Edema was a prominent
feature and was followed 1n the next few hours by polymarph inft
tration and necrosms of muscle fibers, aspecially those op agmmst the
intramuscular septae, whither s has been scen above (Section IT, page
86) most of an intramuscular injection finds 1ts way Lammng wns
produced only a slight and transutory effect. True human polromyefits
virus 1s in general much less pathogenic for mmscle even when mocs-
lated directly (Verlinde, 1952) and produces an interstitial rather than
a parenchymatous reaction. Clearly thae changes are different from
those produced 1n young mice by Coxsackie virus.

On the other hand, Thellers GD VII and FA wviruses are very
pathogenic when inoculated directly into the muscles of mce up to 3
weeks of age. Gross swelling and edema is induced and later the affected
muscles appear opaque and streaked with yellow Histologically there
1 an intense necrotiring myosits with much the same character a8 that
described above for Coxsacke infections. Destruction of muscle fiben
takes place without apparent damage to nerve endings and small perve
burdles. E philic inclusion bodies with margination of the nuckar
chromatin (as found typically in herpes) were scen by Rustigan and
Pappenhaimer (1949) Apart from these the leuons 1n general were
remarked npon as rescmbling those found 1n vitamun E defiaency and
ran paralie] with marked local proliferation of virnm m the myected
muscles. Dencrvation docs not interfese materully wath varns melt-
plicaton or lesion production.

YilL. OTHER YIRUS INFECTIONS OF MUSCLE
Lymphocytic choromeningitis virus may be the camse of axptc
ngits m b and 11 not 1y di able 1o fecas of
apparently healthy muce. When mjected intramuscularfy the virss
produces an mtense edema with 2 certain intersutial infiltraton with

lear eells and oc 1 polymorphs. The lestons are different
from thote produced by the other viruses investigated by Rustigan and
Pappenhaimer

\ exicular stomatitss viruy is capable of producing a myontls on local
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injection 1nto » lmb anoaated with interstival wnfiltration degener

aton, and phagocytom of muscle fibers and prolderation of sxrco-
lemmal nucler, No charactenstuc inclusion bodics have been reported
(Sabnn and Olisky 1938) Recently Platt (1936) has found that mice
up 1o 5 weeks of age can be nfected lntrapentoneally with the virus of
foot and mouth disease. Skelctal muscular lenons very hike those of
Coxsackie infection result. Lesions were also found 1n the heart muscle
of these ammals (Section IX, E)

St. Lows encephalits virus likewise can produce such changes 1
young muce (Peck and Sabm 1947)

Recently aninfectious pancreatic necrons of trout has beendesenbed
(Srueszko ef al., 1957) as accompanied by a focal myositis resembling
that produced by Coxsackre Conn-5 viruy. In marked contrast, how
ever to what it found 1n mammals, there 13 practically no inflammatory
or regenerative change. The heart and central nervous system are not
affected. No viral studies have yet been publshed but the nuthors
suggest the conditon may be cawed by an agent belonging to the
Cooaclue group

1X, MYOCARDITIS

A. Inoramiuc Myocarorm (Fiedler s myocardius)

An 1nterstinal myocarditls of obscure etiology has long been known
to occur in common experimental ammals and 11 man (Editonal
1951) Fiedler (1900) first described molated myocarditis in man and
the condition has been vanously termedidiopathue, interstitial, 1solated
pnmary etc and many cases have now been recorded Indeed, they
would scem to be increasng 1n frequency (Saphir and Coben 1957)
but unfortunately vinn stadies are lacking (Gajdinek, 1955)

Miller (1924) during the course of experiments dengned to produce
rheumatic changes in the hearts of rabbits and gumnea-pigs, found
lesiom 1 60°, of “normal™ rabinty, 1n the form of sntenubal nfit
trauons with lymphocytes and endothelial leucocytes, with occanional
polvmorphy, plasma cells, and costnophiles. Muscle fibers themselves
were not infected nor was amy form of inclunon body present. The
tmportance of such findings for the interpretanon of expenmental re
sults needs no emphanzing and the obtaining of “normal™ ammals for
expenmental work has now been recognized asa major problem. Lenke
and Locwe (1941) found up ta 30°, of white Swirs mice to show “spon-
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virus 1n the myocardrum of the expennmental animal, 1s its virnlence
encountered from time to ttme 1n the heart muscle of the human new
born. "Epidem:c myocarditis of infancy™ has now become recognzed
and 1n some localities seems to have been endemuc for years (Stocber
1952) Itis characterized by an acute onsct with sudden loss of appetite,
vamiting cyanosts, and tachycardia, usuaily 1n children about 1 year
old. Cardiac dilatation 15 common at antopsy and polymorph mfl-
trations (cccasionally also lymphocytes) with actual muscle necrom
in the mare severely affected foc, have been descnibed. An outbreak
occurred 10 1953 10 Avstralia i 2 nursery for nevborn wnfants, with
much the same character as that described by Stoeber (French, 1953).
During 1952 1n the presence of an epidenuc of Bornholm disens 0
Johannesburg a number of balnes were striken with myocardites whik
in, or soon after discharge from, a local matermty home. The babis
were aged between 5 and 17 days. This outbreak of myocardios by
been recorded 1n full by Javett of a (1936) Other South Afncan cax3
have been described by Montgomery of ol. (1955) while in Holland,
van Crevald and de Jager (1956) and Verlinde of al. (1956) bave de-
scribed a nmilar epidemic. From both the Dutch and the Soutb
Afncan cpsdemxs, group B Coxsackie virns was polated.

Eabrick and Bemnichke (1956) have recorded a case of iptra-utenee
infection with B virus, tvpe 8 leading to the development of my>-
carditis d with Iy phalitis, the condition proving
fatal within 7 dzys after birth, This case should be compared with the
casc of Frendenberg of ol (1952) which illustrates intra utenne Boem-
holm disease mentioned above. Coxsacke viruses can on occaston pro-
duce a viremia (Dalldarf, 1955) and the above cases demonstrate 1t
ability to cross the placental barrier n muscle 1n the same way as bxs
becn found 1n varola (Horming 1932) measles (Babbott and Gordon,
1954) poliomyclits (Bates, 1955) and western equne
{Shineficld and Townsend 1953)

In Coxsackie infection, the heart of the newborn shows macroscope
cally caly a flabby dilatation, Microscopreally there may be patchy
edema and infiltranon with lymphocytes and a few polymarphs, &
pecaally in the mner part of the myocardium. Here and there, patches
may be found where muscle fibers have loat thelr striations and event-
Mmmthukmplu&ltww}dmthatp&lﬁhy&u“l”
nfiltratton may precede muscle fiber degencration—a reversal of the

found m Cx k of skeletal muscle According 10

q
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Javett ef of (1956) disappearance of the homogenized sarcoplasm
Jeaves empty tarcolemmal tubes, but the extence of the sarcolemma
1n heart muscle 13 dusputed. These authors also remark on the absence
of regencrauve changes i ther speamens. It 1 mtereating that the
absence of regencraton in heart muscle after expenmental uchemic
lesons has been attributed by Ring (1950) to the absence of a sarco-
lemmal framework.

The undoubted association of Coxsackie viras with cases of myo-
carditis m the newborn rarses agan the positnlity of a varus etiology
for Fiedler s myocarditis and calls for many more virus studies of the
conditron. Mogabgab (1957) has recently reviewed the subject of viral
myocarditss and has pomnted out that the ymportance to the heart of
these infectrons cannot be anessed withont further knowledge. It seems
that good functronal recovery 1 made if the attack docs not prove fatal
at once, but on the other hand repeated scaming from recurrent attacks
might well be of ulimate importance in produang 2 fibrotic myocard:
am. There Is some evidence, too that 3 direct toxic acton on the
myocardium may be exerted in some virus conditions, mdependent of
the actual muldplication of vinu in the myocardium,

E. Mncrrianrots Oraer Vimuszs

A number of other viruses of theoretical interest have been found
able to produce myocarditis for example, Virus 111 in rabbats (Pearce
1950) but of more practical importance are the members of the
“encephalomyocarditis group " usually termed EMC viruses,

Four vanuses are now grouped under this head. They are Columbia
Sh virus, MM varus, the onginal Helwaig and Schmedt encephalomyo-
carditns vinn and Mengo vinus.

Of these  Columina-SK and MM virses stand very close to one
another Col-SK was ongunally usolated by Jungeblut and Sanders
(1940) from the feces of an abortne human case of poliomyelitis and
dxymcccrdcdinuubluhmgnmvhncrmccthmughthelnm—mcdury
of the cotton rat. It has been seen {Sechion VIT) that tha virus does not
attack skeletal muscle unless direct inoculation s made into the muscle
when the pathogematy 1s ugh. But if Col S varus i passaged 10 times
through muce by intrapentoneal injection, then the mice begn 10
develop well marked myonus and myocardits by this route (Jungeblut
and Steenberg 1950) Interesung speaes vanatom in susceptibnhity
also occur for while rhesus monkeys are ordinarily resistant to infer
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tion cynomolgus and Cerraprthecns are susceptible and thow well puarked
myocardial lenons (Juogeblnt, 1950) The MM stran i3 closedy
related to Col-Sh. and has very smilar properties,

The virus of Helwig and Schmidt has been briefly described in
Secton IX, B (page 100) and us production of & necrotinng mye-
cardits in muce and hamsters was confirmed by Warren and Smade
(1945)

Mengo virus was lsolated in Uganda from an untreated rhers
monkey which became paralyzed at the Yellow Fever Research Station
at Entebbe.

MMengo and the EMC virus of Schoudt are known to be pathogesic
for man, and while Col SK and MM are of doubtlul ngnsficance m
human infectrons, all four are 1n general infectsous for raty, guinca-ps,
hamsters, and mmce (Rhodes and van Rooyen, 1953)

There are reporty of fatal phal fated with myocarditss
m yorng children, m which the authon have suggested that the EMC
virn may be fnvolved (Brenning 1951 Chuan, 1952) though virus
studics were not actually undertaken. On the other hand, the virus scezs
to be defintely associated with at least some cases of *Three day fever”
(Smadel and Warren, 1947) Mengo virus has likewnse been shown
capable of produang a form of enccphalomyehts in man (Rbodes and
van Rooyen 1953) and myocarditls has been produced wth it m
hamsters and mice,

Platt (1956) has recently shown that young muce (up to the age of
5 weeks, after which rodstance suddenly develops) show lenons of
myocarditss as well 23 changes 1 the skeletal muscle when infected
mtrapentoneally with the viror of foot and month discasc (Secoon
VIII) The myocardial changes may be large enough to show up &3
palc areas 10 the ventriculer muscle. Microscopically, there s Jos o
muucnfoﬂowcdbynccmmoocmmgmpﬂthulndmpm
by moderate polymorph and macrophage infiltration As in the e
of other viral 1nfe of the myocard no evid, of regen<t
ation were recn.

F Soamxy
It seems likely that some at least of the cases of Fiedler s myocardits
wiich 1n the past have been regarded as “spontaneous™ may m fct
have bees due to a virn of the type nolated by Hehng and Schmidt
10 1945 It 13 posmble that recurrent attacks of myocarditis mght be
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responsible for some cases of myocardaal fibroms not otherwase explicable

In the new bom infant, Coxzackie B infection may produce a fatal
myocarditis, Such cases should be espeaally looked for dunng the
prevalence of an ontbreak of Bornholm ducase.

Transient nonfatal myocardits seems to be by no means an uncom
mon accompaniment of poliomyelitns, perhaps as & toxic phenomenon
rather than one due to actual multpheation of the varus 1n the heart
muscle. Occanonally a severs myocarditis may occur and may be the
immediate cawse of a fatal circulatory collapse

Intra-utenine infection by transplacental panage of Comackie virn
may take place as with a number of other viruses and may reslt 1n
myocardits (or congenital Bornholm dinease which can 1n turn lead to
deformty due to muscle fibrons)

Many more virus studies of obscure cases of myocarditis are called
for before the fisll significance of viruses as an etiological agent in the
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L INTRODUCTION

Muoscle 1 mibnect to infechion with two types of animal parasites,
protozoa and helminths. Both these infections are widespread in the
amumal kingdom, but they have nearly always been studied from the
angle of the parante hving 1n muscle rather than that of the muscle
nfected with & parasite. The dramanc changes undergone by the
parasite are undoubtedly responmble for this focumng of sttention on
one side of the picture, and 1t has led to a neglect of the changes oc
cumng m the host cven grom physiclogical dismrbances have only
been studied mn a few mstances, let alone the minute histological effects.
In hardly any examples is the exact nite of development of the parante
knovn for certain, though 1t 1 probable that the muscle fiber is only
exceptionally the actual host cell.

As a general rule, the parante hives in muscle tissue without causing
wuch focal resction, It often becomes encysied and only on rupture
of the cyst docs any phagocyue response occur The reaction b nor
mally brief and localized but if the infection persists for & long time
with penodic rupture of & cyst and invanon of new muscle fibers, a
widaspread inflammatory change eventually takes place 1n the tizsue-
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thus chronic myocardits is the final result of a long standing case of
Chagas dwmcase.

All types of muscle may be the seat of parantic infection and it is not
unusual for an organim to attack equally skeletal muscle, the heart
and the unstriated muscles of the alimentary tract, In a few cases, the
parnsite has a predilection for special asues like the duaphragm heart,
or tongue. Many infections are asymptomatic, and in the case of man,
they may often pass undetected because muscle 13 not usually included
1 the histological examination of organs and tissues taken at antopsy
It is cunows that the muscle of domestic ammals, on the other hand,
recerves more attention, namely 1n the form of meat for human con
sumption, Here the flesh s suby d to a visual by meat
nspectors as & routine, and paragte infection of ment 15 one narrow
aspect of the subject which has been recorded in great detail

The parasites of muscle are by no means confined to buman parantes
or to parasites occurring in meat destined for human consumption
Therr range extends to all clases of vertebrates and to many inverte
brates some of the most interesting examples are to be found for
imtance, 10 mseets. Al of them exhibrt the most important feature of
paraute life, namely the attempt of the parante to live as harmomomly
as possible with the hoat, 1t is only 1n exceptional crcumstances, or at
a late stage of evolution, before a state of natural tolerance has been
achieved that grom destruction of the timue of the hoat takes place

Mascle providas & unlque environment for the parasite, 1n one re-
spect apparently most unsuitable 1n another very favorable The re
peated contraction and relaxation of muscle subject the paradte to
mtense stress and straun. It b difficult to undenstand how the rapudly
growing filanal larva for imtance, u able to pursue Ity development
in the thoracic museles of & mosqnito 1n fight—one would expect that
nuclear division at least, would be adversely affected Mere muscular
contraction must cxpose the paraste to much buffetng while the
periodic interruption of the flow of blood in the vessels supplying the
tissue results 1n equal pertods of anaxemia. On the other hand, muscle
15 the site of raprd metabolism. Here carbohydrate metabolsm fs at a

puximum and nuclesc acads and other metabolites are pro lin
quantity The parante has a2 le opportunity of finding t
wants those muscles w gh metabolic rate sre

heavily parasuzed than mn trchmosh and

infection is intense 1 the tercostals and hea
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nothing 13 known of these facts and the subject is open to an interesting
study by a parasitologust who 1 also a comparative phymologst.

It s postible to desenibe the effect of parantic infectons on muscle
in three ways (1) 1o relation to the type of muscle (stmated, untnated
and cardiac) (2) in relation to the different ammak, and (8) in
relation to the paraste.

The parantological approach (3) is the mott convenlent and the
following two sections are devoted to the protozoa and helminths,
respectively The more important, i e. the more frequent infections
are deseribed in some detall while & few cxamples only are mentioned
concernmg the myxosponidia and the extenmive group of nematode
worms,

1L FROTOZOAL INFECTIONS

Protazoal infections of muscle are ether uncommon or are confined
to nngle geographical areas or to specnl groups of ammal, There
one exception vm. Sarcocrshs a parante widapread o the ammal
kingdom and one with which we (as meat-¢aters) are in contact nearly
every day of our hives. Meat infected with protozoa 1s rarely conndered
unfit for human comumption but certain protozoal infections of do-
mestic ammals, hike TAealma parva caunng East Coast Fever in Afncan
cattle, grve rie to gross deterroration 1n the qualty of the flesh, and the
carcam may have to be condemned The parante in such cases does not
mfect the muscle 1tself, and infections which have only an indirect
effect on the muscle are excluded from connderation here.

Each parasite is described from the point of view of 1ts inadenes, its
character and mode of entry into the muscle, and the changes it
produces in the tigues

A. Samrocystis

Of all parantic snfections of muscle Sercoggsts must be the most
common the parasite affects many mammals some bards, lizards, and
fish, At least 50 species have been desenibed indluding one from man.
The organnm 1 found 1n skeletal muscle heart muscle and 1n involun
tany muscle in which tissues the organim appears 1n a cystic form. The
Cysts are often macroscopic and were easily scen by the early workers
wbo described the paraute 1n detail over 2 hundred yeans 2go. In spite
of 113 frequency ard the long pertod dunng which 1t has been studied,
our knowledge of the lfe cvele of Seraeystis remains defective. The
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thus chronic myocarditis 13 the final result of a long-standing case of
Chagas disease.

All types of muscle may be the seat of parantic Infection and it 15 not
unusual for an organism to attack cqually skeletal muscle, the heart,
and the unstriated mincles of the alimentary tract. In a few cases, the
paranite has a predilection for special timues like the diaphragm, heart,
or tongue Many infections are asymptomatic, and in the case of man,
they may often pass undetected, because muscle 13 not usually included
1n the histological examination of organs and timucs taken at autopsy
1t 13 cunous that the muscle of domestic animaly, on the other hand
receives more attention namely 1n the form of meat for human con
sumption. Here the flesh 13 subjected to a visual examination by meat
1mpectors as 2 routine and parante infecthon of meat is one narrow
aspect of the subject which has been recorded 1n great detall.

The parantes of muscle are by no means confined to human parantes
or to parasites occurring m meat destined for human consumpton,
Their range extends to all classes of vertcbrates and to many inverte
brates some of the most interesting examples are to be found, for
instance, in imects. All of them exhibit the most important feature of
paraate lfe namely the attempt of the parasite to live as harmoniowly
a3 pontible with the host 1t 13 only in exceptional drcumstances, or at
a late stage of cvolution before a state of natural tolerance has been
achieved that grom destruction of the tusue of the host takes place.

Muscle provides a unique environment for the parasite in one re-
apect apparently most unsuitable 1n another very favorable The re
peated contraction and relaxation of muscle subject the parasite to
wntense stress and strain. It 15 difficult to understand how the raprdly
growing filaral larva, for inatance, is able to pursue it development
in the thoraac mmcles of 2 moquito in flight—one would expect that
nuclear divinon at least, would be adversely affected Mere muscular
contraction must expose the parante to much buffetng while the
periodic interruption of the flow of hlood 10 the vessels supplying the
tmsue reslts 1n equal peniods of anoxemua. On the other hand muscle
1 the site of rapid metabolism. Here carbohydrate metaboliym is at a
maximam and nucleic acids and other metabolites are produced in
quantity The parnute has ample opportunmity of finding the food 1t
wants those muscles which have a hugh metabolic rate are even more
heavily parautized than others, eg 1n trichinoas and
infecuon i+ 1ntense 1n the diaphragm ntercostals and heart. Little or
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nothing i1 known of thesc facts and the subject 11 open to an interesting
study by a parsutologut who 1 also o comparative phymologust.

It s possible to describe the effect of parantic infections on muncle
in three ways (1) in relaton to the type of mincle (stnated, umtnated
and cardiac) (2) 1o relation to the dufferent ammals, and (3) 1n
relation to the parante.

The parasitological approach (3) 18 the most convement and the
following two sections are devoted to the protozoa and helmmtha,
respectively The more important, 1.c. the more frequent 1nfections,
are dascribed in some detail while a few examples only are mentoned
coocerming the myxospondia and the extensive group of nematode
worms,

1L PROTOZOAL INFECTIONS

Protozoal infections of muscle are either uncommon or are confined
to ungle geographucal arcas or to special groups of amumals, There 15
one cxception, viz. Sercsgysts a parasite widespread in the animal
kingdom and one with which we (as meat-eaters) are i contact nearly
every day of our Livet, Meat infected with p urarely ¢ dered
unfit for human consmumption but certain protozoal infections of do-
metic animals, ke Therlma parre caunng East Coast Fever 1n Afncan
cattle grve nise to gross detenoraton in the quality of the flesh, and the
carcass may have 1o be condemned The parasite in such cases doss not
fect the mucle itself, and infections which have only an indirect
effect on the muscle are excluded from connderation here.

Each parasite 1 described from the point of view of its inadence, 1ta
character and mode of entry mnto the muscle, and the changes 1t
produces 1n the trsues,

A, Sercocritis

Of all parantic infections of muscle Ssrcegrsty must be the most
common the parante affects many mammals, some birds, Lizards, and
Eth At lcast 50 species have been described, including one from man
The organtsm 13 found 1n skeletal musele heart muscle, and in involun
tary muscle, in which umues the organnm appears in a cystic form. The
€Y1 are often macroscopic and were easily seen by the early workers
who described the parauite 1n detad over a hundred years ago In spite
of 1ts frequency and the long penod dunng which 1t has been studied,
our knowledge of the hfe evle of Sareogrsts remains defective. The
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clamfication of the organinm 13 tentative and even the mode of enay
into muscle 15 unknown.

The parasite grows a3 a ¢y lindncal or fanform object, white in color
mdup(oZin.mlmg&Iupopularmmcu'hhud\u’lmbc'md
the spores inude the tube are known as “Raincy s corpincler.™ Another
name commonly wied 1n veteninary mediane is “balbianta,” for the
cysts found 1n the esophagus of goats and sheep.

According to Scott (1943) the development of the parasite mude a
mouscle cell takes place 1n the following way An amochoid parasite
enters the cell and the nuclens undergoes repeated drviston, giving mse
10 a large number of sporoblasts. The sporoblasts themselves give nsc
to clhpsoid and later banana shaped spores. The parante jtself has
meanwhile grown enormously 1 nze and has become surrounded by
a cyst wall which 13 denved prnimarily from the muscle and connective
tisue of the host The mature spores meavure between 10-15p
length, contain a nucleus, a vacuale, and a few granule. They exhilnta
peculiar type of ent. They are nes called op ar
schurozoites. The sarcocyst may become calafied or it may ruptare into
the murrounding tmsue. It is thought that the spores are carried by the
blood stream to other parts of the body where they may invade muncu-
lar tirmie. On the other hand sporet have been found in nasal secrenon
and 1n the feces and it s posuible that the method of transmmssion from
ammal to animal takes placc via the feces rather than through the
conmumption of mfected meat. The sarcocyst 15 usually ineompletely
drvided 1nto & numbsr of compartments by septac pasmng {nwards from
the cyit wall. Sarrsgrstis has given nise to difficultres of varrom sorts 1n
diagnons. Sometimes, when blood is taken from a cow for diagnonng
East Coast Fever a sarcocyst may be accidentally penetrated by the
needle and the blood become contaminated with the spares. In these
arcumstances, cattle malaria bas been erroncously deserdbed with
crescent-thaped g; tes, bling those of P/ diwm falap
1 man. Agun, dunng the search for the exoerythrocytic forms of
malaria, cunous structures were found 1n the psoas muscles of infected
moukeys, which were at first thought to be the long-tought tissue stage
of malarma a closer examnation revealed that the parasites were in
fact Sarcoystts Other rarer protozoal parantes of muscle may be coo-
fosed with thus organism such a3 Taxopleswe and Besortia,

The sz and general morphology of sarcocysts vanes from species to
species, but 1t 13 doubtful 1f all of the so-called species which have been
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described are really valid, Certainly when a sarcocyst 1s tramsferred
from one ammal to another a great change 1n morphology may take

ce.

The incrdence of Sarroepstis may be extremely high. Sheep may be
1009, wfected Lambs show a low rate but sheep of over a yearin age
may be practucally all infected (Awad, 1934) In cattle, swine, and
honey, the incdence of the parante Iikewne mcreases with age. The
)wngmageltuh:chlhcmfccuonhnbccndctcctcdnﬁwccb,m
calves and 1n lambs. The orgamsm 1n sherp 11 known as § tewella and
it 8 usually found 1n the form of nodules in the muscles of the esopbagus
(Fig 1) Incattle, the speaies 13 called § blanckands In cattle, 1t affects
particalardy the lature of the esophagus, tongue, larynx, dia
phragm, and skelctal moscles. The camel n commonly infected 1n
India and m Egypt, the parante baing present chuefly 1n the esophagus
ard 1n the heart. The inadence in birds vanes greatly Chickens have
been found to be Infected with thus parante i up to 50%, of timues
examned. The most affected muscles are those m the head the neck,
and the pelvic region. In the duck, the infection may be quite extensive,
Sarcosporidions can be pathogeme to mee because of the intennty of
thenfection pearly all the muscles become paranuzed and the animals
die. The infection, however both 1n laboratory and 1n wild rodents 1
comparatvely mon. It 1 Ity ered by acadent
in the course of post mortem examination of white muce, or lewt often
of rabbits. Ball (1944) found a heavy infection of Servogystes in lizards 1n
the mountuns of southern California. The parantes were present in the
muscles of the trunk region Other records from reptiles are confined
to the \Mediterranean bann.

Sarceystis has been reported about 18 ttmes 1n human bengs. The
ntes of infection included the heart, larynx, tongue, and varsous skeletal
muscles (Fig 2) In most of these instances, the parante was found
acadentally asin McKinpon and Abbott s (1955) case from the Sudan
where the keg of the pauent was removed on account of myretoma,
When secuons of the diseased tmue were prepared, the neghbonng
mucle was found to contarn large numbers of sarcocysts, It 1s possible,
thatif human muscle were espeaally examuned for the presence of thus
orFanism, many more wnfections might be revealed on the other hand,
1f the mode of infection of Sarcocystur is via the feces, man 13 unlikely to
contract this infectron unlike herbivorous ammals which graze on land
heavily contaminated with their own excreta,
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The pathogematy of Sercogrstis a3 a general rule, 13 low 1ts presence
may e symptoms or even death if a vatal ergan, for imtance the
heart, 13 attacked, and apparently 1t may occasonally cause an allergic
respome. McGill and Goodbody (1957) described 2 fatal case 1n man
ansocated with widerpread penartentis nodosa, winch they suggest b
an allerge reaction following rupture of the cysts, When the sarcocyats
are present In very large numbers, the intennty of the infection affects
the vatal processes and may cause death, as i the case of § murzsan
mce.

Dunng the coune of the development of the parasite in the muscle
edl, there 1 usually no umuc response beyond compresion of the
naghbonng fibers but Destombes (1957) has described a severe 1o~
flammatory reachion 1n pigs 1 the muscle around the Sareacystes In ths
animal, the mature cyst does not grow to a greater nze than a maili
meter an infiltration of adventitows cells, including numerous eosino-
philes, 13 seen around the parante, together with much nuclear debns,
while beyond thn zone there1s an inflammatory reaction winch extends
far 1nto the neaighbonng muscle fibers. The outer cells are chuefiy poly
morphonuclear leucocytes, basophiles, and again many cosinophiles.
Animals in which this condition has penusted for a Jong tume show a
fibrocalcareous myosius (“\yonts Sarcospondica™)

Pugh (1950) described briefly the behavior of an infection 1n himself
1n which the peripheral muscles were heavily infected with Sarcocpstis

(Tig 3) Fleeung swellings occurred over the infected parts and conno-
phiha was found in the blood tsue biopues revealed a zone of
reaction around the parasites.

It is strange that the presence of Sergrsts even in quite large
numbery, can be tolerated by the host, although a hughly 1ouc b-
stance, sarcocystin, exists in the ovsts. Paralyms of mmcles 1n anfected

[ Trourpvmlaiiel il s s O
(‘Fnlf'\m m&?@nmk {Pughs case) Traneverse
T4mdﬁﬂmm in heart musde of expenmentally infeeted
e e
Charnt dmcwse (Cou:’-ww of Profomar F Rbberkh\ml.\l;;mﬁatm lnxhl;um o
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pigs has been attributed, however to the escape of this substance from
the cyst into the surrounding tusue and 1t Is probable that the patho-
logical picture seen 1n an infected muscle 1 due to the action of the
toxin (sarcocystin) liberated by the parante.

The muscles of burds are sometimes excemvely heavily parantrzed
with Sercogpstis and yet no interference of flight apparently takes place.
In ducks, however § rlen may cause a severe disease resulting 1n death
of the amumal (Enckson, 1940) Awad (1954) noted that the muscle of
sheep and other domestic animals may be heawily infected, leading to
a general lons of condition with emadation and gross detenoration 1
the quallty of the flsh. In goats the muscles of the larynx may become
10 heavily infiltrated with sarcocysty that respiration becomes dufficult
and eventunlly impossible In an artificlal infection of a lamb with
S temells, Awad noted that the heart became nvolved and that the
animal died suddenly from heart falure, § tenella Like the other species,
causes no cellular reaction in the carly stages of infection of the muscle.
In old infections when the cysts have ruptured a marked round cell
nfiltration occun 1n the infected tusue while caseatlon and calafi-
canon Is the final fate of the parante 1tself.

\eat 1y not normally cond d for human co ption unless the
infection 11 highly generalized and the flesh 13 watery and heavily
nfiltrated

In view of the prevalence of thls parasite in the ammal kangdom, 1t
1 denrable that its presence should be excluded when making any
rescarches ium olving the use or behavior of muscular tisue.

B Trypanesoma eruzt

Trypaxesema cregy s the most pathogenic protozoal parante of human
muscle and the infectron i found over extennve arcas of the New World.
It occuns 1n all South American countries from the Argentine up to
Central America, Mexico and 1n 1ts insect host and animal reservoirs
in the United States of America. Trypanossme cut cawses the disease
known as Chagas discase, or South Amencan trypanosomams. To
some parts of Branl the dicase 15 50 prevalent that 60%, of the popu
latton may be infected. It 15 pnmarily a discase of wild animals, such
a3 the armadillo in Braml the bat in Panama, oposums in varjous
parts of South Amenca, and the cavy or wild guinea mg 2 Bolvia
In all these ammah and in small laboratory ammals artifidelly in-
oculated (particularly baby mice puppies, and kttens) the muscles
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are infected 1n rouch the same way as 1n man., The involvement of any
particalar tiue, however varies from place to place or from strain to
strain in the same way as it docs 1n human infections.

Th:trypanmomcumuoduccdmtoth:lhn,cyc,ormu\hofmm
during the bate of an infected reduviid bug The bug ducharges meta
cycle forms of the parante 1 1ty excrets, and these mfect the person.
After 2 local development at the site of entry the trypanosome enters
the bloodstream and 11 carmied to varjous organs and thsues of the body
It settles down particularly in the muscle cells of the heart, though
frequently various skeletal muscles and other musenlar structures arc
rvolved

In a heart muscle cell (Fig 4) the trypanosome losey 1ts flagellum
and becomes rounded up 1nto a leshmanial form. The paraate then
multiphies by binary fission and pushes the nucleus of the host cell to
one ade., The muscle fiber enlarges, and a psendocyst s produced which
contuns many parusites, Such bodia were first seen by Chagas he
thought they were the remuit of schizogony and he therelore called the
organum Schizotryparym cruzr, almost certaunly on a wrong interpreta
uon of cventr. Flagella grow out of the lenhmamal bodies and the
organum assumes the critmdial form  thu in turn becomes a typano~
some by the backward nugration of the kanetoplast. The pseudocyst
now ruptures and the trypanosomes are et free into the ndghboring
wmsue where they invade new muscle eells or the blood

Up to thus point, there has been no local reaction to the presence of
the orgamsm except for the enlargement of the invaded eells. Once the
pxudocyst has ruptured, however the area rapidly becomes invaded
by advenutious cells, conmating chiefly of lymphocytes and histocytes,
Afier repeated multiphication, a chronie 1nfl y state of the
heart muscle develops this » followed by fatty and waxy degeneranon,
which isseen 33 2 mottling of the muscle near the endocardium. Finally
a thinming of the ventncle takes place, particularly at the apex of the
beart where an aneurism may form.

ﬂmchmmccondmonoflhchmrt,m:mk,doumgdc\-dgpfuuy
for many years after infection wsually the indivdual is infected 1n
clildhood and the disease pursues an insdious course until between the
ages of 40 and 50 yeans the infected people start dropping down dead
with acute heart failure In certain areasin Brazl, 8°, of the popalation
may show grom electrocardrographic abrormalines, while heart block
and Adam-Stokes sndrome commonly oceur
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Other tasues bendes the heart may become infected in 2 similar way
Pseadocyts arc occasiomally found 1n the skeletsl muscles, However
1t Is In the alimentary tract that another type of lemon of connderable
medical importance occurs. The muscle of the esophagus, stomach,
duod and colon b infected by the organm pscudocysts
develop and on rupture give rse to interstinal inflammation. The
adventittous cells spread to the local nervous plexus and extend far
along the course of these nerves, detroying them and thus gromly
interfering wath the normal penstaluc movements of the organ. The
organ fails to empty food collects above the lemon and grom muscular
hypertrophy takes place. The pathology of thu condition has been de
scribed 10 great detail by Koberle (1956) Koberle and Nador (1956) in
a senies of papers. In their opmion, the heavy damage to Auerbach s
plexus with necrons of ganghon cells, 1 the effect of a toxin set free on
rupture of the pseud The part of the al y tract
to be affected in ths way is the esophagn (Fig 5) which becoma
enormowly dilated to give rise to the malady known as “mal d en-
gasgo” in whuch the patient vomits nearly all food and becomes emaa-
ated. The colon 1 also commonly affected and becomes enormouly
hypertrophied it u not unusual for a volvulus to cnsue, often with fatal
results The stomach and duodenum are less often affected someumes
the muscular wall of the urcter may be mmilarly infected and grve rise
to obstruction of the pasage of unne. Thesc conditions are known as
meguesophagus megacolon, megaureter cte

In the late form of Chagas disease, it is usually impossible to demon
strate the organism 1n the affected tisue The focal acarmulations of
advenutiows cells present, however a charnctenstic pictare.

The pseudocysts of T awg measure up to 60 ¢ mn length on super
ficlal enmunation they could be mustaken for sarcocysts or pseudocysts
of Texoplasma but their contents reveal the true nature of the parante.
The condition 1s unlilely to be met with in laboratory arumals, though
acadental erosv-infections have been known to take place in laborato-
nes in Europe and North America where the trypanosome has been
mamntained In endemic areas, of course, any suspicious changes in-
vohang muscular organs should be imestigated to see if they could
have a Chagauan etiology

C Laskmama doxsvem
Nests enclosing lenhmanial bodies are frequently found 1n muscle 1n
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Trppanasema crezn infections Tt might be thought, therefore, that the
disease lashmanians 1self would be accompanied by smilar lenons
but mvasion of the actual muscle fiber by thy organism 13 unknown
In rare instances the skeletal muscles may be infected with L. dexoram
but as Adler (1940) ponted out, the parasite hes 1n the connective
tisue cells lying between the fibers of voluntary muscle 1m sach ar
cumstances, the muscle may show focal accumulanom of lymphad
macrophage cells. Recently Manson Bahr (1957) has reported the
presence of L. doorant in large mumbers in the hearts from acute human
cates occurnng 1o an endenuc area 1n East Afnca. Undoubtedly in
this mstance also the parante grows in lymphowd macrophage cells in
the muscular nsvae, prohferatng m this mte, but with no infection of
the muscle fiber 1tsell
L. omnetin causcs severe cutaneout lenons of the nose of guinea pigs

the parantes, which are double the nze of L. donoram, infiltrate into the
deeper tisues to imvade the nmuscles below

D Bemottur besmorts

A paraate of doubtfnl affimhes 13 found commonly in cattle of the
Transvaal and Rhodeia, pnmarily o the subcutancous tssue but
often 1n such pumbers that the cysts extend into musculature. For this
veason and beeause of some nmilanty n morpholory the organism ws
originally placed in the genus Sarregstis

The cysts are large bodies, up to half a millimeter or even more in
diameter and are filled with narrow spores resembling more the
sporozoites of a malana parante than those of Sarcagystts (Fig 6) They
are easily dotinguished from sarcocysts or other protozoa by ther wade
cyst wall. Thus 1s actually a double wall a narrow and nucleated inner
wall and a thick and hyaline outer wall, up to 20, 10 thuckness.

E. Toxplama gendit

The classification and Life history of Texeplamna arc ns ncompletely
known as those of Sercacystis in spite of its equally wide distribution jn
the ammal lingdom. 1tis animportant infection of laboratory animaks
in fact 1t was fint described 1n domestic rabbuts by Splendore (1909) 1n
Braril. It occurs commonly 1n dogs, cats, rodents sheep caude, pigs,
bendes vanous wild maromals marmpak and buds (including chick
ens  \umerous human eases have now been diagnased in all continents
and 1f posurve seralogmeal reactions truly indicate past or present in
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fection, then the number of human infections mint nm into millions.

In acute toxoplasmout, the organusm exnts in the proliferative form
13 a crescentic body 4 or 5y long with 2 nngle nucleus i the chrome
disense, the orgarusms are found m cysts of various nze mn different
parts of the body In both types, muscle may be the mte of infection
(Fig 7) though much less commonly than 1s the braun. Taxeplosma is
invariably 1ntracellalar at fist and 1t nvades & vanety of cclis 1n
cluding probably the muscle fiber But the ongin of the focus in muscle
is perhaps more commonly the lymphoid macrophage cell lying be
tween the fibers than a muscle cell neelf,

Whatever the ongin, the skeletal and cardiac muscles not mfrequent
ly show parantes. Frenkel (1933) has demomtrated the existence of a
severe myomths of the diaphmgm 1n acute mfections 1n muce and aho
cysts 1n skeletal and heart muscle 1n old-standing imfections 1n pigeomns,
guinea pigs, ete, In man, a scvere myostis may occur and Kass ef of
(1952) deacnbe ruch a case in which a biopsy of the gastrocnemius
nouscle showed degeneration of individual muscle fibers surrounded by
hymphocytes, plasma and mononuclear cells 1n a second bropsy the
organism was found in the fibers. Later there was grom destruction of
the muscle fibers, the sarcous content of the fiber becormuing swollen,
hyaline, and usually eonnophilic, with much fragmentation. The sarco-
temmal nucle! finet increased in number and nze, then became hyper
chromatic, and finally were shrunken and necotic.

In the less acute cases, cysts may be present only 1n small numbers
and be detected by acadent, such as the sungle cyst found in the
heart muscle of an American soldier drowned in the Panama Canal
(Mantz et el 1949) Such infectrons, whether 1n man or anymals often

F10, 6. Brmetia beramts cyvtn in nuncle of of
Maafeation s, 0% cow (Courtesy of Dr P L. Leroux.)

1 7 Oyuta of Torsplemue gondss in thigh mrumcle of mous: (6 infection!
ez tho Lamacn (19%) Maifiaon ¥ 350 (6mo-cid )
W, Exocrythrocyne schizonts of Plamdiom pallmacnon beart rmmcle
tuck, Magmabeation x 1200 " of

an)l)nrdlrhhfbkkhnnmmmmmumﬂny
uf[[:)f ll(‘i&AlD:lb:qb.) Magmficavon  x 350, ¢
. Lracecyta: megaloschoonts m heart mincle of bird, Courtory
(}Fum m,mrn; x 350, = o ¢ oo
™ 11 Myxosporkdian in beart musc] Qurahy
llalmﬁr-mn? Tporis in ke of sole. (Coarteay of Mr AL )
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give rse to difficulties in diagnions, because the tisue for examnaton
may well be inadequately prepared. Ifit s fresh, then diagnons s eanly
made by inoculating a suspension into susceptible ammals (e.g the
multimammate mouse) but a poorly stmined section with cysty filled
with small oval bodies might be mutaken for Saracystzs Trypanesoms
cregp, Besmortia, or the *P” orgarusm (Frenkel, 1956)

The type of mryocardius caused by Toxeplasma has been described
by Bengtuwon (1950) small cysts lie within the nnchanged musce
fiber larger ones are not so clearly imide, but 1n both types there isa
complete absence of bocal inflammation. Foa of hisnocytes, mast cells,
and lymphocytes, bowever are found scattered through the beart
muscle. Potts and Wilhams (1956) described a fatal case in o man
where autopsy revealed a much enlarged heart wth foa of lympho-
cytes, plasma cclh, and mononuclears occanonally pertvascular but
more often generalized 1n the heart muscle.

The transmission of Texsplasma 1 still pletcly known and 1t 18
possible that 1t somectimes takes place by the consumption of infected
meat. Lalnson (1954) and others connder that the oral roate of 1nfec
tion may be important 1n natural infections of dogs, caty, ferrets, of
cven man (Jacobs and Melton 1958)

Cong 1 tr : of Texepls is well blished and 10 such
cases the ciuld #s usually born dead or dies soon after birth. The muscles
may thow extenmve invohement, particularly those of the heart. One
of the earheat reports of human Iunfectton was made by Torres (1927)
in Branl the newbomn child showed permanent and gencralred mus-
cular contractures. At death two days later sections of these muscles
extubited a condition of disserminated myosns, while the heart muscle
was 1n a condition of acute myocarditis. All these lenons were amoct
ated with the presence of cysts. Nearly 30 yean later a wholescnes of
such cuses was described by Cardoso efal (1956) from the same region.

F Auormo Amcxn

The parenteral distribunon of Extemecda histofytica may be wide
spread in practically every organ and tusue of the human body though
ntes other than the lver and lungs arc only rarely affected The amocba
is camed from the original site in the intestine by the bloodstream to
a usue or organ There perhaps because of some local damage it
starts to multply phagocytes accumulate and & small abscess forms.
Ths abscess spreads by radial diffunon, the amocba being numerons at
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the advancing edge. Amoehic infection of the 1kin, subcutancous tissue,
or bone may extend into the naghboring muscles, e.g 1nto the buttocks
or thigh. A Lver abscess due to this organum may rupture into the
muscles of the diaphragm or Into those of the anterior abdormnal wall

The ordunary amoebre ulcers of the large wmtestine develop m the
submucasa and open Into the lumen of the bowel sometimes, the
orglnkmpmgrmumthemduccnonmdamchthcmmntcd
muscle, eventually reaching and penetrating the peritoneal coat of the
intestine, Usually there 1 ittle tissue reaction 1n the muscularns i spite
of a heavy infection of amocbae and extensive lyns of the muscle fibers.

G Marama Pawamres axop Orien HposPorinia

Myocardial degeneration of the heart may occur in chrome malana
when repested attacks of the ducase lend to anernia and general debil
ity Apart from this condition, a permicaous form of cardiac malpra
occanonally develops in Plasmeduem falaperum infections: which usually
has a rapudly fatal termination. In this species of malaria parante, the
growth of the parante continues in the peripheral blood for only a short
part of the cycle and final maturation takes place in the capillaries of
the internal organs. The presence of mcky infected corpuscies in vencls
of narrow caliber leads to a tlowing down of the circulation of the blood
1 certaln orgams, mncluding the heart. The endothelial lung of such
vesels suffers, the celly swell, fluld passes from the blood into the
adjacent muscle, and the processes of anoxemia and anoxa gradually
increase Stasls, thrombons, and hemorrhages through the weakened
endothelium follow and large areas of cardiac mscle may be oc
cupied by infarcts while flame-shaped hemorthages occur on the
pericardial surface {Garnham  1949)

Sectiom of the heart muscle from a fatal ease of cardiac malana
show a characterntic prcture. The smaller vessels are filled with ery
throcytes contuning mature prgmented schizonts of P falepanon to-
gether with numerous lymphod macrophage cels the muscle eells
themelves never contan parantes, but according to Macgrasth (1948)
wmall hemorthages are occanonally found 1n the musele substance
around the small veiny,

‘The condition i pnmarily a case of the parantes blocking the blood
vercls of the muscle. The fibers become mvolved only secondanly
Changes 1n the fiberns usually occur as part of a fulminaung process
extending throughout the body The sccondary changes include the
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fatty degencration of the muscle wath a depontion of globules of frreg
ular size clntered around the nucleus or dutributed throughout the
contractile substance. Similar changes are found in Rbesus monkeys
dying of P krewfen malaria,

In avian malana exoerythrocytic schrzogony takes place 1n 2 great
variety of mue celly, chiefly however, 1n those of the lymphoid macro-
phage type, including the endothelium of the smaller blood vessels. In
P galitzecnon miectrons of chickens, invanon of such cells may be very
extensve the skeletal muscles may become involved dunng the third
week of infection, while the heart muscle 13 frequently the site of exo-
erythrocytic schizogony of this parante (Fig 8) In nather of these
conditions 15 any marked cellular reaction visible among the occluded
vexsels, but the nutrition of the surrounding muscle must incvitably
suffer A nmilar involvement of the heart muscle occun in other species
of avian malaria, and 1n lizard malana also where the actnal devel-
opment of the parasite takes place 1n the connective tugue of the
subendothelial layer of the heart.

It bas long been known that chrckens suffening from chronic P juxte-
sxcleare malana develop a pencarditis with effunon from which they
die, but 1t Is anly recently that Al Dabagh (1958) has demonstrated
the nature of the pathological changes in the muscle. Large accumu
lauons of adventitious cells, particularly Iymphocytes, plasma cells, and
macrophages, are present 1n between the muscle fibers of the heart,
formung in places almost tumor like masser. The muscle cells lose thedr
striation and show other degenerative changes (Fig 9)

AMalara parnutes can also be found 1o the musce of aruficully
nfected mosquitoes duning the sporogonuc stage. Veathersby (1952)
showed that when blood contaiming male and female gametocytes of
P pallineccum 13 mtroduced 1nto the hemococle of a vector mosquito
fertihmanon follows and the cocysts grow to maturity pnnapally be
tween the muscle fibers of the thoraac muscle of the msect. Even in
natural infections, sporozeites are found in large numbers among the
muscle fibers. In nather instance does the presence of the parasite
exate any viuble ceflufar reaction.

Part of the exoerythrocytic cydle of Lawegfozoen takes placc in the
muscle cells of the heart. This b 1dian has a ¢ dis-

tnibution 10 a wide vanety of burds. In certamn places, noubly Camada
(1n ducks) and Scandinavia (10 vanous game birds) the infection is of
conuderable veteninary importance The birds become infected by the
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butes of Simsdnom flies the sporozartes develop in different parts of the
body meluding the heart muscle (Fig 10} The cffect of the parante
on the host cell 1 quite extraordinary- wath the growth of the organum
the nuclens and protoplasm of the host cell undergo an increase in size
which can only be described as u case of gigantsm. The host ecll
nucleus finally attams a duameter of 190 . Lesracytozoon is able to evoke
thus intense sumulation of growth 1n a vanety of cells, probablydcl.hxcﬂy
of lym macrophage ongin, but Huff (1942) suggesty, on the ev1
da:cc}o)?ndimmbhnccoﬁh:lhapeu{thcmcgahchmuwdthw
nucles, that the parantes may develop 1n the mucle cell atsclf. The
megaloschizont grows to a nze of nearly half a milbmeter and cantes
extentive damage 1o the heart muncle, Thit exoerythrocytic stage n
the heart muscle 15 ephemeral and can only be detected very early n
the infection. As in most p 1 1nfe the p of the un
ruptured parasites causes no reaction on the part of the host, but when
the schizont bursts, a local infiltration of phagocytes takes place (Fallis
a ol 1956) The pathogeniaty of Lescogytezosn 1 birds results, not 0
much from these lenons 1n the organs, but from the later heavy de-
struction of blood cells.

H Microsrormia axp Myxosrormia

Insects and fish are not »ouly affected by p belonging
to the subclass Cmdospondia, which possess spores of a unrque charac
ter Well known examples are the mcrospondians Aesema bombyers
caunng pébnne or silkworm discase, and A aps caunang bee disease,
and the myxospondians affecing goldfish, trout, and other fish of
commercil importasce, In silkworm diease, colonres of the parasite
mvade muscle fibers under the coticle of the 1nsect, as well as most
other tsues.

The muscle 13, however not a very common nte of development of
these parantes, but a few species have a specaal affimty for this tmsue
Scveral genera of microspondia attack the muscles of fish, frogs, and
crustaceans and cause a hyaline degeneration of the mincle fibers
(Grasd, 1933) Glugee destraens affects Callioxrmas Iy G damlarskn
affects the frog- several speaes of Thelokoma invade the muscles of fish
and vanows imvertebrates and cawse thar death. Plistophora attacks
blenmnies and other fish, forming bittle protoplasmic masses between the
Gibrils, whuch develop mto pansporoblasts,

An important myxospondian parante of fish » Unicapsuls mmusulans
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whuch mvades the skeletal muscle fibers of the halibut. After repeated
muluplication of the parante, the fiber becomes almost entirely ob-
Literated and 13 occupied by a mamn of spores. The condition 1 known
a3 wormy halibut and 1 of some economic importance, It 13 found off
the Pacific Coast of North Amenca. Ayxobolns pfeyffers 1 very fatal to
specics of Barbus (B furiatilis) It develops in the muscle of these fish
and causes tumons up to 7 cm. in diameter A fibrows corpuscle
formed by the host and 1nude thrs corpuscle the paranites continue ther
development with the formation of spores eventually the parantes dic
and all that remains 19 & fibrous nodule containing many spores. A{rxe-
dolxs erhicalatus attacks the muscles of other fish. Kudo (1954) has
demonstrated a most unusual effect on muscle due to AMyxebalus outes

tmelts This organism invades the ntestrnal wall of the black crapple
and camses rupture of some of the arcular muscle fibers which then
swivel round so as to lie at nght angles to the main bundles, and

project into the sut Afyxosoma 1sap of the muscle
and connective tusue of Catostomns cammersexu (Fig 11) while Hees-
oo d: becomes lated in the muscles of the Welsh

Gwyniad (Nicholss & Jones, 1959)
1L HELMINTHIC PARASITES

Unlke many of the protozoal infections of muscle, the helmnthic
nfestations of this tissue are practically alwayw part of a welk-known
cyele of the parante, i which the cxact stage and nature of the process
are fully understood, even though the paramte may have undergone
kalerdoscopic changes of host, and of timue or organ in a nngle host

Certain helminthy are obligatory parasites of muscle, and the succens-
ful progress of thar hife hutory depends upon the P of meat.
When man forms a link m this chain, the matter assumes public health
importance, and meat inspectron 15 a routme procedure 1n sanitery
practce The presence of eysteered of tapeworma 1 particalarty looked
for different countnes have varous standards for the treatment or
dusposal of infected carcawes. Such procedures are well described in the
monograph senas of the World Health Organzanon (1957)

The prevention of tnchinosis i also attempted in many countnies by
legn! measures thus 10 England, 1t is a legal obligation for pig farmers
to cook all food grven to pigs The parante 1n pork can be killed by
adequate cookang by rapwd freezing to —35 C. or by iradiation with
N and y-rays (Gould ef ol., 1954)
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A. Hromeraio PAranTes or Tur Muowcie or ARTRROPODS

Many speaia of filanal worms spend part of ther developmental
cycle 1n mosgmtoes and other dipterous imsects. The masquito bites an
infected smdnidual wnd takes up the mcrofilana ather from the skin
or the blood. The microfilanae 1n the course of 24 hours pass through
the epthelial hung of the midgut of the msect into the hemococle and
thence to the muscles of the thorax. The larval forms of the parante
auume » typical sausage shape, measunng sbout 150p m length at
first, but growing in the next few days to a length of 1 to 3 mm. or more
(Fig 12) Lavoiprerre (1958) and a few other workers have demon
strated that 1n some species at least, the filanal larvac after amval
between the fibers of the thoract muscles, proceed to mvade the fibers
themselves, where they continue to grow The final maturation of the
parante takes place outnde the muscle cell. While the thoracc muscles
of arthropods are the muscles usually attacked by these parantes, a few
speaes mvade the feg muscla (D vtz 1o icks-—Chabaud  1954) or the
muscles of the abdomen or head. No evidence of marked tisue response
1 usualty found, but 1n certain arcumstances a reactron may occur- if
the species of intermedsate host is the incorrect one, or If the temper
ature s abnormally rased or lowered, the larvae undergo a chitinows
encapsulation (hartnan 1957) The clutin is apparently secreted by
the tracheoles and hardens to form a thick capsule around the worm
Manson Bahr (1912) describes such parantes as mummies lying in
tharr coffim 1n the thoracic muscles of Stegemna mosquitoes

Development of the worm in the muscles of insects 14 strkingly nms
lar in all the different speaes or genera of filana and in the different
Imsect hosts. Lavenpierre (1958) gives a complete list of arthropodt in

whose muscles filanal larvac undergo development, This information
n presented in Table 1

B Cysmiczrcom axvp Omier Crstope InFecmions or Moscie

One of \ne commonest parasuic infections of muscle iy the larval
stage of vanous species of tapeworms, which in their adult form
usually five 1n the intestine of another host. The eggs pam out in the
fecesand are ingested by the intermediate host, a herbivorons or omm
vorows vertebrate ammal on hatching the embryos penctrate the
intesinal wall and settle down in the museles, which they reach via the
bloodstream or lymphaties Tn the muscle the larva undergoes a meta
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of the whole lemon will ensue The ealafied bodies are easily scen m
skiagrams of the muscles

Teaema solnonin the muscles of the pig hay been known from the time of
Antophanes (450 B C.) Today, the Infection is widespread throughoat
the world, except 1n Mohammedan or Jewlth lands where pork b not
eaten The larva s known as Cysticercus celludesas and 15 2 hyalme or
opalescent body up to 15 mm long and 8 mm wde, contmmng
the mvaginated scolex (Fig 18) These bodles are very long Lived
and may remain viable for 25 years The following muscles, 1n order
of frequency are affected Heart, intercostals, neck and shoulder
dlapliragm and tongue. Man Is normally the defimtive host of the
tapcworm  but he occamonally acts as the intermediate host alx,
when the lanval form develops in the muscles and 1n other tisues. In
the skeletal musele 1t presence 13 usually well tolerated, unless the
infestation 18 heavy when muscular fatigue cramps, and general las-
tude result. In the heart, the paraste provokes a myocarditis and the
aortic and mutral valves become afected.

7 eema sagimaia v even more widespread in its dustribution the inter
methate host being eattle In Europe, this specics of tapeworm 13 sevenl
times as common as 7 solnom (Brumpt, 1949) Grsticercus bomes has the
wme \ppearance as C cellxlosar but Is slightly smaller in stze (Fig 14)
it occurs in antelopes girafle Jlamas and other bovids while man s
the delimitive host of this cestode alto In cattle the following maxcla
arc particularly affected licart, masticatory muscles, tongue, and dis
phragm (in the ratioof 8 4 1 1)

The larval stages of other cestodes are only rarely located 1 musck.
The cocnurus of Vdtieeps senalis is occanonally found in the musclcs
of the back of man Small foct of this Infecuon exist c.g on the sops
of Mount henya. [he coenunis 14 a eysthike structure characterlxed by
the possession of ntimerous seolice

The bydaud cyst of Echinocacens grawulosus Is occnsionally found in the
heart and skeletal muscles of man and other mammals, Infection takes
place when the wm Wl awallows the eggs of thrs tnpevorm, whase adult
habatat 1s the small intestine of dogy, frckals and wolves. The adult
worm i tiny but the lanva (the hydatid eyat) i enormowly larger and
Ischaracterzed by hving a laminated lnyer and a germinal layer from
which ke brood capailey each containing niany scolices. Eckrecscot
gramlowy 1y particularly conunon in leelind  Canada, Argentnd,
South Afrca and South Austraha [he hage size of the cyat Intereres
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butex of Stmwlorm flies the sporozostes develop in different parts of the
body ncluding the heart muscle (Fig 10) The cffect of the parasite
on the host cell b quite extraordinary wath the growth of the organism
the nuclens and protoplasm of the hast cell undergo an increasc in sze
which can onby be described as a case of gigantsm. The hast cell
nudcmﬁmﬂyannmxdmmtcro(l%p.lmqtcmhnblcmmk:
ths intense shmulation of growth in a vanety of cells, probably chicfly
of lympbord macrophage orgim but Huff (1942) suggests, on the en
denee of the Taemblance of the shape of the megaloschmzonts and thelr
nucley, that the parasites may develop 1n the muscle cell atself. The
megaloschizont grows to a nze of nearly half a milimeter and causes
extennve damage to the heart muscle, This exoervthrocytic stage 1n
the heart muscle 13 ephemeral and can only be detected very eatly in
the {nfection. As {n most protozoal mfecnons the presence of the un
ruptured parasitcs causes no reacton on the part of the host, but when
the schizont bursts, a Jocal mfiltration of phagocytes takes place (Fallis
o al. 1955) The pathogemcity of Levrogtezson m birds resulty, not so
much from these lesions in the organs, but from the later heavy de-
struction of blood cells.

H Micromrormia axp Myxosrommnia

Tnsects and fish are not Iy affected by pi belonging
to the subclass Cidospondia, which posmen spores of a unique charae
ter Well known cxnmples are the mcrosponidiany Aesema bambyery
cavung pébrine or sitkworm duscase, and A apis caunng bee discase
and the myxospondians affecting goldfish, trout, and other fish of
commeraal importance. In silkworm disease, colonies of the parante
imvade muscle fibers under the cuticle of the insect, as well as most
other uasues,

The muscle b, however not a very common ute of development of
these parantes, but a few speaes have a speaal affity for this tasue.
Several genera of microspondia attack the muscles of fish frogs, and
crustaceans and cause a hysline degeneration of the muscle fibers
(Grassé 1953) Glupea destruens affects Cell e G doulerskn
affects the frog: several speaes of Thelskerta invade the muscles of fish
and vanous invertebrates and cause therr death  Plutophera attacks
blennies and other fish forming litde protoplasmic masses betw een the
fibrils, which develop into pansporoblasts.

An smportant myxespondian parante of fish 15 Uricapsula smaulans
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fatty degeneration of the muscle with a depontion of globules of irreg
ular nze clustered around the nucleus or dustributed throughout the
contractle substance. Symular changes are found in Rherus monkeys
dying of P knortdest malana.

In avian malana exocrythrocytic schizogony takes place 1n a great
varnety of tisue cells, chiefly however 1n those of the lymphoid macro-
phage type, including the endothehum of the smaller blood vessehs, In
P gallmeceum infections of chickens, invauon of such cells may be very
extenstve the skeletal muscles may become involved during the third
week of infection, while the heart muscle is frequently the site of exo-
ervthrocvtic schizogony of thu paramte (Fig 8) In nether of these
conditions 13 any marked cellular reaction visible among the occloded
versels but the notnition of the surrounding muscle must inevitably
suffer A sumilar involvement of the beart muscle occurs 1n other speacs
of avian malana and 1n lizard malana also where the actual devel
opment of the parznte takes place 1n the connective tusuce of the
subendothelial laver of the heart.

It has long been known that chickens suffering from chronic P puris-
xxcleare malana develop a pencardits with effunon from which they
die but it is only recently that Al-Dabagh (1958) has demonstrated
the nature of the pathological changes in the muscle. Large accumu-
latons of adventitious cells, particularly lymphocytes, plasma celh, and
macrophages are prasent in between the muscle fibers of the heart,
formung 1n places almost tumor like masses. The muscle cells lose ther
urnation and show other degenerative changes (Fig 9)

Malana parantes can also be found 1 the muscle of artificaally
wfected mosquitoes duning the sporogonlc stage. Weathersby (1952)
showed that when blood contaiming male and female gametocytes of
P gallacexm 13 introduced 1nto the h le of a vector
fertilzation follows and the oocysts grow to matunty pnmpaﬂybt
tween the muscle fibers of the thoracic muscle of the msect. Even m
natural infections, sporozoites are found 1n large numbers among the
musele fibers. In neither instance does the presence of the paragte
exate any vinble cellolar reaction

Part of the exoerythrocytic cyele of Lewcactozosa takes plmc in the
muscle cells of the heart. This bemospondian has a commop ds-
tmbution 1n a wide vanety of birds. In certam places, notably Canada
(10 ducks) and Scandinavia (in varous game birds) the mfection is of
conniderable vetermany importance. The birds become infected by the
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tutes of Stmuluon flies the sporozoites develop m different parts of the
body mcluding the heart muscle (Fig 10) The effect of the parasite
on the host cell Is quite extraordinary with the growth of the organism
the nuclews and protoplasm of the host cell undergo an wncrease in x1zc
which can only be described as a cuc of gigantum. The host cell
nucleus finally attmins a diameter of 190 . Lewegtazoen 1 able to evoke
thus intense sumulation of growth 1n a vanety of cells, probably chiefly
of lymphoid macrophage ongin, but Huff (1942) suggests, on the ent

dence of the resemblance of the shape of the megaloschizonts and their
nucker that the parantes may develop n the muscle cell itself. The
megalotchiront grows to a sizc of nearly half a millimeter and cautes
extenmve damage to the heart muscle. Th exoerythrocytic stage
the heart muscle 19 ephemeral and can only be detected very earty
the Infection. As m most protozoal mfections, the presence of the un-
ruptured parantes canses no reaction on the part of the host, but whea
the schizont bursts, a local infiltration of phagocytes takes place (Falls
et al., 1956) The pathogemcity of Lescocrtozoon in birds results, not so
much from these Jenons 1n the organs, but from the later heavy de

struction of blood erlls.

H Microsrormia AND MyxosroriDIA

Insects and fish are not uncommonly affected by protozoa belonging
to the subclam Crudospondia, which possess spores of 2 umique charac
ter Well-known camples are the microsporidians Aosema Sombyers
causing pébrine or silkworm discasc, and ¥ epts caunng bee dusease,
and the myxospondians affecting goldfish trout, and other fish of
commertal importance. In silkworm diseasce, colonies of the paraiite
invade musclke fibers under the cuticle of the insect, as well as most
other tismues,

The muscle 1, however not a very common mte of development of
these parantes, but a few speaes have a speaal affiuty for this tinue.
Scveral genera of microspondia attack the muscles of fish, frogs, and
crustaceans and cause a hyaline degencraton of the muncle fibers
(Grané, 1933) Glugea destruens affects Call Ira G damlarskn
affects the frog scveral species of Thelokema invade the muscles of fish
and vanous invertebrates and cause their death. Plistophera nttacks
blenmes and other fish formumg little protoplasmic masses between the
fibrils, which develop into pantporoblasts,

An important myxospondian parasite of fish 1 Umicapsula musculens




124 P Q. C. GARNHAM

fatty degeneration of the muscle with a depontion of globules of rreg
ular size clustered around the nucleus or dustnbuted throughout the
contractile substance. Similar changes are found 1n Rhesus monkeys
dying of P keowlen malana,

In avian malana cxoerythrocytic schirogony takes place in a great
vanety of tssue celly, chiefly however 1 those of the lymphold macro-
phage type, including the endothelium of the smaller blood vemsch In
P gallmazeum infecnons of chickens invanion of ruch cells may be very
extensive the akeletal muscles may become 1nvolved dunng the third
week of mfection while the heart muscle 1 frequently the ste of exo-
erythrocyuc schizogony of thu parsnte (Fig 8) In neather of these
conditions 13 any marked cellular reaction vusible among the occluded
vessels, but the nutnton of the surrounding muscle must inevitably
suffer A umilar involvement of the heart muscle occurs in other species
of avian malana and mn hzard malana also where the actusl devel
opment of the parunte takes place 1n the connective turue of the
subendothelial laver of the heart.

1t has long been known that chickens suffering from chrome P perte-
maclears malana develop a pericardits with effusion from which they
die, but 1t is only recently that Al Dabagh (1958) has demonstrated
the nature of the pathological changes in the muscle. Large accumu-
lations of adventitious cells, particularly lymphocytes plasma cells, and
macrophages, are present in between the muscle fibers of the heart,
formng in places almost tumaor like manes. The muscle cells lose their
stnation and show other degenerative changes (Fig 9)

Malaria paramtes can alo be found 1 the muscle of artificlally
wnfected mosquitoes duning the sporogome stage. Weathenby (1952)
showed that when blood containing male and female gametocytes of
P gollmaceum 1 introduced 1nto the hemococle of a vector mosquito,
fernlization follows and the oocysts grow to matunity prinapally be
tween the muscle fibers of the thoracic muscle of the insect. Even m
natural nfections, sporozortes are found 1n large numbers among the
muscle fibers. In nether instance does the presence of the parasite
exclte any visible cellular reaction.

Part of the exocrythrocytic cycle of Lacecrtoroon takes place 1 the
mauscle cells of the heart Thuy hemospondian has a cosmopolitan div
tnbution m a wide vanety of birds, In cestan places notably Canade
(10 ducks) and Scandinavia (m various game bards) the infection 8 of
conndernble veterinary importance. The birds become infected by the
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A. Heosoerric PawasTas of TiE MuscLr OoF ARTIROPODS

Many species of filanal worms spend part of ther developmental
cycle 1n mosquitoes and other dipterous insccts, The moequito bites an
\nfected individual and takes up the mucrofilaria clther from the skan
or the blood The mcrofilanae 1n the eourse of 24 hours pas through
the epithehal hinmg of the rudgut of the nsect into the hemococle and
thence 1o the muscles of the thorax. The larval forms of the parasite
asume a typical sausage shape, measunng about 150 in length at
first, but growing 1n the next few dava to a length of I to 5 mm or more
(Fig 12) Lavoipierre (1958) and a few other workers have demon
strated that 1n some speaies at least, the filanal larvac after arrival
between the fibers of the thoracic muscles, proceed to invade the fibers
themschves, where they continue to grow The final maturation of the
parasite takes place outnide the muscle cell Whale the thoracic muscles
of arthropods are the muscles usually attacked by these parantes, a few
species mvade the leg muscles (D r1e in icks—Chabaund  1954) or the
muscles of the abdomen or head. No evidence of marked tissuc response
is usually found, but in certain arcumstances a reaction may occur 1f
the species of intermediate host 13 the incorrect one, or if the temper
ature 13 abpormally rased or lowered, the larvae undergo a chutinous
encapsulation (hartman 1957) The chitin 15 apparently secreted by
the tracheoles, and hardens to form a thick capsule around the worm
Marson-Bahr (1612) decnbes such parantes as mummies lying in
thar coffins in the thoraac muscles of Stegemra mosquitoes.

Development of the worm in the muscles of insects 1 strikingly nmu
lar in all the different speaaes or genera of filana and 1n the different
msect hosts. Lavoipierre (1958) mves a complete lut of arthropods 1n

whose muscles filanal larvae undergo development, This information
u presented fn Table I

B Cyrnczrcoss axn Ommer Crstope Inrecrrons or Muscre

One of the commonait parantic mfectons of muscle is the larval
stage of vanows speaies of tapeworms, which in their adult form
utually bve {n the intertine of another host. The eggs pan out in the
feces and are ingested by the mtermediate bost, a herbivorous or omm-
vorous vertebrate ammal on hatching the cmbryos penetrate the
intesinal wall and settle down in the muscles, which they reach via the
bloodstream or fymphatics. In the muscle, the lanva underpoes 2 meta
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which 1nvades the skeletal muacle fibers of the halibut. After repeated
multiplication of the parante, the fiber becomes almost entlrely ob-
literated and 1 occupied by a mass of spores, The condrtion it known
a3 wormy halibut and 1 of some cconomic importanee It 11 found off
the Paaific Coast of North Amenca. AMyrobolus pfeyfen s very fatal to
speaa of Barbus (B fluratilys) It develops in the muncle of these fish
and causes tumon up to 7 am. 1n diameter A fibrous corpuscle 1
formed by the host and innde this corpiscle the parasites continue ther
development, with the formation of spores eventually the parautes de
and all that remam is a fibroas nodule containmg many spores. Afree-
bolus orbuulotus attacks the muscles of other fish Kudo (1954) has
demonitrated a most mnusual effect on muscle due to W yreboles mie-
tmahs This organsm mvades the intestinal wall of the black crappie
and causes rupture of some of the arcular muscle fibers which then
swivel round so a3 to le at nght angles to the man bundles, and
project mto the submucosa. AMyxosema cetostom: s 2 paramte of the mmde
and connective tsue of Catestomus cammeryorn (Fig 11) while Heene-
Doa teguds becomes psulated 1 the muscles of the Wehh
Gwyniad (Nicholas & Jones, 1959)

NL HELMINTHIC PARANTES

Unlihe many of the protozoal infectrons of muscle, the helminthic
infestations of ths tusue are practically always part of a well-known
cycle of the parante, in which the exact stage and nature of the proces
are fully understood, even though the parante may have undergone
kaladoscome changes of host and of tsne or organ in a single host.

Certain helmunths are obligatory parantes of muscle, and the succes-
fu.lp'mqrmo(v.burhfchmury“r ds upon the ption of meat.
When man forms & lmk 1n thy chain, the matter assumes public health
mnportance, and Meat mypection 1 a routine procedurc in santiary
practice The presence of cyshicerer of tapeworms 1 parncalarly looked
for different countries have vanous standards for the treatment of
duposal of infected carcasses, Such procedures are well decribed m the
manograph senes of the World Health Organization (1957)

The prevennion of tchinons is also attempted in many countnes by
legal measnres thws in England, 1t 11 a legal obligation for pig farmers
to cook all food given to piga. Thep.mccmparkanbcln’llcdbr
adequate cooking by rapid freening to —35 . or by wrradiatsan with
X and y rays (Gould of «f 1954)




IV PARANTIO INTEQTIONY 127

A. Bromermc Pavamres or Tie MutcLr oF AzTHROPODS

Many species of filanal worms spend part of ther developmental
cycle m mosquitoes and other dipterous insects. The mosquuto butes an
infected indvidual and takes up the microfilaria either from the skin
or the blood The microfilariac in the counc of 24 hours pass through
the epithelial hmng of the midgut of the insect mto the hemocoele and
thence to the muscles of the thorax. The larval forms of the parante
astume a typical sawage shape, meamunng about 150 1 length at
fintt, but growing m the next few days to » length of 1 to 5 mm. or more
(Fig 12) Lavaplerre (1958) and a few other workers have demon
strated that 1 wme speaies at least, the filarial larvae after arnval
between the fibers of the thoraac muscles, proceed to invade the fibers
themielves, where they continue to grow The final maturatlon of the
parasite takes place outmde the muscle cell Whale the thoracic muscles
of arthropods are the muscles nsually attacked by thee parasites, a few
speaies invade the leg muscles (D sue in ticks—Chaband  1954) or the
muscles of the abdomen or head No evidence of marked tistue response
1 urually found, but in certaun arcumstances e reaction may occur 1f
the species of intermediate host is the incorrect one, or if the temper
ature n abnormally raued or lowered, the larvae undergo a chutinous
encapulatwn (Kartman, 1957) The chitin 13 apparently scereted by
the tracheoles, and hardens to form a thick capsule around the worm
Manson Bahr (1912) describes such parantes as mummues lyving 1o
thar coffins in the thoraac muscles of Stegemra mosquitoes.

Development of the worm 1n the muscles of insects s stnlngly mmi-
far 1n all the different speces or genera of filana and in the different
eet hoste. Lavoipierre (1958) gaves a complete List of arthropods n

whose musclet filanal lasvace undergo development. This information
n presented in Table 1

B Cvmcrxcom axn Otitex Crerobe Inrrcmios or Muscrr.

One of the commonest parasitic infections of muscle 13 the larval
stage of vanous species of tapeworms, which n thar adult form
usually Ive 1n the ntesnoe of another bost, The eggy pass out 1 the
feces and are ingested by the intermedaate host, » berbrvorous or omm
vorous vertebrate ammal on hatching the embryos penetrate the
wntestnal wall and settle down in the muscles, which they reach via the
bloodstream or lymphaucs. In the muscle the larva undergoes a meta
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‘Tamx 1
AxTrroroos wrtost Muscies 1ARsoUR Vanioms FrLariaL Lasvae
‘Arthropod Paraite and Primary Hom
atigans Conlgpicnlun R excens of the Hrard

Ptk Ditctelsnema perstans of man
Culiorider Dipelalonerss strypisceria of man
Codicwides Alonsmlls ozzendi of man

Onchacerea cemucalis of horses
Cutrrweder jrxgens Onchecerea gibiam of catile

iy of menon

Forcipowrria tdex Teaselle mepiecta of

Siwcalcem wrecles

Ampheles swsusis and othen Srterre dipitate of abheep, goats, borses
Andet and otber moaquitoes 1 sckererie howeryfl, etc. of man
Cliymps species Laa foa of man

morphosis into a cysticercus or other bladderdike structure, according
to the genus of tapeworm. The hfe cyde is completed when the meat
Is consumed by the defimtive hoat, 1o whom the cysticercus 11 digested
out of the mutcle The uminjured head of the worm escapes into the
mall intesune to give rue to a Mature tapeworm

Vanous degrees of infestauon of muscle occur from a single cy-
ticercus to & condition where all the skeletal muscles of the body to-
gether with the tongue and heart, are honeycombed with the parasite
Such mfected meat 10 the case of the pig u known popularly as
“measly pork " It 11 probable that the development of this parante in
the muscle s extracellular in the adipose connective tissue between the
fibers 231t grows, 1t pushes ande the fibery, although the lateral pres-
sure tends 1o make 1t awume an ovold form. A tenue reaction always
accompanues the formation of the cysticercus, whose outer wall 15 the
product of the host. Particularly 1n abnormal bosts, such as cpticer
€osns 1 map, a further reactron s likely to occur Leucocytas cosino-
Philes, and cholesterol crystals may accumulate finally calaficaton

Fullhnkd\lmﬂ.guﬂhtba‘tkmwkd&lnﬂa Courts
of Profovaor J ] € Buclley ) Magnuficaton x 78, ka 7
Fro. 13, Crstermr crllalasar in rmoscle of pag M
Do 14 C(mtmnhui'nmu-rkufm_)hfmﬁudmx x 20,
0. 13 Lanae of D . mwascle of tushot, Magmification  x 60,

x 17
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of the whole leston will ensuc. The calafied bodies are easily seen 1n

wkaagramy of the muscles
Tunuulmumthcmumlaoﬂhcpxghubccnknownfmmtbcdmcd
Anstophanes (450 B C.) Today thenfe u d th

the world, except in Mohammedan or Jewish lands where pork h not
eaten, The larve 15 known as Crsticrras cellulesse and is a hyaline or
opalescent body up to 15 mm. long and 8 mm. wide, contsining
the nvaginated scolex (Fig 13) These bodies are very long-lived
and may remamn viahle for 25 year. The following muscles, 1n order
of frequency are affected Heart, mtercostals, neck and shoulder,
dizphragm, and tongue, Man 13 normally the defimave host of the
tapeworm, but he occamonally acts as the intermediate host also,
when the larval form develops in the muscles and In other timues In
the skeletal mumcle, 1ts presence is wsually well tolerated, unlem the
nfestation 15 heavy when muscnlar fatigue, cramps, and general lam
tude result. In the heart, the paraste provokes a myocardits and the
aortic and mitral valves become affected.

Tarma segirata 13 even more widespread in 1ty disnbution, the fnter
mediate host beang cattle In Enrope, this species of tapeworm 13 seven
trmes as common as 7 solnom (Brumpt, 1949) Crsticereus bovus has the
samc appearance as C cellelosee but 1 shghtly smaller in nxe (Fig 14)
1t occurs 1n antelopes, giraflc, llamas and other bovids, while man is
the definitrve host of thu cestode also In catile, the following muscle
are particulerly affected heart, masticatory muscles, tongue, and da
phragm (in the rato of 8 4 1 1)

The larval stages of other cestodes are only rarely located 1n muscle.
The coenunn of Multicgps smehs 13 occasionally found in the muscles
of the back of man. Small foa of this infection exist, c.g on the slopes
of Mount Kenya. The coenurus is a cystlike structure characterized by
the possesnon of numerous scolices.

The hydatid cyst of Eckmrecaccus gramilests 13 occanonally found in the
heart and akeletal mascles of man and other mammals. Infection takes
place when the ammal swallows the eggs of ths tapeworm  whose adult
habitat is the small mtestine of dogs, jackals, and wolves. The adult
worm 13 tiny but the larva (the hydand cyst) is cnormousty larger and
is characterized by having a larunated layer and a germmual layer from
which nyue brood capsules, each contamning many scolices. Eckmecocrus
gremulesus 13 particularly common 10 Jeeland, Canads, Argentina,
South Africa, and Sonth Australia. The large size of the cyst Interferes
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vath the cardiac thythm and 1t may even tupture out of the muscle into
one of the chambers of the heart 1n the skeletal muscle its pathogematy
1 confined to presture changes,

A different type of cestode invanion of muscle u seen in the immature
stages of Diphyilebotbruon 1n the muscles of fish (Fig 15) The mature
worm Lives 1n the intestine of man dogs cats, foxes, bears and other
ammals the eggs paw out in the feces a coracadium hatches 1n water
and is swallowed by a Cwleps where 1t becomes a procercord and the
Cyelsps 1 eaten by a freshwater fish, m whose muscles the parante
continues 1ts development as a plerocereoid or sparganum. Man be-
comes nfected by eanng uncooked or umproperly cooked fish, The
followmg fuh are Iy found infected pike, Miller’s thumb
pereh salmon, trout, grayling and barbel. The infection 18 heavieat
1 the older fuh The plerocercod 1 casily viible to the naked ey,
measuring up to 2 cm. 1n length, and 18 usnaily encapsulated. A fibrous
wall 1 formed a3 a result of a tisue response by the host. In other
reapects, the mutcle 13 unaffected and thete plerocercouds scem to be
harmics to the fish. In man, this stage of D mansemt (the sparganum)
n rarely found, but according to Faust (1949) the spargana multiply
m the muscle fasca and clsewhere, and the infected area b
edematons and painful.

C. Tmicimxoms

Trckella sprrelts 19 an extremely common parasite of the muscles of
man, cat, rat, dog pig bear mongoose, and other animals, and s of
cosmopolitan distribution, Man contracts the infection by eating un-
cooked meat. The T of pork go b a parncularly
common method of infection. In some places [e.g in the Liverpool
outbreak described by Semple et af (1954)] the inadence of the infec
ton is much higher 1 women than men. This i becaute women
these Jocaliues have the habit of cating raw sausage meat in men,
occupation i an important factor such as the handling of infected
pork by slaughter house workens or butchens,

The adult nematode krves in the mocosa of the small intestine em
bryos are evacuated and migrate by the Ivmophatics or portal vedn to
the musculature of the body particularly the diaphragm, intercostals,
and the muscles of the throat, tongue and eye 1n the skeletal museles
the parantes tend to congregate towards the tendinowm extremiues,

Lncyiment of the larva follows (Fig 16) though the exact locaton
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of the whole lesion wall ensue. The calafied bodles are eanly seen 1n
skuagrams of the muscles,

Teema sofnon1n the muscles of the pig bas been known from the time of
Anstophanes (450 B C.) Today the infection is widespread throughout
the world except 1n Mohammedan or Jewith lands where pork 11 not
caten. The larva 13 known as Cystisraus cellulosar and n a hyahne or
opalescent body up o 15 mm, long and 8 mm. wide contaming
the mvagmated scolex (Fig 13) These bodies are very long-lived
and may remamn viable for 25 years The following muncles, in order
of frequency, are affected Heart, intercostals, neck and shoulder
diaphragm, and toogue. Man 13 normally the defimtive host of the
tapeworm, but he occanonally acts as the intermediate host abo
when the larval form develops in the muscles and in other tusues. In
the skeletal muscle, its presence is usually well tolerated, unlem the
nfestation is heavy when muscular fatigue, cramps, and general lass-
tude result, In the heart, the parante provokes 2 myocarchits and the
aortic and mitral valves become affected

Tasmua segnate 18 cven more widespread in ity dotribution, the inter
mediate host being cattle, In Europe, this spedes of tapeworm u seven
tumes a3 common a1 T solum (Brumpt, 1949) Gysticerons boos has the
same appearance a3 C celixloser but u slightly smaller m nze (Fig 14)
1t occurs 1n antelopes, giraffe, llamas, and other bovids, while man is
the defimitrve host of this cestode also In cattle the following ruscles
are particufarly affected heart, masticatory muscles, tongue, and dia
phragm (m the ratloof 8 4 1 1)

The larval stages of other cestodes are only rarely located 1n muscle.
The coenurus of Aulticeps serwalts 33 occastonally found In the rnuscles
of the back of man Small focr of this urfection exist, e.g on the slopes
of Mount Kenya. The coenurus is a cysthike structure characterrzed by
the possension of numerous scohces.

The hydaud cyst of Eck graxulosus 11 sdonally found in the
heart and akeletal muscles of man and other mammals. Infection takes
place when the animal swallows the eggs of thns tapeworm, whose adult
habutat s the small intestine of dogy, jackals, and wolves The adult
worm 1 tny but the larva (the hydatid cyst) 1s enormously larger and
15 characterized by having & larminated layer and a germinal layer from
which itue brood capsules, each containing many scolices. Eckinacacras
grexalosus w particulary common in Iccland, Canada, Argentlns,
South Afnica, and South Australla. The large size of the cyat interferes
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vath the cardise thythm and 1t may even rupture out of the muscle into
onc of the chambers of the heart 1m the skeletal muscle its pathogeaty
is confined to pressure changes.

Adxﬂ'cmmtypcufonmdcmnnonufmmdeummthcmmaturc
stages of Diphyllabethrom 1n the muscles of fish (Fig 15) The mature
worm [rves m the mtestne of man, dogs caty, foxes, bears and other
ammals the eggy pass out in the feces & coraadium hatches 1n water
and 1 swallowed by a Gydeps, where 1t becomes a procercord and the
Crdsps 18 caten by a freshwater fh, 1 whose mwdles the paraute
continues 113 development as a plerocercond or sparganum. Man be-
comes infected by eanng uncooked or improperly cooked fish. The
followmg fish are commonly found infected pike, Miller's thumb,
perch salmon, trout, grayhing and barbel. The mfection = heaviest
m the older fish. The plerocercmd §s eanly visible to the naked eye,
mezsuning up to 2 cm. in fength, and hsnally encapsulated. A fibrows
wall 1 formed as a result of a tisyue response by the host. In other
rupecty, the muscle n unaffected and these plerocercards seem to be
harmless to the fish. In man, thn stage of D sansear (the sparganom)
u rarely found, but accordmg to Faust (1949) the spargana maltply
in the muscle fascla and chewhere, and the infected area becomes
edematous and panful.

C. Tricrmom

Trckonells sprralts is an extremely common paraute of the muscles of
man cat, rat, dog pig bear mongoose and other animals, and 15 of
commopohitan dutribution Lhnmnmth:infccuoubyuungun-
mokrdmLﬁcmumpﬁmdporknmguuanhﬂ
cummnumﬂhodofmfcctmlnmmcplwu[c.gmthchvupoo)i
outbreak described by Semple ¢t of (1954)] the madence of the 1nfe
uon 1 much higher \n women than men. Th 13 becamse o
these localines blwlbchlhlofntmg raw nusage mntwmmm
ocTupation n an umpactant factor such as the handlin of;-z;fm
pord by slaughter bomse workers or butchers. ¢ ted

The adult nematode fivey 1n

(hl:dr:;ucuhlurr of the bﬁ,m]& d'n:?nw in m‘“ﬂ ,

2l

lb\. em\ncluaflbctbmat,mnguc,mdq'e ml.beﬁ :
parantes teed to congregate Pt
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of thrs process is still debatable. It was onginally thought that the larva
pwtmmdlhcmusdccdl,hhuemdhpsmdxlcynapmlewuqmck
ly foemed, but the French wchool (Brumpt, 1949) bave demonstrated
that the larva Inhabits the interfascicular connectrve tissue from which,
the cyat wall is derived .,
The eysts are just visible to the naked cyc as lemon-shaped bodses
about half a millimeter m length. The long axus Lies 1n the direction of
the fibers, and the larva 13 tightly coiled up wude the cyst. The cysts
remain wuable for many yeans and have been found in man over 30
yeans after infection. Calcification of the older cysts frequently tpkes
v

The effect of the parasite depends upen the intennty of the
tation. If thus by high, grave symptoms follow 1ncluding hugh fever and
delinum, accomapanied by severe muscle pauns, difficalty in swallowing
eating, and breathing and ending in cachexia and death between the
sccond and seventh week, In ight infectiom, the symptoms gradually
declme and the patent passes mto a state of premumtion.

According to Faust {1949) the histological changes m the muscle
are quite charactenstc. the muscle fibers around the cysts lose thar
striae and the nuclews divides repeatedly- adjacent fibers swell and the
[ e trwme | m Thus hyperplana continues at
the expentc of the muscle fibers, which gradually degenerate. The
removal by blopsy of a small portion of deltord or baceps muscle from
Dear the tendinous attachment and the cxammation in a tnchina press
onder low magmfication will nyually reveal the presence of the organ
fsm. Digestion of a portkon of muscle s recommended for the duagnons
of & suspected chinical infe smnall fr are wcubated for
some hours wath 1% acid pepnn the muixture 1 then centrifuged and
the depost s examuned on aninverted micrascope, 1n a hollow ground
slide the heavier larvac are then easily visible in the bottom of the cell.

T, 16, Truckisells srralis arvae m of mfe
s oty toogoe of expermentally mfected rat Mag-

Fia. 17 Metscermamae of Qputherchus fiftant in mmncle of feh, (Crish
“r Metaceroan el [{ preparation.)
0. 18, Hebersphoes heteraphoes egy m buman beart mincle with ‘myocardina,
“;gmﬁuucn = 300, o b
¥0. 19 Onchaerrea nodule in pmadle of Courtary Lerous.
Magnification x 22, il o rL !
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Myocarditrs duc to Zrickmelle spralis s common an intersatfal fnfil.
trate composed of ecosmophiles and plamma cells accumulates beneath
the penicardimm, while granulomata, composed of histtocytes and giant
cells surrounded by vanous adventitous celly, are found decper in the
myocardium (Ash and Spitz, 1945)

An outbreak of human mchinoms in Liverpool m 1953 accomparued
by two fatalities, provided an oppormmty to study the pathology of
the dessc In some detail Kershaw ef of (1956) describe the distri
bution of the larvac 1n the different muscles of the body on 2 quant-
tative basts (number of Iarvae per gram of mnscle) and showed that
1n a heavy infection the muscles of the tangue, diaphragr, forcarm,
and calf were the most severely affected, whereas 1n a hight mfectron,
the infection way most Intense i the himb muscles and absent in the
tongue. The practice, therefore, of confining trichinoscopy to the dux
phragm is unwie, and the somatic muscolatore should be included
also Paradoxically the degree of pathogenicity of the organusm b
proportional to the resistance offered by the host. in the usnal infec
tlons, the larvae encyst harmlenly in the skeletal muscles 1n a fatal
case, the larvae go to the heart muscle where a widespread focal de-
struction of fibers follows the intense inflammatory reactlon, with
dinntegration of the parante (Semple « al., 1954}

D Hrmumerme Pamanres or Muscins or Fion axp Crustacea

Fish are affected by a large variety of helminths of all types. The
pl oid stage of Dipéppilcbethrom has been described above. Imma
ture stages of vanous flukes are found in the muculatare of fish. The
metacercanae of Opusthorrhus fefimeus occr 1n the tench (Fig 17) Inthe
common human fluke of the Far East, Clamorchis swensis the cercarac
attack the fish (particularly the red fuh Coragmas ewrets) and get
through the scales and into the fleath where they encyst as metacer
cariae, A double capsule 13 formed 1n the musdcle, the outer ane bang a
tisue response by the host. Raw fish arc eaten the cyst walls are
drssolved 1n the deodenum and the paraute continues its development
in man, dogy, can, badgers, mink, and other animals. A similar type
of devclopment occurs 1n the small fluke Heterapkyes beteraphpes The
memcercanac of this beltmnth encyt in between the muscle fibers of
vanous fish, including the mullet. The adult fluke hves normally in the
1ntestine of man and other mammals occanonally 1t mugrates from
this nte to the heart muscle (Fig 18} where eggy are deponted, and 2
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myocarditn develops, with edems, bemorrhage, and myocardial
degeneration ending 1n death,

Another fluke, Pardgotuneas westermam wpends part of its developmen
tal stage in the muscle and other tirsues of crabs and crayfish The
metacercanae become encysted 1n the muscles of the thoracic legs and
in the cophalothorax stself. The cyrts are pearly white and lic encapsu
lated m host tisue envelopes and denve nourshment from the host
(Faumst and Russell, 1958) The cyst ks fixed to the muscle by a special
fibrous attachment present at one end of the wall. Man becomet 1n-
fected by eating half puckled crustaceans, in which the worm s atill
alive. Normally the fluke makes its way to the lungs of the human host,
but sometimes it loses its way and settles down 1n one of the skeletal
muscles imtead.

Larval nematodes may be found 1n large numbers in the mascles of
avarety ofsea water fish Thus, the flesh of cod off the coast of Ieeland
1 often found to be heavily infested with a small threadworm (Syme,
1949) The larva of different speaies of Amisakys may be found 1o the
flah of both freshwater and marine fisthes while the larvac of Perrs-
ceraon and Amsekis are common 1n thin walled cysts in the mosculature
of Icelandic cods (Grainger 1959) No grom damage appean to be
produced by these worme, though in the case of cestodes, Linton
(1908) noted that the Amerlcan butterfish when heavily parantized
with the cysts waghed much lens than nminfected speamens however,
he found no evidence of any inil y or patbological 31 of
the muscle,

E. Nematonr Pawasrres or Muciy

The nematodes form one of the largest classes in the anumal ngdom
and it i therefore not surprinng to find them well represented as para
sitevof muscle Trickimella 1n man, filana in mice, and larval nematodes
1 fish have been conndered separately but many more examples exist
and two more are mentioned here to sllustrate larval and adult stages
raspectrvely

The round worm, Ascans derest lives In 1ty adult form 1o the Intestine
of Viverridae i development in an intermediate host, the white
mouse has been studied by Sprent (1932), who showed that unlike the
human speaier, ths worm mugrated 1n large numbers via the portal 5ys-
tem into the general musculatore, parncularly in the antenor part of
the body A week after infecton, the parante may become encapsuled
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m the diaphragm or heart, after 3 weeks whute nodules imprisorung the
third stage larvac are very compicuous In the somanc musculature,
The nodules consist of 2 layer of fibroblasts, histocytes, and inflamma
tory cells around the parasite. The ferret or other camrvorous mammal
eats such an infected mouse and the larvae are set free in the Intestine,
where they grow to matunty

Onchoceres is found 1n vanous species of mammals 1rcluding man
and in most animaly, the adult form of the worm is enclosed in nodules
Iying 1n the subcutaneous timue. In cland and cattle of tropmcal and
South Africa, a species of Orebectrea v known (Leroux, 1947) which
mhabits nodules profecting decply into the muscles of the trunk of these
ammals (Fig 19} Insections ofsuchstructures, the adult filarial worms
are ween lying in a cyst surrounded by dense fibrous tisme comprenmg
the muscle fibers in the vidmty The tinues may be riddled with these
nodules, and the meat 1 of inferfor quality but 8o specific Ienons In
the muscle are to be found Another species of Onchaarres occurs in
the tendmows msertion af the tniceps muscie of antelopes 1n Afncan
swamp,
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L HISTORICAL INTRODUCTION

Early investigations of the repair and regeneration of muscle tissue
date from the second half of the cighteenth and the beginning of the
nincteenth century when the procen was studied with the naked eye
in dogy cats, and rabbnts, From these studies, st emerged that de
structive lesions in muscle resulted i fibrows scamng Despite the
abservanons of Nannoni (1782) Zimmerman (1812) and Guemberg
(1848) who finst claimed that muscle was capable of regeneration after
damage, ths teaching was long accepted and indeed, as will appear

contains a good deal of truth,

The earh b ¢ has been. zed by hatmer and Landows
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(1913) Durmg the second half of the ninetcenth centary, 2 namber
of well worked out papers appeared in which regenerative capaaty of
striated muscle was clearly recognized though different views were
taken of the details of the procen. Allowing for the undeveloped state
of biclogical techmque at the ttme, the reader today is astonished at
the accuracy of many of the observations made, and the shrewdnen
with which they were Interpreted. For example, as early as 1858,
Bottscher noted the nuclear proliferation which occurred 1n the first
24 bours at the margins of 2 muscle wound 1n the frog, rabbit, and rat.
Weber (1863 1867) wiing dogy, cats, and rabuts, concluded that new
muscle cells were dertved from old surniving ones, and 1t 13 of connd-
crable interest to find m Weber’s later paper (1867 p 236) a suggestion
of the “budding™ theory usually attmbuted to Neumann (1868)
“Zuweilen schiebt sich aw dem obgensenen Ende cines Bundels
wnnerhalb des konrsch zulaufenden Sarkal hlauches oder vor das
abgermsene Ende demelben hervortretend, eln schmaler blasser fan
gestrefter Strafen kontraktilen Protoplasmas hervor den man als
neugehildet anschen mum, da er von der alten quergestraften Sub-
stanz sich deutlich abgrenzt.” The correspondence of this descriptran
with the modern view as will appear below 1 striking  Another
completely modern idea was brought forward by Aufrecht (1668)
from hus study of experimental wounds in rablts and guinea pigs when
be suggested that the condition of the sarcol was of pa
importance for regencration. Waldeyer (1865) described the formation
of “Sarkolemmschlinche™ duning muscle regencration and Neumann
(1868) introduced the term “Mutkelknospen™ to describe the buds
which he found growmng from the ends of surviving muscle fibers.

About this time, a curious thens way put forward (Maslowsky 1868)
namely that new muscle cells could be formed from the leucocytes of
the blood—a theory developed apparcntly under the all pervading
influence of the Cohnhexm School.

Much expenimental work was carned out, and 1n 1893 Volkmann s
monumental paper appeared—"Ueber die Regeneration des quer
gastraften Muskelgewebes bam Menschen und Sdugethler™— 1
which the process of regenerattan and repair vas exhaustrvely examin-
ed 1n human, rabbt, and gumea pag matenal under a vanety of con
ditions which he grouped nto those which spared the sarcolemma and
those 1n which it was destroyed  Meanwhile, Zenker (1864) had grven
Ius classic description of the waxy degeneration commonly occurning fo
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typhord fever (“Typhus abdominals™ of German authors) and this
sumulated much study of the regeneration which was found to take
place 10 completely . thu condition {Hoffmann 1868 Janowitsch
Techainsks, 1869 1870) A further notable contribunon was made by
Ruttnier apd Landon {1913) while the most recent detailed studies
have been made by Le Gros Clark (1946) and Godman (1957)

In general it may be said that modern stadies have confirmed and
extended many of the early observatiom, espeaially those of Aufrecht
and Volkmann noted above, and they have also cmphanzed the pre-
domunant 1mportance in higher vertebrates of regeneration by “bud
ding” from old surviving muscle fibers,

11. FACTORS AFFECTING DEGREE OF MUSCLE FIBEN REGENERATION

A. SURVIVAL AND VrTALITY OF ADJACENT MuscLe Fraxrs

The regencration of striated muscle fibens after injury vanes greatly
in extent and effectivenen. It can lead to complete restitution provaded
that the fibers which are to make up the defiat are in good condinon
1¢ they retain thar vitahity and have adequate nutntion. Obviously
the general nutritional condition of the body will be of importance as
wall also any dinturbances of local arculation, superadded infection,
or any other condition which might lead to local prohferation of
connective tisuc (¢.g the presence of a foreign body) Any factor which
leads 1o the excessve production of fibrous usue militates agaimst
good muscle fiber regeneration The harmful effect teems to be very
largely a mechanical one but 3t may be in part the result of competi
uon for the available nutrtion in the regron

B Conprmiox of THE SarcoLruna or ToE DAuacep Fmers \atume
oF THE Provamy Ixgumy

Other things bemng equal a great deal depends upon the preser
vauon of the sarcolemma after the mnjury  Survival of the sheaths 1s a
prerequinte for complete reconstitution 1n mammals, though appar
coty notan fishes,

It follows from this that regenerative changes vary with the inital
causation of the damage 1o 30 far as this exerases an effect upon the
sarcolemma Thus at onc end of the scale we have Zenker s waxy
degeneration which leaves the sarcolemma intact and results in com
phete restiunon of muscle fibers whale at the other end total destrue-
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ton of muscle fibers and sarcolemmal sheaths results in imperfect and
frustrated attempts at regencration. As will be scen below (Section
‘VIII) absence of the sarcolemima has been assocated wath the observed
failure of heart muscle to regenerate,

C. Srrcres Dorrenexces

A thorough investigation of regenerative changes in a series of
different vertebrates was undertaken by Schminke (1907 1908 1909)

1

In jchthyopnda (fishes and amphibians) Schminke found new for
matton of muscle fibers to take place *from the elements of the old
fibres™ by termumal outgrowth of buds, i.e. regeneration to take place
“in continuity” with the old fibers. Only in Triton (a tailed amphibian)
did Schrmnke find the proces to be different regeneration did not
take place 1n continuty with surviving fibers bardering the damaged
regron, but onginated from isolated sarcoblasts, re. by a “discon
tinnous” process. The same observation was made 1n the salamander
(S macalata) by Galeott: and Lev: (1893)

2. Saxropnda

In rauropsda (reptiles and birds) regeneration was agam found to
be by the “continuous” process. However m the leglen repale dxgmr
fragihs (the blindworm) both “continuons™ and “discontinuous™
formation of new muscle fibers was seen. The latter occnrred especally
where a muscle fiber had dissppeared and left behind only a chain of
nucley, each surrounded by a small nm of cytoplamm

3 Mevomals

In mammals, Schminke found the regenerative process to be enen-
tually by the “continuons™ method. It 13 postible, however that minor
species differences may occur and be responsible, perkaps, for the con-
fheting oprnions expressed by different suthors (von Meyenburg
1929)

(IL. ZENKER'S WAXY DEGENERATION (HYALINE DEGENFRATION)

A detatled description of Zenker’s degencration will be given here
because it 15 the human condition, par excellence, In which muscle
fiber regeneration may take place in full (in the absence of compli-
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ctions) and 1t fllustrates very well the conditions necessary for sach
complete regeneration. According to Hoffmann (1868) Gemdnn
(1832) waa the first to note the “fah-flesh™ appearance of muscles in
subjects dying of cholera. While other workers made sundry obser
vanons in varnous other infective conditons (e.g Virchow 1852,
1857), 1t was 1n Zenker s monograph that the finst full cxamnaton of
the change which has since come to be assoaated with hu name was
published (Zenker 1864) Zenker worked on matenial obtained during
the great typboid epidenmc 1n Dresden between the years 1859 and
1862 and described the changes 1n a large senes of cares, expecially 1n
the adductor muscles of the thigh and n the rectus abdominis muscle,
though many other muscles might be affected—cven the tensor tym
pant and the laryngeal muwcles. Indeed, involvement of the diaphragm
has been though to be a factor in determimng a fatal outcome 1n some
cascs of lobar pneumonia (Wells, 1927)

It s, of coune now well recognized that Zenker s degencraton is by
no means speafic to typhoid fever but may be an incrdental finding in
a varicty of other infectioms both acute and chronic {e.g tetanus,
typhus fever puerperal fever miliary tubercnlons, diphtena, scarlet
fever influenza, (W olbach and Frothingham, 1923) etc.] as well asin
tuch nonspecific toxic condstions as kernicterus neonatorum (Bencke,
1912) and even cpilepsy (Stemmler 1914)

A, MAROICOPIC APPEARANCES

Only regions in which the change 13 extensive can be recognuzed by
the naled eye wath the mecroscope, changes are found to be much
more widespread  Affected areas are pale, ather pink or yellowish
grey depending on the degree of the lesion, and were deseribed by
Zenker as resembhing “fish ficsh.” The trannition to adjacent sound
muscle 13 gradual The increased thicknen of an affected muscle &
often stnling  especially on longitudinal section. Affected muscle is
brttle and dry Later 1t undergoes diminution i volume and ulumate
by complete regeneranon, as a rule.

While there does not scem to be any speafic chmeal symptomatology
awoqated with Zenber s degeneration, which is asentally a post
mortemn finding it may occasionally lead to muscle rupture and hema
tomma formanon (Virchow 1857)
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B Microscoric Arrramancrs

1 Depeneration Changes

The microscoprcal changes are enentially focal and often hmited to
a scgment of muscle fiber

Prohferation of sarcolemmal nuda 1 the affected scgment s an
early finding According to Volkmann (1893) this may ndeed be the
earliest magn, preceding changes in mrcoplasm and myofibrils, This
finding was confirmed by Focbus (19263) who relates the sequence of
changes to the acuteness and intennty of the causal toxena. A gradual
onset mamfests 1tself by well marked proliferatton of sarcolemmal
nucled while an overwhelming possoning may lead to obvious degener
ative changes in the cytoplasm before the nuclear response has occurred.

The nucler enlarge shightly, clongate, and dvide amitotically to
produce & line of nucdle, often contignows. A clear cytoplasmic area
surrounding them 15 promiment,

Shight granular clouding and swelling of the sarcoplasm occurs, 50
that cross striations become bhrrred and obscured over the affected
segments. Longitudinal stnations tend to become wregular and accen-
taated and the whole affected segment 15 swollen, sometimes to twice
ity normal thickness. Accumulation of degeneration products msy
Iead to the formation of small vencles and fat droplets. The changes
are charactenstically dmcontnuous along the course of a grven
muscle fiber so that a substanntally altered segment may be inter
posed between portions of normal fiber The altered sarcoplasm 1
gradually converted over the space of about 2 or 3 weeks into a ho-
mogenecownr  eonnophilic, highly refractile mass, contaned within an
mtact sarcolemmal membranc continued at ather end Into pormal
sarcolemnma.

A condition which sometimes appears early 1s Bowman s “dncoidal
or “conchoidal” degeneranon (“schollige Zerklipfung” of German
wnters) (Adams #f « 1953) though it was not recorded by Forbus
(19262) m hus detailed account of the hmtology of the condition. In
discordal degencration, the muscle fibers show a marked tendency to
fragment acrom the Z lines, somctimes wn a =g zag manner The
appearances first descnbed by Bowman (1840) are by no means
limited to the Zenker type of degeneranon, but are alw seen in other
vancties, for ple, as 2 q of jschemia (Le Gross Clark,
1946) Indeed the whole sequence of changes which culmnates in
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Zenker's degencration may be brought about by severil different

noxous agenacs, as will appear below
Sometimes, a well marked longitudinal splitting of a degenerating
rmuscle fiber may occur and 1t is possible that such appearances may
have been responsble for the theory that regencration could take place
in this way (Neumann, 1868 Nauwerck, 1890 Forbus, 1926a) Such
differences 1n interpretation are notoriowsly difficult ifindeed posuible
to resotve when based solely on static microscopic snapshots of different

stages 1n an evolving dynamic process.
The toxic destruction of aarcoplasm and myofibrils in Zenhers
leaves the sarcol and end fum ntact and ths

24 ¥
featare i3 the key to the very high degree of ratitution which later
follows.

a

2 Regemeration Changes

. PreJimunary Clearance Changes Changes which wsher In those [rnkly
dengned to replace hyalinized segments of muscle begin carly The
necrotic matenal mwat be removed to make way for the Ingrowth of
sprouats from adjacent surviving muncle eclls In the absence of compli
catlors such as infection or rupture of the muscle acute inflammatory
cdll infiltration 11 mild, and vascular dilatation and edemn are not
appreciable. The sarcolemmal tubes come to contain a vanety of cells
engaged upon phagocytosls and removal of hyalinized matenal The
differentiation and charactenzation of these eells is very difficult and
attempts to predicate the nature of each particular one 1n the erowd
which fills the *Muslelschltuche™ have fuled to reach agreement
The vanous aspects of this problem will be conadered below (Section
D) But whatever their source, the activity of these cells results in a
clearing of necronc matenal from the intertor of the yarcolemmal
tube, making way for active regeneraton. 1t seems that polymorphs
and monocytes (from the blood) local histiocytes, and perhaps cells
denved from the actual muscle fiber ftself (“Muskelkdeperchen™) all
Play a part in the process. Some of these phagocytes die locally (Forbus
1926a) and products of thair duintegration may then be carned away
1 the fymph stream (Pfuhl 1937) Clearance 1 rapid signs of new
muscle fiber formation are apparent long before clearance i complete
and the two procenes go on ude by sdde.

& A Muscle Fiber Formatuem Nuclear proliferation, noted above as a
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very carly change within affected segments of muscle fibens, appean
to be primarily a respomse to immanon (Volkmann, 1898) Since these
nucles are important in regeneration, nuclear proliferation may be
regarded as the first step in the procem Forbus (19262) attempted to
dustinguish between proliferated sarcolemmal nuclel and muscle
pucla embedded in the sarcoplasm independently of the sarcolerma,
denving “the greater part, if not all” of the new nucle from the latter
His criterta of dutinction, however (appearance of muclear chromatin

prosence of nucleoly, etc.) are not very firm and most observers would
not depend upon them (cf' Adams et al,, 1953) In either case, dvidon
appean to be amitotic. The first cells *pavement” the walls of partially
emptied sarcolemmal tubes but later come to fill them. Around the

new nuclel, basophihe cytoplasm Iates In 1ncreasing amounts,
apparently from the left over sarcoplasm of muscle fibers (Hoffmann,
1868) Somctlmes they become multinucleated (*Mimkelplatten™)

Internungled with them may be obvious phagocytes which have not
yet accomplshed thar scavenging task. Some of the newly formed
muscle cells 1n the central part of the sarcolemmal tubes may undago
degeneration apparently a3 a result of madequate nutnton (Holf
mann, 1868 Volkmann 1893 Forbus 1926a)

Much confunon has ansen 1n the hiterature from # fajlure to appre-
aate the rather different course winch regeneration takes with vary
ing degree of antecedent degenerntion. The above dexmpton, for
example, pertaing to a localized degencrated seg of muscle fiber
in which sarcolemma remarns intact while the contaned sarcoplasm
and myofibrils undergo waxy degencration. This s the common state
of affmrs in Zenker’s degencration, and under these conditions regener
aton scems to take place from the “Muskelkdrperchen” or muscle
corpuscles which have been formed from proliferated sarcolemmal
and muscle nueler The process has been described n detail by Volk
mann (1893) and Forbus (1926a) and 13 essentially a “discontinuous”™
one, 1n that individual muscle corpuscles inercase i nxe become
multinucleated and spindie-shaped, and then develop stristions withn
their cytoplasm or it may be that several of the muscle corpucies
come together to form @ plasmodial mass which then elongates and
differcntiates in the same way Regeneration ls in both cases “dis-
continoous,” taking place from ducrete foa dotted along the degener-
ated scgment. This corresponds to the *embryonic type™ of regener
aton of Durante (1902) Under such conditions, there Is no need for




%\ MUSCLE REGENERATIOY AND REPAIR 147

muascle sprout to grow into the degenerated scgment {rom adjoimng
surviving muscle and sprouting 1nto it is not observed.

When, however the inital wmsult to a muscle segment or to a whole
fiber has been 10 great that the 1arcolemma 13 completely dovitabzed
over some extent, then no longer are surviving “scedhngn” located
along the defective stretch and regeneraton must necessanly depend
upon ingrowths mto the dead segment from the surviving fibers at 1t
margins. Thrs 18 exsentially the sort of regeneration which takes place
after more severe expenmental injunes such as crushing Naturally,
both forms may be combined. The ntuaton has been stated by Volk
mann (1893) with starthing clanty in view of the polemics indulged in
by Later authors, and deserves quotatron 1n full (page 322) After de-
scribing the “duscontinuoms™ and the “continuows™ (sprouting) form
of regenerauion he goes on to pomnt out that *  both types of muscle
regencration present no incompatbility but are rather mamfestations
of a sngle prindple. They may occur smultancowsly In addition
there are tranutonal forms between the two types, in that mulu
nucleated muscular dlements which arase by a ducontinuous genes
may become continuous wath the old muscle fibre stump a8 they be
come fibnllated, and may undergo thar further evolution in amodation
withit. On the other hand young muscle cells may bud off and develop
further in a discontinuous fashion.”

It 30 happens that Zenker's degeneration as scen in human matenal
scldom 1nvoives destrucuion of the sarcolemma over any important
extent, so that the “discontinvous™ or “embryonal” type of regener
atlon from doerete fodl along the course of the defect 18 common,
Obviowly a scaffolding of surviving sarcolemma 1 of great help in
accomplishing reconstitunon of muscle fiberr. Should, however the
sarcolemmal sbeaths be destroyed  then the muscle sprouts which grow
in from the adjacent muscle fibers are directed by endomynal planes.
It i3 because of the sunaval of sarcolemmal sheaths that regencration in
Zenker sdegenerationisvery good connecuve ussue bang formed only
when complications such as muscle rupture of hematoma have occurred.

C. ExrrrrvzxTaL PropucTio or Zexxen s DEgExERATION
It is clear that Zenler s waxy degencration is not a condibon spec
freally produced in humans under partcular arcumstanees, but
rather a parncular stage 1n a sequence of chaoges which can be i
duced in muscle fibeny by a vanet of damaging influencex. The
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appearance of waxy change 15 actually a late phase, being preceded
by granular and hyaline changes. Fishback and Fishback (19321)
summanze the sequence as follows (a) slight granular clonding with
swelling and dimming of cross stnations, (b) edema of fibers wath
prominent longitudinal fibnls, (c) vacuolation, (d) true granular
degencration which may be axther albuminoid or fatty and (c) waxy
degeneration with further lumpy duruption. They were able to pro-
duce waxy degeneration by a variety of chemical, bacterial, and phar
macological insults to strizted muscle. Pfahl (1937) also produced the
degencration by subcutancous myjection of trypan blue m rabbats.
Minar differences 1n appearance of the waxy change seen wn typhod
fever as compared with that 1n experimental lesians were described by
Thoma (1906 1909 1910) but do not seem to be of importance,

Attempts have been made to establish a hanbim by
whrch 50 many different noxious stimuli may produce the same change,
Wells (19509) sought to relate 1t to lactic aad production locally but
this has not been confirmed (Fishback and Fishback 1932b) and at
the moment the question remains open.

D Trx Pro®LEM of THE CILLS DRIDE THE “SARKOLEMMSCHLAUCHE"
or WALDEVER

“No changes in relation to the healing of wounds have been more
dufficalt to interpret than those in muscle. (Dawson, 1909) The
difficultics arse because of (a) the close apociation between degener
ation and regencration changes and (b) the umilanties in appearance
of elements dertved from proliferated | 1 nacler, end i
and endothelum. Once the borders of the muscle cells have dix
appeared, it becomes very difficult to recognize the descent of individ
ual cells,

The problem in fact dates back to the years immedtely follovang
Zenker s description of waxy change. Waldeyer (1865) who fint
emphasized the 1mportance of regencratrve changes in this condion
and described the sarcolemmal tubes crammed with phagocytic cells
as “Muskelzellenschlfuche,” was led to suggest this name becans he
thought that many cells were produced by amitotle multiphication of
sarcolemmal nuclel producing “Muikelkdrperchen” whose cytoplasm
too was derrved from surviving sarcopl Thus he emp} d the
production of cclls within the sarcolemmal tube while Zenker had
atiached more importance to changes in the endomysum ("pert-
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mysium internura”) He also suggested that the “MuskelkBrperchen,”
10 additron to formung free cells might develop into a syncytium from
which differentiation could occur 1n the direction of muscle fibers or
connective tisme (Waldeyer 1865 pp 506 507) This speculaton i
Interesting to compare with Levander s suggestion, dicused below
that hyme may be "induced” to form muscle fibers, Waldeyer's
1deas were claborated by several worken over the next few years. Thus
Weber (1863 1867) mantamed that cells derived from muscle cells
could become transformed into “pus cells,” contravenng the 1dea of
speafidty of adult tisucs then bemg canvaned. Since by time, many
observers have agreed that Waldeyer’s mterpretation is reasonable but
eremely difficult to prove correct or incorrect (Le Gros Clark, 1946)

The oppasite view that the phagocytic cells seen watlun Waldeyer's
muscle cell tubes were ot really formed there but were cells which had
migrated 1n from outnde, was mamntamned by Gimenbauer (1871)

In an anempt to distingush the different sorts of phagocyte cells
which are cbviowsly at work wathin the sarcolemmal tubes, some work
en have employed vital dyes. A remarkable early attempt to do so was
made by Janowitsch Techamt (1870) who imjected aniline dyes
intravenowly at various stages during degenerntion and regeneration in
eapenimental wounding He noted the capacity of some cells to take
up vital dyes but was unable to draw any firm conclunons from his
expenments. Much later hayono (1914) confirmed that some of the
cells 1n the sarcolemmal tubes would take up dye while others would
not and he regarded thesc latter as of truly muscnlar origin, However
he could not be sure that they too did not help i the phagocytosls
of degencrate contents of the tube.

Polymorphonuclear leucocytes and lymphocytes present wathin and
around tubes are obviowly of vascular ongin, and are not owually
numerows unless rupture of the muscle or infection has occurred. The
function of the lymphocytes 11 no more clear here than elsewhere in
the body and it 13 ako difficult to set what local functron may be
tc‘:bcdmthcplnxmceﬂxwhichmylhobcpmmnnmzunum-

Most attenuon bas been paid to the vanous types of phagocytic
cell within the sarcolemmal tubes, Adams e of (1953) maintain that
it 15 pomble to dutinguish phagocytic cells of museular origin by
thair compact and rather beavy chromatin, together wath the absence
of 3 prominent nucleolus, but the distinction bs dufficult and unreliable
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fibers. These cells are formed from proliferated sarcolemmal nuda
which have acqured a basophilic cytoplasm from r or the
onginal sarcoplasm, They may be mdmdual cells or may come to
make up plasmodial plagues (“Muskelplatten”) produced erther by
fusion of indrvidual cells or failure of cytoplasm to divide after nuclear
dwinon Opimtons differ ns to whether proliferation of nucler takes
place by mtons or by amitoss, Thus Volkmann (1893) appeans to
have observed amitoms of sarcolemmal nucdla i the early stages,
followed later by mitotic divitioms 1n the young muscle fibers. Le Gros
Clark (1946) noted occanonal mutotic figures mn the sarcolemmal
theath cells of tubes occupied by regenerating fibers, but he could not
be sure that many did not In fact belong to histrocytes still remaiming
within them. In commoa with the majonity of previous workers, he
ascribed the strilang increase mn number of nuda to amitons. After
colchicine there were, for example, many arrested mitoses 1n connec
tive true cells but none could be defimtely asugned to regenerating
muscle cells, Altachul (1947) made nimilar observations wath colchiane
and Godman (1933) found that the drug was without effect on the
number or appearance of nuclel 1n rapidly growing muscle sprouts in
tissue culture, More recently Godman (1957) has reported the finding
of only one imtance of a mitotic figure 1 a sarcoplastic ribbon dther
m tie or w rifrs Despite thn, the increase in number of nucler 1s
enormous and 1n the absence of direct evadence, has been asumed to
take place by amitons. The grouping of nucles m doublets or triplets,
therr arrangement 1n columns, and the frequent presenee of indenta
tions certaunly support this view Lash ¢t «f (1957) believe that mitons
occurs only 1 the mononucleated cells which are promunent 1n the
carly ftages of regeneration, and not 1n multinucleated masses within
sarcolemmal tubes. They did not, indeed, find amy convinang evi
dence of mutoas either and suggest that the accumulaton of centrally
placed nucle 1 the result of mobilzation rather than prolferation a
conclusion they mpport by measurements of D\NA content of “regen
eraung” nucler. Konyetzny (1953) was of the opnon that the great
number of nucler was due rather to degeneration of sarcoplasm than to
actual muldplicaton. Tt is thus apparent that the source of the very
numerous nucla seen in histological preparations of regenerating
muscle 1 by no means dear  All obrervers arc agreed that mitouc
figures are very rare and inadequate to account for anvthing like the
number of muicle nncla present. Henee, even though comvinang
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“fibres from one ude of the wound appear to joun, but 1t 1 granted
that this may be an lluuon a8 it 1 very difficult to follow the fibra m
senial section.” Jones (1949) showed that when the rectus muscle of the
dog had been allowed to heal after clean divinon, samulatron of one
part of the muscle led to contraction in the other portion beyond the
scar Gay and Hunt (1954) working with the rectus abdomnus and
tibialy antenor muscles of the rat, thought that direct union of muscle
sprouts coming from the ends of the divided muscle fibers could take
place. Indeed their “impreson was that the majonty of the transected
fibres had reunited ® More recently Cotte and Inglesakes (1956)
removed segments of the esophagus of the dog (which 1 compased of
stniated muscle) and traced the process of healing Despate the in-
evitahle seprs and the size of the gap they made, they found & wr

prinngly full regencraton of muscle fibers, beginning with mult-
nucleated outgrowths from the civided fiber ends as carly as the second
day They thought the buddings from either side met and fused, and
that the rate of repair was of the same order as that estmated by Le
Gros Clark (1946) 1n the rabbit. A cunous finding was the permtence
of muscle buddings even as late a5 226 days, when some degenerated
fibers, too were still present.

That muscle may regenerate so completely has sometimes been
clatmed 1n the past by surgeons exarmning human cases at operation,
and sometimes on the bans of antmal experiments. Thus Brer (1917)
abserved complete restoration of muscle fibers after large exanons,
bat Martin (1919) and Bundschuh (1923) werc unable to confirm this
More recently Horn and Sevatt (1951) found well marked regenerstion
1n the tibaly anterfor muscle after degencratson consequent upon
rupture of the popliteal artery

In the process of healing across & defect in muscle fibers, the greatest
importance rests with the endomynal sheaths which act as directing
planes for muscle sprounngs in much the same way as to neurjemmal
tubes 1n the process of regeneration of peripheral nerve. When injury
1 such that sarcolemmal tnbes remann virtually intact, for example in
Zenker's degeneration or 1n localized expenmental freemng of muscle
regeneratron b perdfect. When, however sarcolemmal tubes are de
stroyed then the degree of recomtitution of muscle fibers depends on
(among other thingy) the extent to which the more renstant endomysal
connectrve tmue planes have survived. The pronounced influence of
thaese was clearly shown by Le Gros Clark (1946) who found In hschembu
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lesons that fibroblasts invade the tssue in advance of muscle sprouts
and form pew endomysal tubes to ranforce or reconstruct the old
ones and 50 reproduce the onginal pattern of the muscle when the
muscle sprouts follow them in. Moreover ifa stnp of muscle be exased
and reimplanted afier Totation through an angle of 90° then the
ngrowing muscle sprouts may be seen to bend round and follow the
new line of endomysnal planes.

4 Maturatiox of Afyeblasts

Indrvidual myobrils usually appear cournng along the edge of a
young muscle ccll. They can make thar appearence quite carly and
may be scen 1n nolated muscle cells which have not yet Joned up 1n
the making of a continuous fiber* but usually they are not promunent
at thu stage (Adams et «f 1953) Longitudinal stnatons appear before
the tramsverse stnation, and Forbus (1926a) indeed found the latter to
appear very late. Le Gros Clark (1946) however found that trans-
verse striauom could be scen as carly as the mxth day of growth and
that they were very dustinct after 2 or 3 weeks. Fishback and Fishback
(1932) found them to be well advaneed by the twelfth day Obviewnly
great vanatom occur under different natural and expenmental con-
ditlons and much deperrds upon the vitality and vigor of the regenera
tion procea, 30 that generalization has imited interest for an individual
case, It s, however clear that longitudinal stnation precedes transverse
and the gencral sequence of appearance of the latter follows that in
embryogeness the A discs appeanng before the Z. The same sequence
is seen in the regeneration of skeletal muscle afier Coxmaclhie virus
nfection (Volume 11] Chapter IV Section VI E, 3)

5 Time Scale of Changes

Only a very general indication can be grven of the ume sequence of
changes in regeneration, \ on Meyenburg (1929) has summanzed the
man imes grven 1n the terature ay follows

“Nuclear probiferation tales place 4 to 6 houry after injury

Sarcolemmal tobes and gant cells appear on the 2nd to 5th day
spindle-thaped muscle celh on the 3rd to 5th day~ budding of surviving
muscle fibers on the 6th day onwards and lasung 6-8 weeks [though
Cotte and Inglesalis (1936) found them much later (sce Secuon 11T
D 3)} young muscle fibers on the 6th to 8th day~ and cross stnauon
duning the course of the 2ad to 3rd week
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When cautery 1s used to make a larger defect, then the repaur process
1 naturally not so perfect and depends upon the degree of tssuc de
struction. The first stage 1n regencranion 135 one of demnarcation of
necrotic tissze from surviving muscle fibers adjacent to the burn, a
process usually taking about 5 days. Under the microscope, the dead
fibers are structureless and hyahnized and practically all the nucles are
necrotic. Reparative changes take place at the margin of the necrone
man and from the beginming of the second week, thes region s charac
terzed by the presence of muscle cells, giant nucleated plasmodual
mases, and muscle buds, all moeed with proliferating connective
timue which invades the resorbed necrotic muscle. Young muscle
fibers grow 1nto the newly formed connectrve hssue from both siden
Thrs “musculanzation of the scar™ lacks the gniding influence of endo-
mynal planes and 1s wregular and far from complete. Indeed, even
after weeks or ponibly months the regeneration zone does not as a rule
cxceed 1 or 2 mm., the rest of the interval being filled with scar tisyue,

If the heat apphied 13 lews severe, e.g asin the experments of Denny
Brown (1951} where a metal rod heated to 85 C. was placed acrom the
surface of a muncle for ! mun. then a local coagnlated band of fibers
showing the Zenker type of waxy change is produced. Regeneration
under such conditions 13 moch more extenyive,

C. Iscmaa

The cffects of ischemia upon muscle hay been mnch studied bothin
the human and m the experrmental ammal. Extemive nchemia reult
in muscle death and replacement by connective tise ay in the well
Inown Volkmann s ischemic contracture. In general, muscle fibers are
more susceptible to ths form of wjury than 13 connectrve tissuc, $0
that after a more himted nchema, connective tisue endomynal plancs
sunve and as a result regeneration 15 well marked and effective. Even
when nchemua has been quite severe m human cascs, this may be .
Thus Homn and Sewitt (1951) followed regeneration 1n the tibulis
a0tenor muscle after netroms due to ruptare of an ancurysm of the
popliteal artery They roted well marked regeneration from survivicg
superficial muscle fibers, apparently by a procexrs of budding sumilar 10
that described by Le Gros Clark, but they remarked on the presence of
remnants of ucheme muscle buried wathin the newly formed tixsue.
Phagocytons and removal of this necrotic materal was very slow and
some was found to be praent cven after 18 months. They thought this



\ MUICLE REGENERATION AXD REPAIR 159

pernstence might be duc to poor circulation for in Le Gros Clark and
Blomfield’s cxs::nmmu (1945) revasculanzation had been rapid and
was followed by recomstitutional changet.

The techmque used by thesc latter authors of bgatunng off the man
vessels to the antenor titnal muscles 1n rabbits affords an excellent
method of studying regeneration 1n @ muscle whose general architee
ture has been preserved just as 1n Zenker s degeneration of typhoid
fever and the sequence of changes 1o both 1s mmilar The occurrence
of conchaudal plates (frag; ation along Bowman s lines) noted by
Le Gros Clark in hus ischemic lenons, has been ducussed above. Le
Gros Clark and Wajda (1947) csurnated regeneration of mascle fibery
along sarcolemmal tubes to take place at about 1 0-1.5 mm. per day
under the condrtions of thar expenments (Sectlon 11T D §)

Harman (1947) bas studied the histological changes which take place
m acute ychemia and drawn attention to the accentaation of cros
stnation in the early stages and 1ts relation to fragmentation across the
Z dnes. Later (1948) he showed that cven foflowing brief penods
of uchermua further extennon of necroals was not prevented when the
wvacalar occhmon was relcated as the effective duration of blood
deprivation s protonged by stans and capillary damage.

D Tracma

Fishback and Fishback (1932) have followed cvents 1 the gas-
trocnermus muscle of the rabbit when it 1 mildly contused by gentle
blows from a Lght rubber-covered ron rod. They reported that
evidences of regeneration i the form of muscle sprouts wth malt
nucleated tips were to be seen s early as 24 hours after imjury  but that
they were often less promunent at 72 houns. In explanation, they sug
gested that many of the earlisst sprouts were sent oat by muscle fibers
which were in fact damaged and not able o mantun the reparative
attempt. It seem probable however that many of the “sprouts” seen
at 24 hours were really ruptured sarcoplasm wath early nuclear prol
feraton Repair was well marked at 8-10 dayy, wath clumps of newly
growing fibers up to | mm. or more fn length. They concluded that, »f
the sarcolemma 15 not too extensivelv destroyed and the stroma re
matny, then “these together wath sunmang mascle nucles can form the
integral factors for muncle restoration.™ Agam, 1t 1 sren that emphass
1 {aid upon sunvrval of sarcolemma and endomynal planes as features
af qreat importance 1n regeneration.
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E Injrcrioy or CHesicar Supstanaes

Krede (1878) and Volkmann (1893) were among the earfier
workers to wse this method of induang muscle degeneration for
the study of subsequent repalr Both used a few drops of concentrated
carbolglycenn in rabbit muscle, and the same method was alo
employed 1 some expenments by Forbus (1926b) while Levander
(1941) used an alcoholic bone extract in some of his cxperimentr.
Pfuh! (1937) relied on the chemical imtaton produced by trypan
blue solunon,

It is no mare easy to follow repar changes 1n such expearmments than
after uchernda or other types of infury and indeed complicating factons
scem to be introduced. Thus, Forbus (1926b) observed cartilage
formaton dunng the repair of hus damaged muicle, once agan
emphasinng the lability of connective tissue, He described reproduc
tion of new muscle cells as takang place by mutons, but the difficulnes
of recognunng these young structures must be remembered. He thought
that new muscle fibern were produced both by the “continuous” and
the “ducontinuous™ processes. Another disadvantage of this method of
studying mincle regeneration Is the cormderable amount of connective
tiue which ix as  rule formed for this may lead to much dmtortion
which in turn may produce errors of mterpretation, It 15 for thn
reason that Le Gros Clark (1946) felt unable to accept Levanders
(1941) evidence of induction phenomens in the viamty of ho
chemscally-induced letions. The attempts at regeneration may b¢
marked but they are strangled by dense connective bssue overgrowth.

Muscle 1 not very responnve, by and large, to general chemscal
powons. The outstanding exception 1 the substance *plasmodid
[8~(3-dicthylaminopropylamino)-6 haxyqmnoli dihydrochlo-
nde] Hicks (1950) who tested the toxclty of ths compound from the
point of view of 15 possible use as an antimalarial drmg, found 1t to
have a severely inimical effect upon skeletal and cardiac muscle. In the
former dimolution of fibers occurred wathin 6-12 hours, accompanted by
edema and a scant polymorph infiltration. Withm 24 bours, hushocytes
had appenred 1n large numbers and showed many mitoses. Proliferanon
of sublethally affected muscle nucler was well marked apparently by
amitosls although mutotic drvinons were seen in & relatvely well
preserved fibers. After colchiane admimstration {(Adams ¢ o 1953)
it was not, however certan that nutotic figures really ever belonged 10
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muscle nucle. Regeneration was rapid and well marked endently
by muscle rpmuucng:llong 1ntact sarcolemmal tubes and abso by the
“discontinuous™ process, so that after 30 days or so reconstitution was
practcally complete—a result which 1 In accordance with expectanon
in view of the maintenance of the general architecture of the muscle
and the exstence of “secdhing” foc along the coun of the sarcolemmal
tubes. Hicks found the masseter Lingual, pharyngeal, and eye muscles
to be most affected 1n hry rats and Adams ef af correlate the seventy
of lewons with activity of the muscles.

F Snoie Tramrecmox

Just as 10 the case of peripheral nerve regeneration, a geod deal
depends upon how accurately the dmided ends are opposed and the
extent to which a hematoma develops between them. Accurate appost
tion 18 not always easy to secure (Dawyon, 1909) and may account for
some of the duscrepancies in the terature. A good carly account of the
bealing of tramsected muscle was given by Askanazy (1890) \Millar
(1934) and Adamt ¢f «f (1953) have given substantally mmular
decnptions. In fetal muscle, events follow the same course, though
they do not appear to be 30 marledly dependent upon endomymal
pathways (Hess, 1954)

Nonwviable muscle fibers 1n the immediate viamty of the transectson
undergo hyaline degeneration and so do any fragments of fiber solated
along the knife track, while polymorphs and fibnn accumulate 1n it.
Degenerated ends of sunming fibers berome detached and are dealt
with by phagoeytons, while from thar healthy bared ends budding
takes place in the usual way Millar (1934) emphasizes special appear
ances in the nucleoh of proliferated sarcolemmal cell, but Adams ef «f
could not connstently find them Nuclear division appears to be amito-
tic and multnucleated muscle “gant cell™ are found 1n the mudst of
the central necrotic matenal. These grant cells seem to contribute to
the healing o that the new muscle cells arc formed partly by a “con-
unuow” and partly by a “duconnnuous” process, maturation taking
place in the uraal way with cran stnations appeanng later than long
tudinal, Under 1deal condinons (when tstue destruction 1t yunsmal
and there 1 hittle fiber retraction or hematoma formation) healing
may be very good and leave Little more than a slight local increase 1n
connecuve tisue. Gay and Hunt (1954) mesugated the problem of
union of muscle wounds from the speaal standpount of the actual grow
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g together of muscle fiber sprouts coming from oppomte ndes of the
wound. They found the rate of growth of these sprouts to be rather
less than the 1 0-1.5 mm. per day suggested by Le Gros Clark (1946)
possibly because 1n the latrer’s expenments (chemua) well preserved
and continuous endomysial planes were available to the ingrowrng fibers.
The authors were of the opinion that a connderable umon of muscle
buds from the two sides did, in fact, take place (Section III D 3)

¥ EXPERIMENTS WITH HUMAN HUSCLE
A, Nomuar

Volkmann (1893) carmed out intramuscular carbol-glycerin imec
tion expenments after prelmminary cocanization, n imbs which were
doomed to amputation for some condition such as tumor
Cases were sclected in which the muscle was otherwise normal and
examination carned out from 6 hours to 43 days after ijection, The
changes were estcatially dmilar to those 1n hit bt injection expen-
ments, although the 1njected matenal tended to spread more readily
1n the coarsely fasczculated human muscle, produdng a very “banded”
lenon,

Walton and Adams (1956) used a sterile suspension of carbon parti-
cles in & muxture of o1l and aleohol as & means of produang a readily
wdentifiable lenon 1 human muscle which was later removed at an
operation undertaken for some other purposc. As did Volkmann, they
found a clase parallel between the sequence of changes in the rabbit
and in the human the process belng perhaps & little les rapld in the
Iatter 1n the carlier stages, but reaching apprommately the same stage
by the 10th day They found both buds and lsolated smndle celh to
take part in the regencration proces.

B PatmorooicaL

Walton and Adams (1956) also examined the regenentve capaaty
of muscle 1n clinical cases of muscular dystrophy neuropathc atrophy
and polymyositis, unng volunteers who were willing to undergo muscle
bropsy They concluded that “imparment of the regeneratrve potennal
of the muscle-cell 13 ot @ primary effect of axther dystrophy or dener
vation. But a muscle fibre in an advanced stage of atrophy or degen-
eranon, as a result of ather denervation or muscular dystrophy losesits

ahlity to regenerate.”
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Y1 E¥FECT OF DENERVATION AND HUSCLE TENIION UPON
RECERERATION

Kby (1892) umng rabbits, investigated the cffect of denervation
upon tubtequent regencration 1n a damaged muscle. The calf muscles
were ligated 1n their upper third until the lower part had nnum:df
dark blue appearance, Usually the ligature was m sifx for about 3-3;
hours, It was then removed and the wound sown up In some cases
prefimiary drvmmon of the saanc nerve was camed out. Histological
investigation showed that, as an mmediate remlt of the nchemia,
muscle sarcoplasm was distupted but connective tissue planes remauned
intact, On companng the course of the very good regeneration which
took place, Kirby was surprised to find that nerve section 5-10 days
pror to the inflicton of myury did not 1 any way hinder muscle
regeneration. He abswo found that nerve section did not lead to muscle
fiber degeneration for some weeks,

Denny Brown (1951) on the other hand, found that while the
regenerative abifity of mmcle was wmmpaired for the fist 2 weeks
after denervation, it was but feeble and abortive after 3 weeks, He
pointed out that Kirby had lunited tus observatioms to the few dayy
following nerve section. After 3 months, he found tranma to cause
“first a proliferation of the nucler and then fragmentation™ (Adams
¢t al, 1953) Walton and Adams {1956) bowever found regencrative
capacty to be retained for much greater periods in humans, recording
active regencration in an injured muscle which had been weak and
atrophic for over 2 years and which had all the histological appear
ances of long standing degencration. They concluded thatitisonlywhen
denervation has produced profound atrophy of muscle cells that they
fail to respond to injury Similarly Saunders and Sisons (1953) found
recovery from a erush took place in exactly the same way in denervated
23 1 1ntact muscle. They pont out that because of the nature of the
wjuny inflicted repair must 1n any caxe be tabing place 1n many
dencrvated muscle fibers even in an “intact” musele. They extended
the interval betw een nerve section and the injury to 3 weeks, wing the
Tatasan expenmental anrmal, and took precautions that rannervation
should rot occur

The influence of termon in the muscle dunng regeneration following
a burn has been examined by Denny Brown (1951) He showed that
diwisson of the tendon at the ume of makung the lesion, cven though 1t
prevented separation of the ends of the muscle fibery, slowed down
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regeneration With an {ntact tendon, there was more distortion dunng
the repair but the tennon appeared to sumulate all phases of the process
both actual farmation of muscle fibers and their maturation.

Y1l EFFECT OF CORTISONE UPON MUSCLE REGENERATION

The effect of cortsone upoa repair of rabbit skeletal muscle ha
recently been investigated by Sisons and Hadfield (1958) and by
Ellss (1955) The former used the cnnh technique of Le Gros Clark and
found that 10-20 mg per kilogram body weight per day retarded the
omct and rate of regeneration but did not alter 1ts course or eventaal
outcome. In thrs respect, the effect of cortisone was much lexs pronounced
than on bone repur Ellw found that healng was mpd once
cortwone treatment was duscontinued and that rabbuts on potasnum
deficient diet showed changes mmlar 1o those found 1n the corhsone
ammals.

1t scerns postible that the delaying action of cortsone may be due to
1ty depressant action upon mobility and phagocytic activitles which
arc 20 {mportant m the process of prel Yy scavengin d
with muscle regeneration. Thus Paff and Stewart (1953) found cort-
sone to dimimith ameboid activity of phagocytes in timue enlture.
These factors have been d d in another jon (Ficld, 1957)

VI REGENERATION OF CARDIAC MUSCLE

Many authors have exsmmed the regeneratve capaaty of heart
muscle and expremed varymng opimons though the majonty have
found Iittle (Fletscher and Loeb 1910 Chnstan «f «f 1911 Heller
1914 Kanner and Dwyer 1916 Collier 1922 Warthim, 1924 Bnght
and Beck, 1935 MacMabhon 1937 Montz and Athing, 1938 Malloey
o al 1989 Ring 1941 Harrison 1947 Walls, 1949 Rmg, 1950)
Just as in the case of skeletal muscle this variation 1 1n some measre
due to the duifferent nature of the pnmary taxe Influence after which
regeneration has been studied. Thus some (e.g Harmson, Walls, Rung)
deny that regeneration may take place at all, while others (Heller
Warthin kang for example) belicve that it may

From what has been said above of the regeneration of skeletal muscle,
1twﬂlbclpplrmtthxtthcdumdﬂo(thcpnmxrydunlgcmubf
of Importance in determumng the vigor and succens of any subsequent
attempts at regeneration. Thus an insult which leaves the general
architecture of the heart muscle unduturbed should present the best
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chances for successful reparr Such myury 13 best seen 1n the myocarditis
which may accompany diphthena and has been well described 10
detail by Heller (1914) and Warthin (1924) The estential lenron here
1 2 toxx parenchymatous hyaline degeneration or necroms apocated
frequently with fatty degeneration or wath cloudy swelfing Patchy
waxy degeneration also occurs, and as in the case of the degeneration
of skeletal muscle of typhoid fever the Ietions are patchy i ther
dustribution, It 15 followed by a reparative Inflammatory process wath
forergn body guant cell formation as necrotic matenal 13 removed
W arthin speaks of *perumynal tubes” becomng filled with detnitus and
inflammatory and regencrating cells in much the same way as occuns
in skeletal muscle. Regeneranon takes place later by an ingrowth of
muscle sprouts into the tubes from adjacent surviving fibert. Bulbous
swellingy stuffed with myoblastic nucle: may be seen at the ving ends
of the muscle defectr. Warthin was able to confirm Heller’s (1914)
findings m all respects and both support the view that heart musdle
fibers do have a sarcolemma.

Associated wath heart muscle fiber regeneration 15 some fibross and
there 1s no doubt that thus Is a common result of most forms of cardiac
njury just as it 1s in skeletal muscle mjory  Thus Marunott (1888)
noted only a slight proliferation of cardiac muscle nudla (with mitode
figures) m the early stages after a stab wound of the rat heart, but did
not regard thu as of sigmficance 1n healing which took place largely by
fibrows nswe Amtschlow (1913) studying wounds of the rabbit
heart found no true regencrabon of muscle cells. He thought, how
cver that damaged heart muscle cells could be converted through the
lows of contractile substance finst into “myocytes,” with charactensne
clongated nuclel showing serrated chromatn (Anitschkow cells)
and then later into fibrocytes. Sumilar views with Tespect 1o skeletal
muscle have been discussed above (Secuon 11T D)

Among more recent workers, Hamson (1947) concluded that rabbu
cardiac muscle has not the same regenerative c3panty a3 general
somatic muscle and Walls (1949} t0o, fuled to find evidence of regen
cration afier burning of the rabbnt ventncular myocardium. However
such thermal lenons are inevitably assocrated with some deastruction of
All the efements of the myocardium. Rimg {1930) produced hschemic
lesions 1n the cat and rabt heart by Lgation of branches of the left
coronary artery Hcfoundm-ascuhnummofthemﬁ:ttmukcphc:
within [4 davt but wo regencration of mucle fibert. This he wasin
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duscussion of the structural and biochemical changes observed, rep-
resented by & rather extensive hterature of the past 25 yeans, wil
naturally occupy a considerable segment of thuis chapter The re-
mainder will deal wath mare himuted 1nformation with respect to the
effects of defiqency of certun water-soluble viamint, cholne,
potasnum, and tryptophan, the only other emsential factors in nutn-
tron shown to play 2 réle in the metabolsm of skeletal or cardue
muscle, or both, to the extent that 1n their absence structural altera
tions become apparent.

IL SKELETAL MUSCLE
A. Vrraan E Derramsey

Vitamun E, of which a tocopheral 1t the prototype, was first desg-
osted the antaterility vitemin  however it has mnee come o be
a3 having an equally important function as an and
dystrophy vitamun. For the prevention of fetal resorption in the female
rat, on the basts of which the vitamun was first discovered, 1t has been
generally accepted that « tocopherol as an intact molecale 1 required.
On the other hand, partlal exidation of the malecule to form the
epaude of a tocopberal destroys mast of its antisterility propertics
without lon of antidystrophic activity whereas further axidapen o
form the hydroqul ar qub causes complete o of ant-
sterility activity without affecting 1ty anadystrophic actvity However
a-tocopherylhydroquinone appears to have about the same ant-
dystrophic activity a3 « tocopherol when admnistered intravenomly
to dystrophic rabbits (Mackenze o /., 1950) When tested by the onl
route n vitamin E deficient hamsters, antdystrophic potency appean
to be about one-thuird that of & tocopherol (West and Masos, 1935)
In the rat, and probably also 1n other specics, there o apparently 2o
tn ceve convernion of these oxidation prodacts to « tocopheral (Macken-
ne and Mackenme, 1953)
Mackenzse (1953) 1 a review of this subject, suggests that vinmin
E may be regarded as made up of two rather scparate componcents
a-tocopherol, the antssterility vitamin, and o tocopheryl hydrequinesc,
the anndystrophy vitarun the former serving also a3 a precorsor of the
latter The story may not prove to be as smple as this, for receat
research (unpublished) 1n my laboratary castied out in collsboration
with Dr § I Maucrand Dr G H. Rao indlcates that « tocophery!
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wnone admunistered orally does have antuterility acuwity,

:Z:dhr::: 1/10th to 1/20th that of  tocopherol 1 both male and female
rats deficdent 1n vitamun E

The latter ph hasbeend rated in only a few ammal
tpecies (rat, mowse, hamster guinea pig) whereas degeneration of
eletal muscles has been observed 1n all speaes of laboratory and
domestic ammals critically depleted of vitamn E. Comequently the
interrelationships between vitamin E and muscle have become of real
cconomuc ngmficance 1n the hifestock 1ndustry as well as matters of
much iterest to investigators concerned with the metabolic pathways
n musde.

As yet we have no clear understanding of the rdle played by vitamin
E in maintaimng the integnty of muscle. In a recent report presenting
evidence implicating vitamun E a3 2 co-factor i the cytochrome ¢
reductase poruon of both the DPN oxidsse and suctinate ondase
sysiems in the termunal resparatory chain in mammahan akeletal and
cardiac muscle, Nason et of (1957) suggest that 1t also may function
a3 part of a liprd sheath or s a0 ting material iming cyto~
chromes b and c1n 2 spaual configuration promoting optimal reaction
with each other Nason et al. alio bricfly review other postulations
relauve to vitarmn F functiom in metabolic procast namely (1) asa
component of the phosphorylating ropratory chamn, perhaps as a
bink between respiration and oxidative phosphorylauen (2) in some
mechanum controlling oxidanon that 1 unrelated to the levels of
phorphate bond acteptor tystems and (3) in purine metabolim and
nucleic acid synthens. It 1 apparent that there has been much recent
progrens directed toward the eluadauon of the rdle of tocopheral in
metabolic processes at the enzymatic level a3 well a3 to ity sccondary
function as an antioxidant. Further inquines into the manner 1n which
a-tocophero] and is oxdation products participate 1n these mecha
nums of acuon of vitamin E should abo contribute much to a better

understanding of the complex metabolic proceses occurnng within
musele eclls

Before ducumng the biochermical and b hologcal alteratons
of skeletal muscle 1n vitamun E defiqency a few general remarls may
be pertinent Tirst, 1t should be noted that the terms “muscular dystro-
Py nutnnonal muscular dvatrophy ” and “nutriuonal myodege
neranon” have been interchangeably applied to a sate of muscular
weakness, wath or without obvious paralyms, asonated with histologe
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cally demomstrable lesions of the akeletal musculature, in anmmak
defiaent 1n vitamun E. These dengnations imply that the dhorder
represents a true myopathy primanly affecting the muscles rather
than ther nerve supply This 13 supported by the fact that the Jetdom
differ from those seen 1n denervated muscles and by evidence that they
are not preceded by any alterations in the penpheral rerves or thar
motor terminals, An extensve literature has appeared on this subject
durmg the past quarter century The reader 15 referred to the cardy
reviews by Evans (1940) and Pappenheimer (1943 1948} the more
recent summary of Mackenne (1953) on the expenmentally indueed
dystrophy of laboratory animals, and the review of Blaxter and Brown
(1952) dealing with observations oo farm ammals.

Secondly the lenoas of skeletal muacle, which have been described
for some twenty different specles of laboratory and domestic animals,
present a rather vanable and confusing hustopathological pletare of
muscle fiben mamfestng no damage, intermingled with othen
showing sublethal injury progresive degeneration, and (mually)
regencrative changes, mnce these flbery are seen m vanoms profiles,
depending upon the plane of scction, there u provided & rather
madequate concept of events that may be occarring 1n different
regiony of any grven fiber

Thirdly the character and Intennty of the lenons are conmderably
influenced by many factors, such as (1) age of the ammal and develop-
mental matunity of the muscle fibers, (2) acutencas or chromaty of the
defidlency state, (3) metabolic and structural differences between
muscles i the same animal, and (4) species differences 1n response of
the musculature to vitamun E deficency These many mflueness
paturally ncrease greatly the problem of comparing the lalom
obscrved in different laboratory and farm ammals,

1 In Labsratery Mavomals

Lesions of skeletal muscles constitute a unuversal finding m all
Iaboratory ammals which have been subyected to vitarmn E depletion.
These mnclude the mat, mouse, rabbit, gunea pig Syrian hamster
Fionda cotton rat, dog rhesus monkey chick, duck, and guppy fish
(sct review by Mason, 1954) Of these, the firnt five mentioned have
recerved more extensive connderation than the others. Herbivorom®
species, as the rabbit and gumnea pig are pecabarly susceptible and
acute defiacncy 1 often fatal, In other forms, the dystrophic state 3
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more slowly progresive and usually compatible with survival to late
adult Lfe,

Ammals which have acquired apprecable stores of wvitamn E
through dietary sources retain 1t rather tenaclously o that rather long
penods on deficient diet are required to induce manifestatons of
vitamun E defidency For these reasons 1t has been costomary m
expermmental studies to employ recently weaned animaly, and even to
place mother and suckling young on low E dicts to further restnct
tusue storage. This means that states of muscular dystrophy observed
1n most laboratory animak, and in farm animals also have been pro-
duced at pertods comparable to infancy and adolescence, only m a
Limited number of species have chronic atates of dystrophy 1n adult
ammals been studied.

& Symptomatelegy Evans and Burr (1978) called attention to an
unusual type of paralyns occurnng 1n the offipning of rats given just
sufficient vitamin E to permit the suceesful completion of gestation
and lactation, The young usually appear vigorous and healthy pnor
to the eighteenth day of life, but during the ensing week there appeans
1n all or 1o certain membens of the Litter a flaccld paralyss of the hind
legs and ofien a flexor contraction of the fore hmbs (Fig 1) Some
affected ammals become lethargic and succumb wathun a few days,
perhaps because of extennve involvement of rapratory muscles
othen, In which the paresns u muild or moderate, show spontancous
recovery The affected animals and also many grosly unaffected mem-
bers of the hitter exhibit mcroscoplcally widespread ledons of the
skeletal mwscles which vary connderably in thar intennty and 1n the
extent to which individual muscles or portions of muscles are involved.
When continned on low E dicts the muscles of the young animals
which recover spontancousty show rapd repair and Ll or no
evndence of degenerative change untl months later when the manifa-
tattors of chronic vitamun E defictency appear

When [actating mice and therr offipring are fed low E diets (with
18° lard and 2 , cod Liver oil) which produce late-lactation paralysis
in the rat, no symptoms appear even though muncle Jesions are found
histodogically (Pappenhermer 1942 Tobn, 1950) However If the
lard o replaced by increased amounts of cod lwver o1l, gToss paralyms

appears and the muscle lesiorn are much more severe and widespread
(Toban, 1950)
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cally demonstrable lenons of the skeletal musculature, In animah
deficient 1 vitamin E. These designations imply that the duorder
represents a true myopathy prnimarnly affecting the muscles rather
than their nerve supply Thus i3 supported by the fact that the lesions
duffer from those seen in denervated muscles and by evidence that they
are not preceded by any alterations in the peripheral nerves or thar
motor terminals. An extensive hiterature has appeared on this subgect
during the past quarter century The reader s referred to the early
reviews by Evans (1940) and Pappenheimer (1943 1948), the more
recent summary of Mackenne (1953) on the expennmentally induced
dystrophy of laboratory ammals and the review of Blaxter and Brown
(1952) dealing with observations on farm animals

Secondly the lenons of skeletal muscle, which have been described
for some twenty different speaies of laboratory and domestic animals,
present a rather vanable and confusing stopathological picture of
muscle fibers festing no damage, intermingled wath otheny
showing sublethal injory progresmive degeneration, and (usually)
regenerative changes mnce these fibers are seen in varows profils,
depending upon the plane of section, there is provided a rather
madequate concept of events that may be occurring 1n different
regioms of any given fiber

Thirdly the character and Intennity of the leslons are connderably
influenced by many factors, such as (1) age of the ammal and develop-
mental matunty of the muscle fibers (2) acutenen or chroniaty of the
deficiency state, (3) balic and structural differences betwetn
muscles 1n the eame animal, and (4) specles dufferences in response of
the musculature to vitamun E defidency Thee many Influencs
neturnlly increase greatly the problem of comparing the lenoms
observed in different labaratory and farm animals,

1 In Labsratery Mammals

Lenions of skeletal muscles constitnte o umvemal finding mn all
Iaboratory animals which have been subjected to vitamin E depletion.
These include the rat, mouse, rabbit, guinea pig Synan hamsier
Florida cotton rat, dog rhesus monkey chick, duck, and guppy fish
(sec review by Mason, 1954) OF these, the finst five mentloned bave
recerved more extensive connderation than the others. Herblvoros
species, as the rabbit and guinea pig are pecubarly susceptible and
acute defiaency is often fatal. In other forms, the dystrophic state L
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more slowly progressive and wually compatible with survival to late
adult hfe,

Animals which have acquired apprediable stores of vitamn E
through dictary sources retan it rather tenaciowly 3o that rather long
penods on defiaent diet are requred to 1nduce manifestatioms of
vitamin E deficiency For these reasoms, it has been customary 1n
txprnmmulttudlumcmployrmdywcancdammih,mdcvmm
place mother and suckling young on low E diets to further restrict
tuue storage. This means that states of muscular dystrophy observed
in most laboratory animals, and 1n farm ammals also have been pro-
duced at pertods comparable to nfancy and adolescence only in a
limted number of species have chronic states of dystrophy 1 adult
animabs been studied.

a. Spmptematelegy Evany and Burr (1928) called attention to an
unusual type of paralyms occurnng in the offspnng of rats given yust
sufficent vitamun E to permit the successful completion of gestation
and lactation The young usually appear vigorom and healthy pnor
to the aghteenth day of ife, but dunng the ensuing weck there appeans
1 all or 1n certan members of the litter a flacad paralyns of the hind
legs and often a flexor contraction of the forc Gmbs (Fig 1) Some
affected amimals become lethargic and succumb within a few days
perhaps because of extenmve involvement of respiratory muscles
others, in whuch the paresis i mld or moderate, show spontaneous
recovery The affected animals, and also many grossly unaffected mem-
bers of the hitter exhibit microscopically widespread lewons of the
skeletal muscles which vary connderably in their intensity and 1n the
extent to which irdnidual muscles or portions of muscles are involved.
When continued on low E diets, the musclea of the young animals
which recover spontancomly show rapid repur and htle or no
evidence of degencratin e change until months later when the mamfes-
tatioma of chrome wvitamun E defiaency appear

When lactating muce and their offspring are fed low E diets (with
18° lard and 2°; cod liver oil) winch produce late-lactation paralyns
in the rat, no symptomt appear even though mucle lanons are found
histologcally (Pappenheimer 1942 Tobn, 1950) However if the
Lard 1 replaced by increased amomnts of cod liver oil, grom paralyss
appean and the muscle lenons are much more

(Tobin, 1950, severe and widespread
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The onset of dystrophv 1n the rabbit, which often progrenes rather
rapidly has been divided imto three stages by Mackenzie and Mc
Collum (1940) There 1s an wunal stage characterzed by a twofold
increase 1n the urinary output of creatine with no change in creafinine
excretion usually followed by retarded growth and n decline 1o food
intake. In the second stage, there is stiffness of the fore legs, some head
retraction, slowness 1n righting when placed on the nde, and accen-
tuation of the eatlier mamufestatons. In the final phase, the animals
have great difficulty in reguming an erect posiion when prone or
supine, show pronounced loss of body tonus when picked up and may
become completely prostrate several days before death, Spontaneous
recovery such as observed 10 weanling rats never occurs, but there s a
remarkably rapid amelioration of all symptoms and mamfestatons of
dystrophy if vitamin E therapy is mnsututed before these phenomena
are too far advanced. In the guinen pig the course of events 13 much the
wame a3 in the rabbat,

In the Synan hamster depletion of vitamin E from early Lfe pro-
duces relatively httle indication of muscle weakness or functional
ympairment untul afier 10 or 12 months of defiaency even though
muscle lenons are evident histologically dunng the second month of
defidency and become progresmvely more severe as deficlency pro-

Fio. 1 Late-lactation paralysi mn 22-day-old rats, showing flacad Wik of
hind trmbe and flexor contraction of fore Hmba. part

Fia. 2 Panalysh of adult raty after chrooic vitamin E defidency Rats arc litter
mutes 360 days okd. In one rat (above) peralyms was arrested at the “rpenddle”
suage by vitamin E therapy (243th to 360th day) with only parncal recovery from
parcss. Gther rat (lower] which recaved no themapy shows sdductors contrasture
:J‘:;":) of muscles of trunk and lower cxtromty From Mason and Emmel

Tra. 3 Skeletal mumcle from yoang rat such a1 shown In Fiy 1 Note extomsive
segmontal necrosa of fibers separated by rona of edema and leucocrtic infiltration.
Afew normal fibers are present (bottom) Magnuficaton  x 80, From Mason (1952)

Fro 4 Sldeulm\ndefmmS)nmhmmdxy'dcﬁdenth\\lumlnE.
showuny scgmental coagubation pecram (CN) naclear rowing (NR) and regencrs
tree reactom {R) Magmficanon  x 30 From Mason {1532)

F. 3 thrgedrkwvofmndjumtqmamfmm}‘q 3 trantdormed nto

of

dermehy cellular rones composed {P) many mumcle rucled
onoytial funon of the latter 16 form e

wulimacdeate, spedie-aha
sands 1S) Magnhicauon 360 From Masa (1932) e
n:k 6. Skeletal muscle of hamuer
Vg derees of necroen of affected segments,
maclcar rowing Magmuficaton  x 100, From West and Mason (1938)
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greses. There are certan r blances to the mt subj d to chrome
witarmn E defiaency except that for & comparable stage of depletion
the microscopic lemony are much more extennve than in the rat (West
and Mason, 1935)

The paralysls occurnng 1n raty reared for prolonged penods (6 o
18 months) on low-E diets has been studied by many invesigators and
is dexcribed 1n detmtl in the monograph of Finaron and Ringyted
(1938) Briefly there occurs an adductor weaknen 1n the nnd legs,
leading to0 a spraddling or waddling type of gait (Fig 2) wth alight
incoardination as weaknem and atrophy gradually extend to other
muscles of the Jower limbs, pelvic girdle, and trunk, the galt becomes
more incoordinated and ataxic finally with loss of ability to walk, the
ammals drag the hind quarters along while supporting themelves
weakly by the fore legr in moving about the cage, or lic most of the
time on the nde with lind legs contracted and spastic (Fig 2)
Progressive hypasthenia and hypalgesis of the tals and lower extrem-
ties also occur Eanarson and Ringsted (1938) and Fanarvon (1952)
consider the clinical picture to be one of a neuropathy supenmposed
upon an earlier myopathy but others have regarded it a1 a true myo-
pathy with some secondary sensory loss (see p 216} In carly phases, the
parens is reversible wath vitamin E therapy~ however If spraddic of
the hind Limbs hay persisted for some time, therapy docs not result In
full recovery (Fig 2) due probably to previously established abductor
contractures. A simlar paralysis has been observed by Menschik ¢ o
(1949) 1n muce fed low E diets for 9 to 24 months.

b Histopathslogy In the early or acute type of dystrophy in ruckhng
rats, as described by Pappenheimer (1939 1948) and others, the mm
cles are pale, mont, devord of normal luster sometimes streaked, and
gntty Microscopleally there » widespread segmental necross of
muscke fibers predominantly a contraction-clot type of reaction, and
also an wntenstital edema and leucocytic wfiltraton indcative of a8
inflammatary resporse (Fig 8) The rather short scgments involved
become swollen, lose their cros stoations, and show trandormation
of the contractile sub nto » rhat homog: coagufem
the latter soon undergoes dussolution as macrophages and leucocytes
invade the sarcolemma sheaths. Muscle nucler with thelr mvestment
of sarcoplasm are released. They somctimes appear to fusc ly‘ﬂ"'Y”‘ﬂy
into narrow spundle-thaped or nbbonlike, multinucleate, basophilic
strands at other times, they first become Intermingled with macro-
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phages and occanonal lewtocytes forming dense cellular cords within
the endomynal framework of the segment (Fig 3) It is asumed, but
difficult to prove that the myoblasts undergo some mitotic drvinon.
In the cellular cords, they hiewe tend to fine more or lew longitn
dinally 5o as to gne me to the same type of multnucleate strand
referred to above. In the latter myofibrils soon appear m increasing
numbers between the sarcolemma and the large nucld which oecupy
much of the mterior of the developing fiber These fibers become more

dophilic through lation of myoglon, increase in length and
dumeter acqure more and more myofibrils, 20d effect a penpheral
pontioming of their nucler, There are thus formed new fibers to replace,
1n part at least, those previcusly last through degencrative changes,
This regencrative respomse of smmature, youthfu! mucle, occurnng
s 1t does in the face of continued deficiency of vitamun E, is a truly
remarkable ph It is of sigmficance that paralyms rarely
occur before the elghteenth or after the twenty fitth day of bfe and
that vitapun E therapy prevents the lemons if grven as late a5 the seven-
teenth day but has doubtful benefit once the lesions are well estab-
luhed. Thu suggats an cpecially acute need for vitamun E during
particular peniod of biochermenl and structural maturation and
growth of the akeletal musculature, If vitamin E defiaency 11 continued
after spontancous recovery several montht may clapse before lenome
agun make ther appearance as will be indicated later these lesioms
are of a rather different character

Investigators have been perplexed as to why in certain muscles,
great numbens of muscle fibers are damaged wiile 1n adjacent muscles,
scparated by only a thin fasaal plane, there is hittle or no mvolvement
or why more decply situated fibers show extensive injury while more
superficially located fibers may remain normal. Pappenheimer suggests
that the better preserved fibers may have a ncher blood supply or
may be more imumobilized by fascial attachments and thus les actively
mvolved in muscular actvines. In the latter connection, Pappen-
hamer (1940) has shown that bil of the gastr by
section of 1ta tendon or 1ts nerve supply prior to the elghteenth day
prevents the oceurrence of muscle leoons,

Muscle lesiom 1n suckling muce though les severe than young
rats unless intennfied by an increase in dietary umaturated fatty acids,
are hmologically qute nmilar to those desenbed for the mt {Pappen-
hamer 1942 Tobin 1950)




180 KARL X, MASON

In the ginnea pag and rabbit, reared from early age on vitamun £
deficient diets, there occurs a somewhat lens explosive type of reaction
in skeletal muscles than In the suckling rat, but the cellular resctioms
arc much the same, There 13, however a greater tendency toward
replacement of injured fibers by adipose and fibrous tirsue, mdicating
perhaps that the conuderable regeneration of new fibers observed may
fall to fully replace those lost through degencration. Vitamn E therapy
effects rather rapid repalr structurully and biochemically By proper
regulation of vitamun E inteke, it 15 pomable to induce alternate stato
of dystrophy and recovery for long penods of time, or to mantun 2
state of chronic dystrophy compatdble with good growth and vigor
(Mackenzie, 1942} In states of chronlc dystrophy the lenons arc
charactenized by a predominance of healthy muscle fibers between
which arc interspersed fibers showing degenerative and regenerative
changes of a lem acute type, resembhing those of chrome defidency in
the rat.

Muscle lesions observed 1n the Synan hamster reared on low E diets,
1 terms of rute of onset and intensity of reaction, are somewhat
intermeduate between the acute types seen in the suckling rat, guinea
pig and rabbut and those observed after chrome vitamin E dehaency
in the adult rat. They aro particularly smtable for study of certan
cellular reactions of dystroplc muscle. Furthermore, the hamster
offers a particular advantage in that stained, fived spreads of the check
pouch permit study of individual fibers = toto for relatively long
distances, This provides much more information regarding the extent
to which segments of fibers are 1nvolved in histopathological changes
and the vanability In the nature of these changes than 15 posible
through the study of hutologic sections of muscle alone., The followng
desenption 13 bated upon the observations of West and Mason (1935
1958)

In the muscle lenons, it 13 poesible to recogmize, in addition to €%
tensive nuclear rowing discumed later four rather distinct types o
urevernhle mjury i fiber segments (1) a typleal coagulative necrosd
(Figt. 4 and 7) representing the moat type (2) formation of
contraction clots, and necrosis of affected scgments (Fig 6) (3) focal
granulanty and breakdown of myofibrils, with converslon of the g
ment 1nto a lighly granular masy (Figs. 15 and 16) (4) enlargement
and dmolution of nucle, associrted with vacuolar degeneranod
(Figv. 17 and 18) It should be stated that the terms “byaline™ and
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“Zenker s™ necross, or degeneration, which have often been used 1n
reference to both coagulabon necross and contracnon-clot necroms,
are conndered undenrable and misleading becawse of thewr vaned
meaningy and impheatons Contraction~clotting often results from
ymmernion of exatable muscle in fixatives, but 1t also occuns m e in
fact, 1t 1s the major type of reaction in late lactation paralyns in the rat
and is also common 1n the rabbit and guinea-pig bat 1s less frequentin
the harmier and adolt mat. The fate of such damaged segments
essentlally as deseribed for those involved 1n coagulation necross the
same 13 probably true of segments showing focal degeneration of myo-
fibnils and granular degeneranon.

Coagulation necrosis s characterized by a rather rapid sequence of
events involving proliferation (presumably amatotic) and irregular
dupontion of muscle nucler within the fiber tegment, los of strations,
and trandormaton of the cytoplasm into a somewhat granular
coagulum (Fig 7) ph accorapamed by a few leucocytes,
myade the segment and raprdly phagocytze the coagulum, o that
there ulcft a lughly cellular maw (the Muskelrellonschlauche of Waldeyer)

posed chiefly of phages and muscle nuclel with their mnves-
ting sarcoplasm, which may be called “myoblasts” (Figr. 8 9 and 10)
The external form of the segment 13 preserved, and the endomynum
show little or no evidence of injury

Regeneration of damaged segments occurs to some extent through
ph dial rprouts or cutgrowths from intact portioms of the fiber
adjacent to the zone of Injury (Fige. 9 and 10) and to a greater extent
through a process simular to that deseribed previowly for the suckling
rat. In the demsly cellular areas occurning within the endomynal
framework of the injured scgment (Fig. 8 and 9) myoblasts increase
in number become spindle-thaped and sometimes multinucleate, and
acquire & proncunced basophilia attnbatable to nbonuelde 2aad and
therefore suggestve of active protem synthess they soon become
ahgned paraflel with the long axs of the segment and establuh proto-
plasmuc continuty with each other 5o that a true syncytium is formed
(Figr 5 31 and 12) this, 10 tumn, becomes confluent wath zones of
regeneration aruing through plammodial cutgrowths from intact
portiors of the fiber (Figs, 9 and 10) These events are seen especially
well 1n intact fibers of the cheek poach where injured segments may
show different phases of the regenerative process over a distance of
several millimeters. Later phases of the process, which presumably
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mvolve formaton of myofibals and alignment of the nucle: in ternal
rows with their subsequent disponition to a subsarcolemmic location,
perhaps through mechamical forces exerted by the myofibrila, are

Al figures are photorsicrograpie of skeletal mmcle of vitamm E deflaent Syrian
hamatcre.

Pn7Typu]cmguhﬂonnccrmhum1prkxmmd’mudtucdh.
Mh—nguhrdhpcduonufmym.d:nwdq. hgnlﬁaﬂon 200

Fia. 8 Arca of denee (A {oellruschls
with normal scgment of ;ame fiber (at arrow) Nudtl.rmwingmodlcrﬁl:ul.
Magrficanon % 100, From West and Mason (1938)

Fla. 9 Amnmﬂ.umv.bnc{ﬁ; 8, 1n two adjacent fiber. Myoblasts show
carty rege . region (double arrows) and as pla-
mndhlumo-&uﬁmmhmpoﬂhnofﬁlxr(nn{km) Internal muclear
rowing in other fber Magnificstdon  x 200,

Fia. 10 Similar to Figs. 8 and 9 showing plasmodial syncytrum (arrow) at junc
don of Vasldzellonschloahs with pormal segment of fiber Magmficatlon: x 200,
From West and Mason (1938)

Fia. 11 Elongated, spindleshaped nryohlety in zone of early regencration. Cell
m mitscels cunnot be sdentificd. This figure, and the following two figures, are from
ursectioned fibers observed in sprends of the cheek pouch Msgnification x 200
From Ve and Mason (1958)

Fio. 12 Later phase of in which el e lasts form & syn-
mmw{\hh\lrﬂdunymlﬁlmdtbehjmtdleh‘nlﬂuﬂmxx
200, From Wost and Mason (1958)

Fra. 13 Ursertioned fiter with mmnerous smclesr rown of variable length butwinh

proservation of pormal stristions; otber nucled are In subsarcolemmic

Bh‘rﬂﬂﬂdﬁn x 100 From W et and Mason {1958}

eliminated, leaving oaly a fow young regenerating basophilic fibers and many m
which mternal nuclear rowing (sublethal but not irrevenible mpury) had occerred
prooe to therapy and sill pervits, Magnificstion x 33 Trom Wertand Masen (1955)
Fra. 13, Scgment showing foca! breakdown of myofibrih and resultmg ty
Sc\mlmhr;cdnndh'nxuhrlydqam:dm:ddlzmudnhmh:(m)vuh
l95ﬂ normal segment of the fiber Magrufication * 200 From West and Mason
L

' I&Mmu{nmtdmxhrwumlnﬂg 13 showing charactenstic
l:;;;mm(d‘tmmmmla. AMagoification  x 430. From Wt and Masen
Fro 17 Sqmcnuhowmgenhrgcmmmddnduﬂmdlrrquhﬂydnpmcd
u.rh,-nhrr-ﬂnmumﬂ;um,)n-mprmumdmhﬂompmphcrﬂm
the aflected tone and mn more pormal portsons of the fiber Mugnlfianon  x 200,
From Wert and Mason (1958)
I'n..l&\nmﬂu-e:mubmnmlmwcldnmad phase of the same pro-cs
mmm;m.nmm(wm)m-mw\mmwm
short
W\\mm;mm\mw aTanged m rowt, Magnification  x 430, From
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dufficult to :dennfy with certamty snce they 5o closely resemble phases
of another type of reaction desigmated “internal noclear rowing,
which 5 a particolarly widespread phenomenon 1n muscles of the
dystrophic hamster

The Iatter reactzon 13 seemingly imtuated by proliferaton and ran-
dom dustribution of nudex within the fiber segment, wath subsequent
abgnment of these noder (Figr 4 6, 8, 9 13 and 14) 1n nnghe or
multiple rows of vanable length in otherwse normal fibers. There o
often a deftmte basophilia of the cytoplasm, ospeaally 1n the wter
nuclear zones. Th 13 interpreted as a sublethal type of injury from
which recovery can occur and fibers may remam m this state for
prolonged penods without ngmficant impairment of fimctions.

Focal breakdown of miyofibrils with convernion of the affected scg-
ment into & granular mass (Figs. 15 and 16) ks a slowly progresme
change which may represent an ureversible type of injury occurog
m fibes which for connderable perrods of time have shown caly
nuclear rowing The other type of mjury mentroned 11 characterized by
foca] disolution of cnlarged nudel and consequent vacuolar formatim
{Figs. 17 and 18) often with good preservation of statroms m adjacent
areas (Fig 17) Ths conditton may represent & more chrome sod
gradual alteration affecting segments 1n which randomly dstributed
nucler fail to become arranged 1n rows, of segments i winch nudexr
rowmg cannot be muntmned. It 13 difficult to determmne at jost whit
pont this gradual alteration of the scgment reaches a state of yrevers-
bihty Regencration occurs primarily through profiferatnie actmines
of perustmng hypolemmal nuda mn much e same manner a3 after
other types of ireversible fmyury

The phenomenon of nuclear rowing has usually been Interpreted 8
a regenerayve response. There 18 pow good reason to beheve that it
represents, for the most part, & sublethal rexction to mjury Counts of
nucla of mtact fibers 1n the check pouch indicate that the number of
nuda present in & green length of “rowed” fibers is about 507, great™
than m pormal fibers of comparable nze and state of contracto?,
nnce mutoses have not been observed, it s asumed thatan a
amount of amtotic divison occurs. The smilanty of sach fibens ©©
immature muscle fibers suggests that internal nuclear rowing maY
represent a process of dedifferentiation asociated with
resistance to sublethal injury from which rtcmuymlyowuf“bc‘
metabolic conditrons become more favorable.
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Following vitamin E therapy which promptly prevents further
coagulation necrons and other types of urevernble njury, there 15 a
gradual reduction in the number of rowed fibers but some may be
obsered after several months of therapy The reader fs referred to the
report of West and Mason (1955) for detnils and illutratons of these
changes. Apparently restoration of normal morphology in these fibers
or in those representing true regeneration which may closely resemble
each other at certamn stages, 13 not always a rapld or nmple proces

Mincle lenons of chronle vitamin E deficiency in adult rats, com
pared to those 1n the hamster are much less cxtennive after comparable
penods of defiaency mternal nuclear rowing 13 relatively infrequent
and the rows are Telatvely short. Ths suggeats a ngnficant speaies
difference 1n range of reaction of muscle to mild myury Dunng the
fint few monthn, coagulation necross and amociated regenerative
reactions involve segments of somewhat scattered fibers. Lest frequent
ly seen are segments 1n which nudea show proliferaton, vesicular
enlargement, irregular distnbution or arrangement 1n small clusters or
short chaim, and progresuve dimolunon with formation of wrregular
vacuolar spaces in asociaton with granular breakdown of myofibrils.
This vacuolar type of degeneration 1 bamcally the same as that de
scribed for the hamster

Dunng subscquent monthy, the number of segments involved in
both types of reactions increasey gradually a few may show contraction-
clot formation and necroms. As defiency progresses to more advanced
ages (10 to 1B months) the inadence of coagulation necrons appears to
diminush in intermty while the vacuolar type of degeneration seems to
wnvolve increasingly larger numbeny of segments until 1t becomes the
predomunant type of reaction present (Fige. 19 and 20) Reparr pro-
cenics are also 1n evidence at the ate of breakdown of muscle {ibers.
In advanced dystrophy the large proportion of fibers showing mjury
cipecnally that of the vacuolar type, often seems excesave 1n terms of
the grom evidence of functional impalrment observed w the amumal.
Thus gives mee to impremions that the vacuolar type of injury not
only progresses very slowly compared to the other typas of ureven-

tble change but that some degree of functional actvity may exmt
desprte conmderable nuclear duorganizauon and disoluton and ap~
preciable Joss of myofibrillar strocture, There 13 need for careful
study of the respomse of such fibers at thort intervals after vitamsn E
therapy 1n order ta beter appreclate how mach cytological alterauon
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difficult to :dentify with certawnty since they so closely resemble phass
of another type of reaction dengnated “internal nuclear rowing,
which o & particularly widespread phenomenon in muscles of the
dystrophic hamater

The latter reaction 1 scemungly mnitiated by prolderation and ro-
dom dustribution of nuclel within the fiber segment, with subseqoent
alignment of these nuclel (Fige. 4 6, 8,9 13 and 14) in nngle o
multiple rows of vanable length In otherwise normal fibers. There x
often & definite basophibia of the cytoplasm, aspeaally 1n the inter
nuclear ranes. This is interpreted as a sublethal type of myury from
which recovery can occur and fiben may reman in tho state for
prolonged perods without ngmificant impairment of functions.

Focal breakdown of myofibnls with convermion of the affected seg-
ment 1nto & granular mas (Figs 15 and 16) = a slowly progresire
change which may represent an irreversible type of injury occurnag
i fibers which for conuderable perrods of time have shown oaly
nuclear rowing The other type of injury mentioned 1 characterized by
focal drssahution of enlarged puclet and consequent vacuolar formation
(Figs. 17 and 18) often with good preservation of strnations in adjacent
arcas (Flg 17) This conditfon may represent a more chronic and
gradual alteration affecting segments 1n which randomly distributed
nucle: fail to become arranged 1 rows, or segments in which nuclear
rowing cannot be maintained It 13 dufficult to determnc at Just what
pont this gradual alteration of the scgment reaches & state of irreverm
bility Regeneration occurs prumarily through proliferative actvities
of perusting hypolemmal nuclel, 1n much she same manner & afier
other types of urevertible myury

The phenomenon of nuclear rowing has nsually been mterpreted &
a regencrative raponse There 15 now good remwon to believe that it
represents, for the most part, a sublethal reaction to wjury Counts of
nucla of intact fibers m the cheek pouch indicate that the number of
nucle: present in a given length of “rowed” fibers is about 50%, greater
than ip normal fibers of comparable nze and state of contracho?
snce mitoses have not been observed, it 1 assumed that an apprecusble
amount of amitotic divisron occurs. The similanty of such fibers 10
immature muscle fibers suggests that internal nuclear fowirg M3y
represent a procem of dedifferentiation samoclated with
raistance to sublethal injury from which recovery may occur when
metabalic conditions become more favorable.
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Following vitamin E therapy which promptly prevents further
coagulation necrons and other typa of irreversible injury there s a
gradual reduction in the number of rowed fihers but some may be
observed after several months of therapy The reader 1 referred to the
report of West and Mason (1955) for detatls and illustrations of these
changes. Apparently restocation of normal morphology 1 these fibers
or 1n those reprasenting true regencration, which may elosely resemble
cach other at certaun stages, 13 not always a rapid or umple process

Muscle lesions of chronic vitamin E defiaency 1n adult rats, com
pared to those 1n the hamster arc much Jen extenuive after comparable
perrods of deficency” internal nuclear rowing Is relatively infrequent
and the rows are relatively short. Ths suggests a ugnificant species
difference 1n range of reaction of muscle to mild injury Durmg the
fist few monthy, coagulation necross and asocated regenerative
reactions involve segments of somewhat scattered fibers. Less frequent
ly scen are segmuents i which nucler thow prolferanen, vencular
enlargement, irregular distnbution or arrangement m «mall clusters or
short chains and progremve disolution with formaton of irregular
vacuolar spaces in anodaton with granular breakdown of myofibrils.
Thus vacuolar type of degencration i bancally the same as that de-
scTibed for the hamster

Dunng subsequent months, the pumber of segments mnvolved 1n
both types of reactions increases gradually a few may show contraction-
clot formation and pecrons. As deficiency progresses to more advanced
agex (10 to 18 months) the inadence of coagulation necrosis appeans to
dinunuh in imtennty while the vacuolar type of degencration scems to
involve increasingly larger numbens of segments until it becomes the
predommant type of reaction present (Fige. 19 and 20) Repaur pro-
cestes are also in evidenee at the ute of brealdown of muscle fiben.
In advanced dystrophy the large proportion of fibers showing myury
aspeaally that of the vacuolar type, often seem excemve 1n term of
the gross evidence of functional impaurment observed in the animal
Thu gve rise 10 impressons that the vacuolar type of wnjury not
only progrepes very slowly compared to the other types of irreverns-
1ble change, but that some degree of functional activity may exist
deapite connderable nuclear dsorganizabon and dissolution and ap-
preaable loss of myofibrillar structure. There #1 need for careful
study of the response of such fibers at short intervals after vaitamun E
therapy 1n order to better appreaiate how much cytological alteration
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difficult to 1dentify with certamty mnce they so closely resemble phasa
of another type of reaction demgnated “internal nuclear rowing,
which 15 a particularly widespread phenomenon 1n muscles of the
dyytrophic hamster

The latier » ly wmitlated by prohf a0d ram-
dom dutnbution of nucler within the fiber scgment, with subsequent
alignment of these pucle: (Figr. 4 6 8,9 13 and 14) m nogh o
multiple rows of varble length in otherwne normal fibers. There s
often a defimite basophilia of the cytoplasm especially 1n the inter
nuclear zones. This 15 1nterpreted as a sublcthal type of myury fom
which recovery can occur and fibers may remain i thr state for
prolonged peniods without significant imparrment of functions

Focal breakdown of nryofibrils with conversion of the aflected s
ment 1nto a granular mass (Figr. 15 and 16) is a slowly progresiv
change which may represent an irrevernble type of mjury occurmng
m fibers which for connderable penods of dme have shown only
nuclear rowing The other type of injury mentioned is characterized by
focal dmsolution of enlarged nucler and consequent vacuolar formation
(Figs 17 and 18} aften with good preservation of striations in adjacent
arcas (Fig 17) Thu conditon may represent = more chronic and
gradual alteration affecting segments 1n which randomly dutributed
nueles fail to berome arranged 1n rows, or segments 1n which nuclear
rowing cannot be maintained. It u difficult to determine at just what
pont thus gradua! alteration of the scgment reaches a state of frevers
bility Regeneration occurs pnmarily through proliferative actvibet
of permsting hypolemmal nucle, 1n muck he same manner a3 after
other types of irreversible injury

The phenomenon of nuclear rowing has usually been interpreted 8
2 regenerative response. There i1 now good reason to befleve that it
represents, for the most part, a sublethal reaction to fnjury Count of
nucler of intact fibers in the cheek pouch indicate that the nuraber of
nuclei present in a given length of “rowed” fibers 1s about 50% greater
than 1n normal fibers of comparable mze and state of contrachon
s1nce mitoses have not been observed, 1t 15 assumed that an appreciable
amount of amitotc division occurs The mmilanty of such fibers @
ymmature muscle fibery suggests that nternal nuclear rowing M7
represent & process of dedifferentistion anocrated with
renstance to sublethal injury fram which recovery may occur when
metabolic conditioms become more favorable.
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may occur before a cntical threshold of ireversible njury 19 reached.

Vitamin E defiaency 1n other lab ry Is such as the
motse, dog and monkey romln i a hstopatholopical picture enen
tially nmilar to that of the rat and hamater duffering only 1n the rela
tve inadence and intensity of the four major types of irrevermble
mjury

JAtthnpmntAfcwgmanlcommcnummordcr In a denre to
amplify the hostopathological pacture as much aa posuble, there has
been ommmon of certan points which should be grven bref conndera
tion. First, the lepons described are associated wath hittle or no 1o~
flammatory reaction, with no ngmificant alteranon of vasculanty and,
except in the case of the rabbit and guinea pig, with relauvely litle
replacernent of mmcle e by fibrow or adipose nmuc. However
there 13 evidence (Mackenne, 1953) that degererative processes can be
appreciably accelerated in the rat by smultancous defiaency 1
protein or 1 pyndoxine, Second, the lesions are ngmficantly acceler

Fro. 19 Lonituding! sectlon of Intercostal mincle of rat, after chrame vitamin E

mmmﬁdwhﬁmm-mdmm:dm

Fra. 21 Intercoual mucke of vitamin G deficsent prumea-pig showing carly type of
degenerative change, iovolvog coagulabon necrosh (ki) and reactom c
c‘F ZZ_Rabbl(dqrhtd 5:&“}1‘; S
10. t of for 200 days,
of the hind lega. From Hove and Capdand (1954) b provounced plasery
Fro. 3. Muscke from choline deficiert mbixt, showing mumerows degenerating
fibers and vome mcrease m Gbrom connecthve tasue, Magndicaton ¥ 120, From
Hove and Copeland (1954)
‘}:‘m.u Skeletal rmucle of games-pug fed dxet defickent m the antl-stuffnes Gactor
1T Tch DecToem and urvasen of masde fibers,
110 From Harrs and W ulzen {19501 - Magmbaauon

Fia. 28 Portion of ventneular rm ocard: show
o nem, ing arcas of fibrotic

rerncse cefis end mn chofers of macrophages betw

mirche b e, Magmficavon *33 From Masxon anrd Emmel {1945,

u:m»lél(Smhrmmnmdmml within snooth onsde celbs in
" amll artery (abore! and vem (below) of syames F,

Magmbauoa 230, From Mison and Telford (4 defesent mochey
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may oceur before a cntical threshold of ireversible injury 1s reache

Vitamun E deficency 1n other laboratory mammals, such ax ¢t
mowe, dog and monkey results 1 2 histopathological picture esser
tally smilar to that of the mt and hamster differing only in the rel
tve inadence and intennty of the four major types of srrevernb
mjury

At ths point a few general comments are 1 order In a deure
smplify the histopathological picture as much as possible, there b
been onmssion of certain points w hich should be grven bref consider
ton. First, the lexons described are amociated with hittle or no ©
flammatory reaction, with no ngmficant alteration of vasculanty an
except 1n the case of the rabbit and gumen pig with relanvely Lt
replacement of muscle ussuc by fibroas or adipese msme Howeve
there 13 endence (Mackenne, 1933) that degenerative procestes can |
apprecnbly accelerated m the rat by umultaneous defiaency
protem or m pyndoxmne., Second, the lenont are sgmficanty accele

Fic 19 Loommudlml sectson of micrcostal muscle of rat, after chronse  Itamm
defickncy of 220 days, showing extenmyr yacuolar degeneration in fibers above &
belowa tappoaring fibee Mayaif » 338

Fra. 20. Cros sectron of tame nrscle, showing wregular shape and dutribabaon.
mnolu-pnm:ndufm;t_jlulnﬁbﬂxponcd:.trtdmﬂimmplwnlofm
Bheils. » 335,

Magmbcatlon
Fro. 21 Intercostal pruxcle of niamin C deficlent thowing early type

Fio, 22 Rablat deprhed of cholme for 200 days, showleg pronoanced plastic
of the bmd W, From Hove and Copeland (1954)

Fro. 73 Muncle from choline deficient rabiut, thowing numereas degencrau
fibers and same ncrease in Gbrous conneatne tsmue. Maguification 120 Fre
Ho and Coprland (1934)

Fra. 24 Skelotal muncle of guinca-peg (ed dict deficient fn the anti-styfincw fact
thowing much necross and macrophagic mavon of mude fbas, Magrifican

110, From Harm and Wulom (1930

replacerms

of carduae mocle following protooeed namm E defickency in the rat. Magrhoan

15 From 3Mason and Emenel (1945

lmmwaummmdmmwm E deficken
mnmmmn-mndhwu,nndim,nw‘nmﬂu o ot
mirche ccfs and 1n Juiten of macrophata between arrular and longtods
mancle lnm Aagnificabon 233, From Mason and Emmd (1943

b 27 Swmlar wecumulanon of peement grasules wthin emooth musde cells
the wall of smal] artrry (ahavei end vem (belowl of wamm E defrent monk
Mamnihaanon 250 From Mason and Teloed {19471
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atedand intenufied 1n all species, and especially in the rabbit and guines-
pig by increase in dictary unsaturated fats. It s generally asumed that
tmsuce peroxides o0 formed may not directly inzctrvate vitamm E m the
muscle eell but ether interfere with ondative or other enrymane
functions of the cell or produce tertows alterations in the cell membrane
or other structural component of the cell. Third, there occurs m mogt
speacs studied a progressive accumulation of an mert, acd-fast
pigment, particularly in segmentt undergoung the vacuolar type of
degeneration and 1n macrophages of the adjacent connective tsues.
Thus has been studied extennvely m the rat (Mason and Emmel 1945)
The pigment, which 15 exther a Lpoprotein or polymenzed product of
unsaturated fatty aads, occuny when vitamin E, fonctioning as an
intracellular antioxidant, u insufficent to protect or stabilse unsata
rated Lipids of the cell. Since muscle lenions of lesser severity occur i
the absence of dictary fat, and prior to the appearance of pgment
when dicts are high in unsaturated faty, the presence of the pigment it
regarded as a secondary phenomenon which probably bas no direct
bearing wpon the genesis of the levons.

¢ Myopathy ersus Newrspathy The muscle lestons of vitamun E defi-
aency in the varows species studied have been untversally regarded 9
purely myogenic 1n natare, except for conflicting opanions concerning
the leslons anociated with chronic vitamumn E deficency m adult e
Certamn mvestigators (Finanon and Ringsted 1938, Einarson, 1952
1958 Monnler 1941) connder that the imnal lemons are myogentc,
but that with progremive defiaency there Is supermpoased & neurogeic
type of leston charactenized by demyelinization of axons snd glross 18
postenor spuna! fasercuh and domal nerve roots, mmcresnng accumuls
tion of acld fast pigment n anterror horn cells with simultancow
drminution in Niul substance and, eventually ireparable atrophy
and sclerodds of sufficent numbers of these cells to supenmposc &
denervation type of atrophy upon the exrlier myopathic leons. The
demyelmization and glous 1 nerve roots and postenor cotumss,
which have been confirmed by othen (Luttrell and Mason, 1949
Malamud f o, 1949) probably cxplam increasing dogrees of hyper
lanesa and hyperalgens which occur during advanced stages of the
disorder A restudy of this problem in my laboratary by Mr Charles
WIlls has venfied obscrvations relative to extensive accumulation of
acld-fast pigment 1n ventral horn cells, and 1n glial cells and macro-
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phages clsewhere in the nervous tystem but has revealed only occano-
pal sclerotic motor cells in the spinal cord Since theae have been zeen
21 often In the vitawun E suppl d as mn the in E defi
raty, they may be conndered as phenomena related to old age rather
than to the muscle lesions per 1 Furthermore, the evidence presented
previomly (p 213} indicating that the histopathological eventy occur
nng 1n the segmental mjury of muscle fibers 1n chronic deficiency of
adult rats are bancally the same a3 seen in the hamster and other
species, differing chuefly in respect to thar more gradual evolution,
secm not to Justfy the involang of neuropathlc mechannms for ex

pluming the muscle lenons observed. In other speties, examination of
the central nervous system has revealed no lenons due to vitamun E
deficiency

Connderable attention has also been given to penpheral nerves and
motor end-plates m vanous speacs studied. Motor end plates are
reported to be unaffected (Rogers ¢ al,, 1931) Pappenhaimer 1939)
of to be reduced 1n severely dystrophic muscle, followed by return to
normal upon recovery (Telford, 1941} An atrophy of muscle spindles
has been reported (Einarson and Rungsted 1938) which may also
represent a secondary effect. Relatrvely hittle attention has been given
to the clectrophymology of muscle after vitamun E deficency Strength-
duration relationships have been studied by Victor (1934) who
reparts commderable increase 1n rheobase and a moderate merease in
chronawie in the rabbit, and a parallel increase in both reactions 1o the
skeletal muscle of dystrophic ducklings
In the preceding techon an effort has been made to present in tome

detal the vaned types of cellular reactions observed in skeletal muscle
&1 they occur 1n dufferent species of laboratory mammals at different
2gar and under dfferent intennties of vitamun E depleton. The
deseniptions grven reflect personal impremans of the anthor based
wpon hustological study of the lesions in different xpecies over many
yeans, and upon descriptions of the lenons by many other investigatory
whose separate contributions comprse a very extenmve liternture

There are obviowly many imperfections i any attempt to detail
fpeafic cellular alterations and to relate them to any sequence or
*quences of events which are presumed to occur within musele fibers

apeaally when the evidence » basted upon the state morphology
Presented by fixed and staped sections. It 1 hoped that the desenip-

©ons and interpretatfons made wall despite thelr shortcommngs, serve
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to emphanze the many gaps that exut 1n our knowledge of the histo-
pathology of muscle and encourage others to contribute toward a more
adequate understanding of the sequential events and intracellular
mechantmy involved.

&, Buschewucal Changes Much of our information on chermeal changes
in muscle after vitamin E deficency 18 based upon the dystrophic
rabbit and represented by the proneer studies of Gocttach and Brown
(1932) Victor (1984) Morgulis and Spencer (1936) Fenn and
Goettsch (1937) Morguls «f ol (1988) Mackenmie and McCollum
(1940 1941) Friedman and Mattll (1941} Houchm and Matdll
(1942) and Kaunitz and Pappenheumer (1948) The subgect has abo
been reviewed by Mackenne (1953) It may be appropnate, however
at this point to present a brief résumé of earlier and more recent studies
concernung the more ymportant constituents of dystrophic muscle.

Increased oxygen uptake of skeletal muscle after vitamin E deficlen-
cy fint demomtrated m rabluts (Victor 1934) occurs also in the
suckling rat, adult rat, hamster and chick (Fnedman and Mattl,
1941 Houchin and Matiill, 1942 Kaumtx and Pappenhermer 1943),
but, for unknown reasons, 13 not demoastrable 1n ducklingy (Victor,
1934) which show much more pronounced muscle lesions than do
chicks. The respiratory quotient and rate of glycolyss of muscle
remains normal. Increased axygen uptake may precede the appearance
of hitological lestons 1n young rats (Kaunitx and Pappenhcimer
1943) and rabbits (Hummel and Melville, 1951) and i restored 0
pormal 1n rabbuts wathun as little as 4 hours after intravenous, and 10
hours after oral admunistration of « tocopherol (as shown by comparn-
son of muscle obtained by blopsy and necropey from the same ammal)
cven though lowered creatine and mcreased chlonde content of the
muscle n not improved (Houchm and Mattlll, 1942) These obser
vanons suggest that the increased O, uptake of dysrophic musdle,
which may reflect fanctions of tocopherol as an intracellular antiod
dant, represents & pnmary response to vitamin E defiaency wheress
th:othcrbiodraumlcha.ugammondarytathhorwmbﬂrf
metabolic disturbance Efforts to study the effects of tocopherol on
mmdcdmunbvhnvebccnhlmpﬂcdby&ﬂhﬂdainbaﬂﬂb‘
getting & fat-solubl bai into an mtracellol nt.

It has long been recognized that Iate | » paralysh in suck
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hng rats usally appeans between the seventeenth and twenty fifth
days of life, and that vitarmn E therapy gaven after the fifteenth to
scventeenth days 15 usually imeffective 1n preventing the syndrome. It
15 also known that the major proten components of tkeletal muscle
(insoluble, actomyomn and soluble fractions) increase in concen

traton at different rates up to about the fifteenth day after which
that of the imoluble fraction (scleroprotams) gradually decreases and
that of actomyonn progresuvely mcreases (Herrmann and Nicholas,
1948) It s therefore of interest that in members of Litters showing late-
lactation paralyws there occurs a distinct reversal of the pormal con

centration of these two fractrons between the eightrenth and twenty

fifth days of life, and that 1n the course of spontancous recovery (with-
cut additwonal viturmua E) there n o rather rapud restoration of this
duturbed relatomhup (Rumery o af,, 1955) Furthermore, 2 umilar
imbalance between actomyomn and scleroproteins  occurnng 1
dystrophic hamsters 18 restored to normal following as little ax 5 days of
viamun E therapy (Mauer and Mason, 1958) dunng thus penod

necroas asoaated with frreversible wnjury usually dusappears.

These obtervatiom may bear some relatiomshup to the findings of
Aloni o af. (1952) that 1n vitamun E defiaent rabbits the myofibrils
1how aither a Jom of myonn or an sltermtion of the submicroscopic
pattern in which myonn u organized pnor to the loss of cross stnations
and other microsxcopic changes. There 1 alto evidence {Comm  1957)
that 1n such muscles the myofibnls are reduced in number thinned and
fragmented, and the extractible myomn ngoificantly reduced
amount.

Attention has been given to other muscle proteins and to amino
aady, espeaally in the dystrophic mabbit, in efforts to determine
whether the low of mincle man m dysrophic musle refiects ympared
nynthess or accelerated breakdown of proteins, of an imbalance of
both processes. An increased concentration of ribonuclec and deoxy
fibonucleic acds amoanted with increased unnary excreton of
tllantomn, 1n the menkey rabby, and rat areinterpreted as reflectingan
Increased mate of turnover of nucleic aads in dystrophic muscle (Young
and Dinning 1951 Dinpmng and Day 1957) Thn phenomencn 1
demomstrated by following the mcorporation of G formate into the
nucleae acids of muscle 1o vitamm E deficient ran {Dinning, 1935)
There i a decrease 1n glvewme priot to the onset of gross dystrophy and,
after dvatrophy 1 well advanced, an increase in concentration of free
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ammo acids exclusive of the basic armuno aads (Tallan, 1955 Smth
and Nelson 1957) Of particular interest are the recent observanons
that cathepsin and dipeptidase activities are increased (W ewnstock o
al., 1955 1956) These findings at leat provide some unportant leads
to the pnmary question whuch still remains unanswered.

A loms of muscle creatine and phosphocreatne, anociated wath 1o
creased output of creatme 1 the unine, 1 common to dystrophy of
vitamin E deficzency and to many other conditons which resubt m
general wastmg or breakdown of muscle. There 19 evidence (Dinning
and Fitch, 1958) that 1n vitarmn E defictent rabhuts there 15 fnereased
synthens and increased rate of turnover of creatine 1n the muscle 28
well a3 reduced abahty of the muscle to retmn creatine. In the rabbat,
white muscle 13 said to show greater reduction 1n creatme, as well &y
more severe pathological lenoms, than red muscle {Gocttsch and
Brown, 1932)

The degree of creatinuna, or the ratio of creatine to preformed
creatinme excreted, provides a useful mdex of the seventy of muscular
dystrophy Since creatinme exeretion usnally remains relatrvely coo-
stant, the creatine/creatinme ratio will increase as dystrophy progresses.
This ratlo may also be increased somewhat through a diminntion in
creatimne excretion, especally when the dystrophuc state 13 chronsc
and prolanged (Mackenne and McCollum, 1941 Hove and Hardin,
1932) Thn latter phenomenon 1 thonght to be related to the rather
conmtiderable loss of total mass of skeletal muscle trsne under such coo-
ditions. Increased creatine, and decreased creatinine, excretion arc alo
charactenstic features of E-defiaency dystrophy in the moakey

and Day 1957) and of choline-deficlency dystrophy m
rabbits (Hove o al., 1957)

Vitamn E therapy causes a prompt reduction m creatinuna with
restoration of normal excretion pattern m 4 to 5 dayx, which 15 2b0
the period during which ureversible injury usually completes 14
course, Too hittle attention has been given to the creatine statms of the
mutcle iuelf followang therapy In recent studies on deficrent monkeyh
Durung and Day (1957) report that under conditions of therapy
effectrve m bringing elevated concentrauony of nuclere aads (RAA and
DA\A) to rormal levels, muscle creatine 1 only partially restored 0
normal after several months of treatment,

It has been pounted out that dystrophic mncle s composed of musck
fibers showng varying degrees of sublethal injury nuclear dissolabon,



VL EYFECT OF NUTRITIONAL DEFICIENCIES UPON Muscre 193

necrosts and breakdown of cytoplamme constituents, and also regenera

mmlththu&umimpom’b\:mdnnngdxhbctwcm\hm:
chemeal abnormalites attributable to altered diffnsion of electrolytes
and other substances through the cell membrane, those due directly
to intrncellular distorbances of metabalsm, and those attributable to
actual dinntegraton of cellular consttuents, The: chemical changes
observed are much like those of cortisone induced dystrophy (Milman
and Milhorat, 1953) but differ in certaun respects from those of nmple
atrophy or denervaton atrophy of muscle (Hner 1952) They helpn
amplifying our prctare of the dystrophic procen even though they may,
for the most part, represent secondary effects and provide no clue to
the basde metabolic dyxfimetion in dystrophy (For a more complete
dncusion of ths topc the reader 1 referred to the paper of Mackenze,
1953.)

Bricfly stated, chemical analyss of muscle after itamin E deficency
reveah a vanable decrease 1 potasmum, magnemum, creatine and
creatine phosphate, acid-soluble phosphorus, total mtrogen, myosin
and actomyosin, glutamine, and glycogen there 11, on the other hand
an increase in sodinm, chlonde, ribo- and deaxyribonucleic aclds
collagen, cholesterol, and fat, There s considerable hteratnre on altered
levels of certam enzymes and enxymatc systems in both muscle and
scrum, and on posnble functions of tocopherol 1n enxvmatic proceses
(Nason et ol 1957) Present anformation points toward a tendency for
Tepratory enxymes to mcrease and glycolytc enrymes to remaun
unaffected 1n dystrophic muscle, but offers little toward explaining
the cawse of dystrophy Studies on cathepan and dipeptdase actvines
of muscle bave been referred to earher

2. In Ferm Axmals

¢ Lembs An ailment of suckling lambs, most commonly referred to
@ “suff lamb disease,” has long been recogmzed as a disorder of
connderable economic importance in the Unuted States, Europe, and
other countries. Affecting young lambs 1 to 5 weeky of age, it almost
invanably appeans in early sprng just pricr to the availability of green
pasturage. Although Willman and amoctates reported 1n 1934 that the
disorder could be prodaced exper lly by maintaining pregnant
€3 on a dict composed mamly of cull beans and alfalfa hay and also
;ngzcdnthntinthexhlcmlmumlaﬂnnwmw:dapm:dlmom

* y and genic type, some years clapsed
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before 1t was demonstrated (Willman f al., 1945 Whiting o al., 1945)
that vitarmpe E had a prophylactic effect when fed to the cwes and a
curative effect when fed to the affected lambs. Since then, essentally
the same duorder has been produced with punfied diets m liquid
form (Culik ¢ of., 1951 Bacigalupo e, 1952) with and without the
stresy factor of tri-s-cresyl phosphate (Draper ef al. 1952) The obser
vations (Bacgalupo ¢f o  1932) that, althongh the histological keslom
1n both dworders were 1dentcal, lar weakness ch erized
cxper Ity induced deficlency wh lar suffness way the
typlcal symptom of waff lamb duscase, suggest the posnhle influence o
other factors 1 additron 10 lack of E m the maturally occmmng do-
order

There are intereshng umilantes betsreen aiff lamb disease and
late lactatson paralyss m the rat. Symptoms appear durmg the sack
ling period, spontancous recovery sometimes occurs, there is fncrear
ing difficulty 1n anung and wallang the hind legs are more mvolved
than the fore legs, there 18 creatmuria, and muscle lestons occur in the
absence of symptoms Vitamin E therapy may sboluh symptoms with-
10 a few days, bat muscle Jenons may persiat for several weeks (Gulk
etal. 1951) Myocardullenons are The symp logy and
hustopathalogy of a myopathy of adult sheep commonly asodiated
with a well recogmzed disorder known a3 “rerape,” have been de-
scribed by Bosanequet #f el. (1956), and reference s made to much of the
recent literature on myopathres 1n this species. Thelr interpretatoas
are that the myopathy In queston is pot related to lack of vitamm E,
but 13 more of the patare of a myosing or & dermatomyonts.

b Calver A dworder known as “white muscle ducase”™ or _weined
Flensch” in young calves has been recognised for many years i Emrope,
and more recently in this country 1t m an ensBotic disezsc often caus™
scrious loses 1n herds of beef cattle, but not aflecting dalry herds. Asin
the case of “stif-lamb” disease, the age of onset ks carly (3 to 10 wedks)
the Incidence s highest 10 early spring, the chief symptoms are o
muscular weakness, stuff galt, difficulty in standing suckling and
swallowing, prostration, and rather sudden death usually attnbuted
to cardiae failure Frequent amociation of the disorder with poot
pasturage and improperly managed farms has indleated relatiomb
to defiacncy or exceny of some dietary factor or factors. The &rt
suggestion that a deficency of vitamin E might be Involved came from
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Vawter and Records (1947) on the bans of a careful study of the
symptoms and the gross and microscopac pathology ebserved in nurs-
Ling calves showing spontancons occurrence of the disease on cattle
ranches in Nevada.

The fint expenmental production of the disorder on controlled diet,
by Blaxter ¢t al. (1932), was somewhat acadental, m connection with
staes pnmarily concerned with mitrogen metabolum of young
Aynhire calves. Blaxter and hus apociates have since provided much
valuable informaton concerung this dsorder as it appears m the
Laboratory and in the field, and also a general review of the subject
(Blaxter and Brown, 1952) Other cxpenmental data have been
recorded by Safford «f el (1954)

The lenons appear gromly as conspicuous, wintish areas of degenera
tion, arc usually bnlaterally symmetrical, involve particularly muscles
of fimtion, and are pometumes amoaated with edema and internal

Brochemically there 13 increased oxygen consumption
(Blaxter et «f 1952) and encntially the same alteration m the chernical
components of muscle as observed in laboratory animals deprived of
viammn E namely anincrease in ash,sodiom  ealaium, fat, cholesterol,
nuddac aad, swoma protein, collagen, and hipd phosphorus, and a
decrease m dry matter potasnum, total nitrogen, creatme, and 1ron,
compared to normal muscle. The ugmfi of these changes
decuned 1n some detail by Blaxter and Wood (1952) and the suggeston
fs made that the major tochermical defect 1n the muscle might be
related to a dechine in the synthens of muscle globulins or an jncrease
in the breakdown of these globulins.

Ashn'ucllnothccp,thcrcmnofnwruufdxemmmcopk
lewom of the skeletal muscles which would dutingunh them from the
lewons common to laboratory ammals, except perhaps for a somewhat
Ereater amount of calaficaton (MacDonald eral 1952) In both sheep
and calves, the muscle lenons are markedly accentmated and often
suddenly precimtated by oral ingestion of cod liver o1l or other highly
Gnsaturated fats, a1 is also characteristic of other herbivorouy animals
such a3 the rabhat, guinespig goat, and tree kangaroo In other
vanctes of kangarvo in capuvity muscle lenons closely resembling

those 1n laboratory mammals have been described and related to low
serum tocopherod level (Sch her and Schindler 1957)

¢ Ao Speries In avian specres there are stnkmg spedies dufferences
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in the manifestatons of vitarmn E defiaency durmg the early post
hatching penod. In chicks, the predominant symptoms are etber
exudative diathess (accumulations of a serous-like fnd in subcuta-
neous timues of the breast and elsewhere) or phalomataca
(pecrotie softening of the brain, sccondary perhaps to alteratont in
related blood vessels) nather of which are observed in other xvun
speares studied  Skeletal muscle lesions, preventable by vitamm E and
resembling but les extennve than those scen in ducklingy, have been
reported in chicks in amocadon with encepbalomalacia (Pappen-
hamer ¢ al. 1939) and with exudative diathesis (Dam ¢t &f 1952) n
weell as in the absence of these symptoms (Machlin and Shatkop, 1836).
There 13 marked vanabhility in the incidence of lesrons, which can often
be recognized grosly by a whitnh streaking of the muscle. Riochemical
data arc imited to observed increase in chalesterel but no ngnificant
decrease in creanine content of the muscle (Dam of l., 1952) No very
careful histological studiet have been carned cut, and no attenbon
glven to the response of establuhed lenons to vitamin E therapy
Cardiac and smooth muscle are unaffected.

Young ducklings reared for a few weeks on low-E dicts exhibit 2
rudden onset of muscular weakness there Is awkward gait with feet
turned nward, difficulty In ranng the head and in rightng after
being placed mpine and eventual collapse (Pappenheimer and
Goettach, 1984 Pappenheimer ¢f al. 1939) A nmilar disorder occurs
under field conditions. At necropsy the skeletal muscles are pale,
watery and tramlucent. Microscopueally there 18 & widapread, acute
type of necroms with active regeneration, pot unlike that described for
late lactation paralysis in the rat. There is an increased water content
and decreased creatine content of the dystrophlc muscle. The fallure
of Victor (1934) to find an inerease n oxygen consumption of the musck,
such as observed 1n dystrophic musclo of laboratory mammals and abo
ofthccbwk,mwh}d:lcnommrdluvelymﬂd,:dllhdumﬁtﬂdw
tndcxphnndcmhmthech:ck,:n:d;umdmoothmmdem
unaffected, which 13 quite in contrast to the situation in turkey poalts,
where lenans are Limited 10 & selective necrosis of the smooth muscle of
the gurrard (Pappenhamer of of., 1939)

B. Otarex NuTrmioNAL DrriciencEs
1 Vitamn C

Degeneration of skeletal moscle has long been recognized a8 8
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feature of human scurvy though generally considered secondary to
intramuscular hemorrhage, trauma, or cachetic atrophy However,
shout 30 yeons ago numilar lenous were studied extensively in scorbutic
gumea pigs and conudered an mntnnoe part of the ducase (Hyer
1924 Meyer and McCormck, 1928, Dalldorf, 1929) Dalldorf calls
attention to the hrgh mnadence of leslom m ntercostal muscles (Fig
21} and states that placing scorbutic animalt for an hour daily in a
slowly rotating barrel, so that they are obliged to exert themselves to
remaun on their feet, produces flond lexnons 1n muscles of the extremi-
tiea. More recently, Murray and Kodicek (1949) and Bayle and Irving
(1951) have grven good descniptions of the lenons in gumea pigs The
dicts employed appear to have contamed an adequacy of vitamun E.
The mmncle lesions vary somewhat, depending upon the
and chromucity of the scorbutic state, but have no features that clearly
differentiate them from those of vitamin E defiaency 1n the gunea pig
or rablat. Some regeneration 15 wsually evident, but the reparative
respomse followng vitamin C therapy has not been studied hotolog:-
cally Muarray and Kodicek (1949) call particular attention to the
anocated edematows and hyperplashe state of the connective tosue of
affected muscle and the mmpaired vasculanzanon It 13 natural to
wonder to what extent the lesions may be attributable to such changes
in therr supparting framework and to what degree they reflect loss of
another important 1lul d which, b of 13
witer-soluble properties, partiapates in metabolic funchons of the
muscle cell {n a manner different from vitamin E,

2, Other Vitarmn

Skeletal mscle Is relatvely immune to other vitamm defiaences
An extenve literature on the effects of speaific vitamin deficienaes,
other than those of vitamuns E and C, 1 vanous animal species reveals
no evidence of durectly related lesfons of skeletal muscle, This question
Bar been put to a cntical test in the rat by Mackenzie (1953) who
crployed a ringle basal diet with punfied vitamin supplements adjust
ed such us 10 maintain a state of chrome defiaency of specific viea
mins up to 16 to 20 weeks, followed by  more acute defiaency for the
remamder of a 20 to 30 week peniod. Skeletal muscle was analyzed for
reatine and chionde content and examined histologically Separate
defiaency of thiamune nboflavin, pantothenic acid, pyridoxine, vata
mam A, or protein had no effect on the muscles, exeept for an increased
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chlonde content after riboflavin deficlency On the other hand, when
witarmn E was nmultancously excluded from the dicts, muscles of rats
defient in pyndomne, in vitamin A, or in protean showed more
pronounced muscle lemons, a greater chlonde content, and a lower
creatine content than those of rats deficent oaly in vitarun E. Under
nutnton was excluded as a comphcating factor It has alio been noted
(Hove and Hardin 1952) that low protein accentuates creatinuria in
rats on low E dicts. The expeniments referred to above abo emphanze
the importance m nutritional studies of assunng adeguacy of all
nutnitional factors except the onc under special study and the difficulty
in properly evaluating and interpreting results obtained by different
investigators employing diets of rather different compasition for the
production of specific deficiency states.

3 Cheline Defirony

Choline, 2 *hipotropic agent,” has an important function 1n the
phospholipld turnover in liver and kndney and in tramsport of fatty
acids from the liver to the fat depots. It can furnish methyl groups for
the synthests of methionine, cystine, or creatine, and can serve as a
precursor of acetylcholme, Deficlency of choline causes fatty ivers and
tubular necrosis of the kidney Dunng the past 5 yean, considerahle
attention has been given to lesions of the tkeletal nmuscles and cardro-
vascular system which were apparently overlooked m earller studles of
the deficency syndrome.

Hove and Copeland (1954) have called attention to the skeletal
muscle lesions In choline-deficlent mbbits. Thus was not an accidental
observation but the result of expennments dengned to test the hypothens

that deficency of choline may Interfere wath acetykeholine synthesns
which, m turn, may interfere with adon of nerve 1 lses to
the musches or to therr vascular supply The data obtained pmwdcd
some support for this interesting hypothess. ARer choline deficiency
of 70 to 100 days, with more than an adequacy of vitamin E provided,
rabints show weaknen, flaccidity and plastiaty of the hind extremitics
such that when placed in unnatural positions they remain so for pro-
longed perrods (Fig 22) The muscles are paler than normal histologl
cally many fibers show swelling, contraction clotting loss of striations
and necrom, associated with some increase in connective tinsue (Fig
23) The syndrome resembles that of chronic vitamin E deficlency in
rabbig, yet high intake of vitamin E has nesther a preventive nor cura
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tive effect. On the other hand, choline therapy of a few dayx duration
dispchullngmufcrutmu.n;nndmmdcwuknm 2z the authors
state, “The legs could no Jonger be molded mto bexarre pontions, but
matead had the feel of bghtly cotled springs characteristic of normal
rabbits.® The observation that dietary choline lessened the vitarnmn E
requirements of rabhuts 1 abso of intereat.

Although Hove and Copeland (1954) 1nd that lar dystro~
phy of choline defitency differs from that of vitamuin E deficency in
that creatinuna appeans more gradually and is asociated with a
decline in creatmne excretion, it may be poted that much the same
picture hay been observed 1n states of chronic vitamn E defimency n
rsbints (Mackenne and MacCollum, 1941) and m rats (Hove and
Hardin 1952) Mackenzne (1953) feels that the decline in creatimne
excretion, which remains relatively constant m acute dystrophy merely
reflects & more pronounced lon in the total man of skeletal muscle 1n
chrome dystrophy

In a subsequent report, Hove ¢t al (1957) refer to damaged heart
muscle and valves 1n ther choline deficent rabbits, mentioning also
that betame hydrochlonde at 2 0.3%, level in the diet prevented injury
to skeletal rmucle but not to cardiac muscle, whereas 0 12%, choline
chlonde protected both, This may mean that skeletal muscle has 2 low
& requirement for cholne than cardiac muscle. It may be added
that akeletal muscles of the betane-supplemented rabbits were not
entrely normal mnce they had a glony tramlucent and greenuh white
appearance in the fresh state but were histologically devold of lenons.
Tt s alwo of interest that methiomine deficiency also cawsed gron para
fyshs and extennve lesions in skeletal muscles, preventable by ether
methiomne or homocyrtine, No reference is made to cardiac lenons in
these animaks.

In rats fed a low—choline, low protein diet for prolonged periods
there have been observed extennive lenons of skeletal muscles which are
ud to differ morphologically from those characterntie of vitamin E
defiaency (Alom and Bonetty, 1952) Other mvestigations of choliae
defioency m the rat, and in the mouse also have made only casal
reference to skeletal muscle injury but have reported rather extentive
lenons of the cardiovayeular system, as duscumed later

4 Antr-Snffeess Focter
Gmnea-pigs fed a milk diet supplemented with mimerals and known
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vitamins develop a peculiar wnist stiffnens and skeletal muscle lenons of
variable mtensity and extent. There may also be considerable cal
afication, depending upon the inorgamc constituents of the diet.
Histologically the lenons (Fig 24) somewhat resemble those of vitamin
E defidency (Harrs and Wulren, 1930 Mackenme, 1933) but are
not prevented by high vitamin E or accentuxted by cod liver oil.
Myocardial lenons also occor Certain sterols smuch as ergostamyl
acetate provide some protection For further detmls, the reader &s
referred to the recent review by Krueger (1955) A similar calanosis
syndrome, with lenons of akeletal and cardiac muscle, occurs in cotton
rats fed partally punfied diets (Constant ¢ «l., 1952}

5 Petassuem Defaency

Deficiency of potassium has a rather speaific effect on cardiac muscle,
However Jenons of skeletal muoscles 1n the absence of myocardial in-
Jury are reported 1n dogs fed a potassium deficent diet which, when
fed to rans, produces only myocardial lenons {Smithk ¢ of 1950),
again illustrating specres differences in respomse to the same nade-
quacy of diet. The syndrome resembles familial perfodic paralyns of
man. A series of mild attacks are wlly followed by a progreseve
paralysis and death due to respiratory failure. No lestons are fonnd m
the central nervows system. The disorder can be reversed by potassizm
therapy The muscle lewons are widdy scattered and charsctenzed
chiefly by contraction-clot necrosis with regenerative reactions thar
somewhat minor character m proportion to the striling muscnlar
weaknen and doability of the animal suggests widespread funchonal
impxoment of muscle fibers in the absence of much structural change

IIL CARDIAC MUSCLE

Cardiac mmcle differs from skeletal mncle 1n certain structoral
ochemreal and phywological features. Hence it is of interest that it
reacts to vitamin E defiaency in much the same manner as does
tkeletal muscle, yrt responds quite differently from skeletal muscle to
defiaenaes of choline and potasnum.

A, Vrrasy E Derraeer

My ocardial lesions and electrocardiographic abnarmalities have been
observed 1n many smmal species subjected to vitamin E defidlency
Usually they occur in association with the skelctal musde lenons and
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are accelerated or accentuated 1n much the tame manner by dietary
unsaturated fats, The range of response of cardiac muscle 18 even more
lumted than that of skeletal muscle, that 1, the pattern of eellular
respomse b qualitatively the same and lesions differ chicfly in the ex

tent of myocardial mvolvement. The lenons occur as a myocardial
necrons (Fig 25) 1n which there 13 observed a progresive vacuolation,
Joss of myofbrillar structure, nuclear pyknoss, and disolution and
gradual dumtegraton of cardiac muscle cells mn irolated or confiuent
rones of the myocardiam {chuefly ventricular and mterventnicalar, but
often auncular as well) associated with the presence of a few macro-
phages which do not actively fnvade the Injured cells but asist 1n
removal of the breakdown products. Edena and ymall hemorrhages
arc sometimes seen. Purkinje fibers are usmlly not wnvolved. There is
connective tissue replacement of the damaged mmcle cells, for regener

ative reactions are not observed in cardiac musde.

In the rablnt, the laboratory animal most extensvely studied, there
B increased oxygen consumption of the cardiac muoscle (Gatz and
Houchin, 1951) normal glycogen concentration, but marked reduc
tion In creatine phosphate (Mulder ¢t al, 1954) and dlectrocardio-
graphic abnormalines conmsting of right ax deviation, rotching of
T and T, waves and Invernon of T, (Gatx and Houchin, 1951) The
latter investgators, and slso Bragdon and Levine (1949) give detniled
descripuons of the myocardial lewons. Similar lenons observed in the
rat, diffenng chiefly in the presence of connderable acid-fast pigment in
muscle cells and macrophages, are not ngnificantly modified by many
months of vitamin E therapy (Mason and Emmel, 1945)

Cardiac Jeddons and electrocardiographic abmormalites are partic
ularh pronounced in herbrvorons farm anumals suffenng from -
advertent or {ntentional depletion of vitamin E. They are conndered
responsible for sudden death in cattle on low E diets {Gullickson and
Calverley 1946) in calves manifesting “white muscle™ disease {Vawter
and Records, 1947, Blaxter ¢f «f.,, 1952) and in “siff lamb™ disease
(Willman et al., 1934 Culik et «! 1951 Draper ef al., 1952) Correla
oms between lenons and creatine content are not as impresmve as for
skeletal muscle (Blaxter et al., 1952)

B. Virauxt B Derrarxcy

It 13 well recognized that thiamine deficlency alters the fimceton of
cardiac muscle and abso produced typical myocardial lesions 1 a
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varnety of animal species (swine, rats, dogy, faxes) The lenons in swine,
which are quite extensive, have been descnbed in detaul by Follus ef of
(1943) They are in no way umque, except perhaps for more involve-
ment of the auncular muscle than observed m maost nutritionally
mduced 1injunes of the myocardium, which may bear some relatron-
ship to & mgmficantly reduced oxygen consumption observed in the
auncular but not 1n the ventricular musele 1n thiamine defiaency The
reader is referred ta the monograph of Follis (1948) for a more complete
discustion of this sabject.

C. CaoLne Denamecy

The cardiac lature of the rat is peculiarly ptible to choline
defraency cspecially when dietary fats are lagh. Kesten e «f (1945)
observed sudden death from heart failure dunng the first week of
feedmg choline deficzent diets high 1n ethyl laurate, and descnibe 2
widespread intenstitial myocardits most marked in the subendocardial
regions but wually not mvolving the conduction system. There was
mild edema, connderable cellular infiltrmtion and vanable amount of
necrons of heart mincle cells. The possibility of potasium deficlency
which resulty m a nmilar type of lenion, was excluded.

According to Wilgram ¢ of (1954) and Wilgram and Hartroft
(1955) the myocardial lezons are ac 1 or intensified by many
other types of dietary fats, are iutiated by the appearance of con
uderable lipid in the cardiac muncle cells before swelling and necrosis
occur are always anociated with a fatty liver are not seen in the ab-
sence of & fatty liver and are wually asociated with ledons in the
larger blood vessels. The latter begin wath lipid accumulations 1n the
endothelium and intima followed by medial necrosis and vanable
degrees of cakafi Fat released following lyns of cardixc muscle
cells s taken up by phages which d b to
healing and replacement fibrasis. Itull'oofmtercn that uulernum
much more ssceptible than females, and that the natural renstance of
the fenale rat is greatly reduced by treatment with androgens and
growth hormone.

In mice myocardia! lesons are lesy readily prodaced by choline
deficiency than in raty, are accentuated by marginal intake of protems
providing sulfur-containing amino acids, and apparently do not show
the sex differences observed 1n rats (Willams and Aromohn, 1956
Meader and Willam, 1957)
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D Poraswuu Drriciency

Of the varions 1norganic comtituents of the diet, only potamum
seems to be indispensable for maintsiming the integnity of muscle this
relationship pertains almost exclusively to cardiac muscle and appears
to be lmked 1n some manner with certain of the B vitamims, Attenton
has been called to effects of thiamune deficiency on the myocardium,
Thomas ef «! {1940) present evidence that cardiac lesions ocenr 1n the
rat only when there is a nmultancous defiaency of potasnum and an
inadequacy of B vitamins, particularly B, Of particular intcrest are
the observations of Follis (1942) that in the rat a combined defiaency
of potamom and thiamine, each of which remlts in cardiac lenons of
absent from the diet, produces no cardiac lesions hut resulty in lenzons
of skeletal muscle which are not produced by ningle defiaency of these
factors, It has alwo been reported (Smuth ¢ of., 1950) that a potasunm
deficent diet produang raprd myocardial necroms m the rat causes
only ledons of skeletal muscles in the dog Follis (1948) to whom the
reader i referred for further details connders that the myocardial
fesons of potasshum and of thiamine defidency are histologically rather
different from those of vitarmun E deficiency in the rat.

E. TrYrroruaxn DEncexay

Among the speafic ammo acld defidendes studied, muscle lenons
have been noted only after tryptophan deficiency In rats. These involve
only the cardiae musculature according to Scott (1953) although o
separation and shredding of fibers in both cardiac and rmooth muscle
hay been reported by others (Adamstone and Spector 1950) Scott
describes cytoplasmic vacuolation and karyolyns followed by cloudy
swelling and hyalinization of cardiac muscle fibers, with the usual
connectnt tisue replacement and formaton of myocardial scary.

IV SHOOTH MUsCLE
A. Vrraax E Drncexcy

Smooth muscle s highly resstant to alteraton by numnonal
deficikenaes, with the single exception of vitamin E defiaency After
scvenal months of vitamin E deficency rats exhibat a yellowish dm-
coloration of the uten which gradually increases to a brownish calor
due to the accomulatian of brownish flvoracent, acd-fast, insoluble
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inert pigment granoles 1 smooth muscle cells (and in connective
tissue macrophages) of the oryometnum (Fig 26) a mmilar bat some-
what less pronounced change 13 scen In the smooth muoscle of the
fallopuan tube, seminal vendle, prostate, vas deferens, ureter splenic
capsule and trabecuiae, bronchy, and small intestine, and occagomally
m larger blood vessels (Martin and Moore, 1939 Mason and Emmel,
1945) The pigment, sometimes referred to as “cerond,” i conndered to
be aither a Lipoprotein or a polymenzation product of fatty aads
possesmng at Jeast eighteen carbon atoms and two or more unsaturated
bonds (Filer ef of., 1946)

Pigment granules, appearmg first at each pale of the nudlens of
smooth muscle cells, gradually accumuolate and push the myofibeils
peniphenally Lindner (1957) on the basts of electronmicroscopte ob-
scrvatons, thinks that there is 2 reduction in the number of myofibeils
and that the membrane system of mutochondria posmbly participates in
the formanon of pigment granules. Eventually there o diatennion and
even dustortron of the muscle cells, but it has not been proven that
actual necrom of the cells occurs nor is 1t clear whether the pigment
present in macrophages in close proxumuty to the muscle cells fs denved
from them, with or wmtbout necromns of the cell. There 15 an obviow
relattomhrp between the metabolic actvity of smooth muscle cells and
the accumulation of pigment, for 1t docs not appear if deficlent rats are
ovariectomzed before puberty but does so if such rats are given estro-
gen treatment (Atkinwn o o, 1949) Inu-lccl]ulu accumalation of
the pigment appeans not to ngmficantly impair phynological activity
of the muscle humcwhnrcducvdbu!uotdmmtcdfoﬂow‘lng
prolonged vitamun E therapy pregnancy castration, or hormane
treatment.

There are interesting specres and organ differences wath respect to
the site of accumulaton of mgment, which must reflect rather marked
differences 1n metabolism of smooth muscle, especaally m content and
utilization of lipids. In the monkey pigment is especially marked in the
smooth muscle of blood vessels (Fig 27) and occurs also 1n that of the
small intestine, gall bladder urinary bledder lndbmnc.bx(hbmwd
Telford, 1947) In the Syrdan h PEment i quite abund
blood vessels, unnary bladder mdintcmncbmnbxn:from!bc
uteru, In the mouse and dog 1t bs hmuted largely to the atens and the
intestinal muscular respectively Pigment cannot be demonstrated in
smooth muscle of the vitamun E defizent rabbat, gumea-pig, or Flonda
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cotton rat {Mason, unpubhshed studies) and has not been mentioned
m reference to deficiency states i herbiverous farm amumaly or avian

e

On the other hand, a different type of cffect of vitarun E defiency
on smooth murcle bas been noted in avian species. In turkey poults,
and to a lesser degree in chicks (but not in ducks, which show only
skeletal muscle lesions) there is described a patchy hyahne necroas
restricted to the smooth musculature of the girzard, amociated with
slight mfiammatory reactrons and replacement fibrons (Jungherr and
Pappenhelmer, 1937 Jungherr, 1949)
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L INTRODUCTION

A review of histological changes duc to aging must take into connd
eration the general dntmeton between senescence as a property of the
lLiving cell and senility as mamfested by the alterations to which a
multicellular organism 1 subject 1n advaneed Lfe, In rapect of the
Iatter ftis widely hr_}d that the aging procm cannot canly be divorced
from those fi and pathol 1 affecting tissues and
organs, wath which old age v common]y -nocutcd On the other hand
the notion of seneacence postulates, when applied tothe cell, a particular
process in which intracellular enzryme actvity metabolic exchanges,
aad modificatrons tn the collordal nature of the protoplamm are 1o all
probability implcated

According 1o Cowdry (1952) the more general aging changes in
mammakian cells consist 1n alterations in the nucleocytoplasmuc ratio,
a decrease 1p active cytoplasm, and modifications in the water content.
It is evident that these changes must be dufficult to estimate 1n those
cells which, as 1n the basal layer of the epidermu, for example, have a
short individual life and the property of contmuows reproduction they
would on the contrary be expected to develop 1o those which ack
thrs attnbute (Cowdny s “fixed post mutonc cels”) These indude
neurons and, perhaps less absolutely skeletal and cardiac muscle. A
conmderable iterature has accordingly been devoted to senile changes
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in the ncurons. The relative pauaty of nmilar studies on skeletal
muscle cells 15 perhaps partly duc to the great difficulty of distln-
guishung between alterations due to aging and degenerative leslons
secondary to discases of the cardiovascular nervous, or locomotor
sy3tem, or to disuse The difficulty 13 enhanced by indmvidual differences
n body build and nutntional state, and by the divergences which
may be expected to exist between muscles in vanows parts of the body
both 1n regard to their hutological structure and metabolum, and to
the amount of work they have been called to perform during Lfe
Comsequently the more mgmficant and interesting studies have been
devoted to changes in the external ocular muscles, 1n which secondary
general pathologreal changes and indmdoal vanatons can, 1t o
amumed be reduced to a minimum, and which are subject throughout
Lfe to a constant degree of acuwity Furthermore, they like a few
other 1n the body undergo a senes of pronounced morphological
alterations which are not demonstrated In the larger mb and trunk
muscles Generally speaking the cells in the latter as well as in cardiac
muscle preserve in the absence of disease a remarkable degree of
structural itegnty throughout adult hie

IL MORPHOLOGICAL CHANGES IN AGING MUSCLE CELLS
A Coaxcrs v Srzx or Muscrr Fipees anp Trem NucLu

In both skeletal and cardiac muscle there 13 a progremve decrease
m the nucleocytoplasmic rate dunng growth, but this apparently
simple relatonship becomes more complex when the number of nuclet
per muscle fiber as well s therr respective nizes, arc taken 1ato account.
In an analyns of these relationships on matenal from 9 human subgects,
Schiefferdecker (1911) found that in the diaphragm the proporuon o
tatal nuclear to eytoplasmic mass u higheat 1n the 5-month embryo and
lowest 1n the newborn it again increases alightly in the adult. On the
other hand, the umple ratio between cytoplasmic and nuclear sze
ncreases throughout bfe The individual nucled were also appreciably
larger 1o the embryonic muscle than in the newborn and in five of the
ux adult subjects he examuned. The interest of these obeervanons i
somew hat himuted by the restricted material, the oldest subject being
61 years of age In a parallel study of 18 hearts from patients ranging
from 1 to 77 yeans Schiefferdecker (1916) found that the number of
nucler relative to the fibers 1 highest in children and gradually de-
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creases wath advancing age. There s a gradual increase in the absolute
nize of the muscle fibers a1 measured by their duameters and, 1n contra
disinction to subsequent observers, Schicferdecker found the largest
fibers 1 hus oldest subject. As a corollary there 15 an incrensc 1n the
ratio between cytoplasmic and nuclear volume, although, as Schieffer
decker 5 data indicate, the absolute nuclear mass remans the same or
may even increase. An increased nuclear volume associated with hyper
chromatism has also been noted 1n cardac muscle by Lannng (1952)

More information on changes in the caliber of cardlac muscle fibers
was obtamed by Dogliot (1931) in a hstological study of 200 hearts
from patients up to the age of 93 He reported a gradual increase in the
diameter of the muscle fibers with advanang age, starting from 7 to
8y in the newbom up to 20 to 25z 1n the third decade. No further
general increase, apart from indmidual vanations, was recorded above
the age of 30 but after the seventh decade there was a slight tendency
for the caliber of the muscle fibers to decrease, These observations were
broadly confirmed by Tormene (1933) who bowever, found that the
muscle fibers increased 1n nize until the age of 50 There are also many
inrdividual vanatony, unrclated to the weight of the heart, or to sex.

In extreme old age, this decrease 1n fiber uze may lead to a umple
senile (“brown™) atrophy a condinon relatvely seldom observed by
the pathologust 1n 1ts pure state, i ¢. 1n the absence of wasting discase
Thus Warthin {(quoted by Korcnacheviky ef af., 1950) noted that 1n 38
years expenence he could enly select out of 2 great number of autop-
nes of old subjects 25 cases who died of senility alone, death beng
apparently caused by mmple myocardial atrophy and inadequacy
w1th little or no coronary sclerons.

In senescent female rats, Korenchevaky et of (1950) found on com
parson with younger controls 2 definite atrophy of the cardiac musdle
but a subsequent invesgation (Korencheviky ¢f o, 1953) 1n male
scnescent rats revealed in addition to the atrophy an increased number
of large muscle fibers, which these suthors regard as a foca! hyper
rophy compensating for the degencration and consequent lors of the
atrophied elements.

Aging changes reflected 1n the caliber of fibers 1n the larger trunk
and lmb muscles have not attracted much detmled attention. The
so-called B fibers, which Wohlfart (1937) dengnates certain nolated
larger fibens in the pnmary bundles of many voluntary mascles of the
embrio and the infant have seldom been dnunguished by um above
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the age of 12 At the other extreme, 1t is gencrally accepted (Adams
¢t «f 1953) that a muscle atrophy takes place in old age but that it 13
highty vanable both in ndvidual cases and in respect of different
muscle fibers within a nngle histological sample. Sarcolemmal nuclex
are sometimes mereased 1 number but increasss of intracellular
pigmentation and of interstitial connegtrve tusue are usually considered
10 be more characterntic. Quantitative data on the size of the large
skeletal muscle fibers i so-called “scule atrophy” are, however
lacking An atrophy of the skeletal musculature has 2190 been postulated
1n the senule rat (Lowry o al., 1942) but thus inference 19 based lem on
morphological than on ch I data. These will be touched on m 2
subscquent section of this chapter

In the external ocalar muscles, Bucaiante and Luma (1934) measared
the maximal and mimmal diameters of 500 fibers from the supenor
rectus in 25 cases ranging from 14 to 92 years, They recorded a defimte
wercase 1n the average diameters from about 16p from the ages of
14 to 40 to about 23 at 80 or over but these differences only became
marked above the age of B0 They were matched by an increase in the
incidence of the largest diameters. Their measurements were, however,
subject to a great deal of redvidual vanation and 1t is clear from therr
tables that there 15 2 notable increase 1n 1nequality of fiber nze 1n this
muscle above the age of 60 Thu is illustrated m Fig 2, from the lateral
rectus muscle of a man of 83 It suggests that some of the larger fibers
may represent a compensatory hypertrophy secondary to the de-
generative changes in the remmnder

B. MorrroLoaicar Crances o ExtesnaL Ocurar Muscres
For reasons already stated, these changes have attracted particular

. 1 Aging changs in external ocular srosches

ton
kit (Superiof rectus, male of age 79 \Magniication » 480, P TAH.)

D Central condermation of myofibeit (top fiber) with Increased peripberal
wrroplasm (he aryofibedls are wp oo the nght. 3{yofibnilary tall {out of
focus 1o bower her {Lateral rectos, male of age

L. Drappearsnce of rmy ofibrils and granular degencration of swolkn
Lateral rectus, male of age 83 Magmfication x 360 PTAH)
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attention They were finst described In detail by Buccante and Luna
(1934) and subsequently confirmed by Wohlfart (1938) They conmst
above all in alterations 1n the disposicion of the myofibrils culminating
in ther dinntegration, and 1n an apparent wncrease of sarcoplasm.
} anous aspects of these modifications are 1llustrated 1o Figs. 1 and 2.
It must be emphasized that the changes about to be descnibed are not
restricted to the elderly but that they are also found, though mn ther
incipient stages mainly and to a conuderably letser extent altogether
m the eve muscles of young subjects. Their carliest mamifestaton bes
1 a close wnteriwining of oblhiquely runming myofibrils, thus giving to

3 ‘a%
‘.i‘j; v [ -] >, O’ ’. é
oo ,%,? =~ X ‘@A I N

Fro 2 Agmg changes ln external ocular mmcle (transverse section) “Ringhindem
periphal mames and central condensation of myofibril o of =y
fibetls and gramular depeneration of srcophum In one fiber (top right corer
figure) great mequallty in sac of manck fibere, (Lateral rectu, make of spe B
BMagnificabon 490 lightly rechuiced. P T.AH.)

the fiber a plait like appearance (Fig 1A) Another carly changesthe
appearance at the periphery of the fiber of irregular fringes of famntly
granular fibril free sarcoplasm. In a more advanced stage, thes
increate m thickness and uniformuty they often contan an enlarged
subsarcolernmal nucleus with a conspicuous central nucleolus. Later
still thick homogeneous mases of penipheral sarcoplasm are scen both
in transverse and longitudinal sections surrounding a central  cor®

of condensed rendunl myofibrls which arc froquently coansened
(Fig 2) Simultaneowmly with this apparent central retraction, the
ravofibrls undergo the most diverse changes 1n thelr alignment they
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may form uregular plexuses, which break up 1n varous directions
within the sarcolemmal sheath (Fig 1D) they may be condensed n
skewns or tangled fibrillary balls sometimes scattered at regular inter
vals along the course of a fiber but retaming a nngle centrally located
myofibril (Fig 1B) or n places, the thickened rendual central fibnls
adopt 2 cork-screw arrangement or exhibit closcly set barbs, giving
them on longitudinal section a bottle brush appearance (Fig 1C)
Al trammuonal forms between these vanoms aspects may be met.

One of the most charactensic forms of mryofibnillary derangement 1s
the socalled “Ringbinde,” or stnated annulet, first described by
Headenham 1n 1918 and ongmally regarded as pathognomonic for
dystrophia myotonica. They have becn frequently desenibed mnce,
particularty by Wohlfart (1938) and Bergatrand (1938) Thns the
myofibnls sdopt within the muscle fiber a spiral course which 1 per
cerved 1 longitudinal sections as & concertina hike deployment of a
ungle myofibnl (Fig 1C) but1s best revealed in transverse sections asa
arcular or concentnc striated coil {Fig 2} Figures of eight may also be
formed and tranntenal stages between plartlike formations and fully
developed “Rmghinden™ may be Identfied. A noteworthy feature of
thete diverse alterations 1 the fact, illustrated 1in Fig 1B and 2 that
stmations remamn preserved mn the indidual fibnl to a remarkable
degree This integnty 1s found not only 1n the *Ringbinden™ but alo
1n the most intncately entangled myofibnllary balls.

Lanly ewidence of o progremve structural degeneration of rayo-
fibnls-—on of definition and of cross-stnation—culminating 1n ther
duintegration and compkte absence, 1 found to a varying extent.
This degeneration starts usually at the penphery of the fiber and
mvohves the centrally mtuated myofibrils last. Ths results 1n large
polated masses of granular or floccular sarcoplasm (Figy. 1E and 2)
frequently containmg hpofusein pigment. The depositon of this
pigment takes place 1w the external oculsr muscles pan passm with
these structural alterations and 1 often found 1n the early stages 1n the
penpheral sarcoplasmic seams already mentioned. There 1 ako a
progremuve increase of elastic connective trssue,

The changes which have been described are observed with partc
vlar frequency in the superior and lateral rectl, and tn the supenior
oblique muscle. They are usually present to a much kaser degree in the
tevator palpebrae supenons. Their inaidence vanes from case to case,
Isolated 1nstances mas av already noted, be seen 1n young people, and
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“Ringbinden” may appear 1n the third decade Wohlfart (1938) stata
that he has seen an example of the latter in the superlor rectus of 2
child of 8. In general, however these changes are lacking in many
spraimens from young subjects of 10 to 22 years (Bucciante and Luma,
1934) and show a definite 1ncrease in frequency and complemty wth
advanang age They are often well developed in the fifth decade and
highty abundant in the eighth and ninth  According to Wahlfart (1938)
the B fibers, which are sald to remain discernible 1n the external ocalar
muscles throughout bfe tend not to share them,

Similar alteratioms have also been found in & few other selected
muscles in the body 1 the absence of discase thus Malan (1534) bas
recorded myohbrillary changes and “Ringbinden” m the temsor
tympam of the aging dog and cat, restricted, however to the “large
fibers,” which account for 70 to 80% of the fibers in this musck.
Bucciante and Luna (1934) have observed “Ringbinden™ in the inter
nal laryngeal muscles of @ man aged 79 and Bach ¢ ol (194]) have
described and sllustrated changes 1 the abductor muscles of the
larynx very suggestive of myofibrillary tangles 1t has been sbmutted
that the changes i these muscles may be related to the altered charac
ter of the senile vaiee.

Of specal interest 1 the incld of nmilar modifications in myo-
torua dystrophica, namely the *“Ringhinden” and the penpheral
sarcoplasmuic masues (Wohlfart, 1951 Greenficld «f of, 1937) As
already noted the “Ringbinden”™ were ongnally believed to be
pathognomonic for thus condition They are, however alwo encountered
1@ other farms of muscular dystrophy The occurrence of these changes
as part of the notmal phynological process of “aging” therefore cals
for caution 1n the asenment of thewr pathological sigmificance when
external ocular muscles are examined. They are, however only seldom
found in the normal aging skeletal musculature apart from the muscles
already speaified Greenfield e of (1957) have noted “Ringbinden
1 2 bropsy from normal temporalis muscle and Bergstrand (1938) has
recorded them 1 the diaphragm of a healthy man of 33

Tt has sometimes been stated that these appearances, m parncular
the “Ringbinden ~ are the result of artifacts duc exther to post moricm
contraction of the myofibriks or to firation (Adams et af 1953) Sucha
view appean disproved by (1) their curnouwsly selective though fairly
constant distnbution (2} therr quanttative increase in aging (8
their pretence in pathologically affected muscles (4) the presence of
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hpochrome pigmentation in the degenerate areas (5) thear demonstra
bon I :pcdzcm where intra-orbital irnganon with formalin has been
carmned out immediately after death (6) finally their presence, 1n the
freah unfixed state 1n teased preparations (Bucciante and Luna, 1934)

The ngnificance of these morphological alterations, apart from thetr
apparent though unexplained asocaation with “agmg ” therr mecha
nusm, and the reason for therr restricted topographical madence ase
obscure, The presence of smular changes 1n myotonia dystrophuca
where an excemve contractility of the myofibrils 13 amociated with an
excessive tonus of the musculature and atrophy 13 also imperfectly
undenstood  Wohlfart (1951) has suggested that the “Rungbinden™
ruight be ascribed to decreased clastaty and partial elongation of the
myofibmls, wherehy they gradually arrange therselves m annular or
spiral coils, and Greenfield ¢ af (1957) have recalled that excenive
sarcoplasm may be related to the rate of contraction of the muscle
fibers It has been stated (Schiefferdecker 1911) that the external
ocular muscles, a3 well ax the laryngeal muscles and the diaphragm
have a higher oxygen content than any other skeletal muscle. These
changes may therefore perhaps be linked with the Incressed perfor
mance, the rapid contracnen rate and the higher metabolic activity
of these muscley, though thu 15 enurely speculative. Furthermore, the
remarkable pavaty of phymological ill-effects, as manifested in elderly
individuals, of such extenmve morphological alterabons remains
unexplained.,

C. "Wrar axp Trax” (“Aama”) Promext

Reference has already been made to the increased depomtron of
“wear and tear™ pigment at an aging process. This pigment, one of the
“lipofuscin® group, ranges in cardiac and skeletal muscle from a golden
yellow to brown {n microscopic preparations. It s weakly to moderately
basophulic, has a variable affimty for Sudan stans in paraffin sections,
but 1 imsoluble in lipd solvents. Tt is usually acid fast, and often ex
hibits feeble reducing properties. As an aging phenomenon 1t has been
studied most extenmvely 1 ganglion cells (for references see Sullan
1953) but 1 also found 1n other ntes, particularly the hiver adrenals,
tests, and epidrdymn. There arc however several hutochenueal
differenices between the hpofusams i these vanous organs,

In muscular tiasue 1t is best observed 1n the heart, where 1t has been
sudied particularly by Doghottt (1931) and by Jayne (1950) Here 1t
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presents in the second decade as fine ningle granules or small clusters as
cither or both poler of the nucler later thesc granules coarsen and extend
laterally 1nto the cvtoplasm They also appear separately m other parts
of the muscle fibers 1n older subjects The amount, tize and dutrba
tion vary both 1n the muscle cells and in individuals of the same age
and sex, bot there b on the whole a progremve snerease with age both
1n the nuinber of cells affected and the amount of pigment 1n each, Iths
nearly alw vy abundant above the age of 70 (Fig 3)

’
Tio 3 Lipafiscin plgment In myvcardium. (Male of sge 79 Magnification
330 slaghtly reduced. Long ZichkNechsen)

A parnllel increase of pigmentation It scen In the external ocular
muscles here intracellular pigrment may already be demonstrated in
healthy subjects m the third decade and 11 usually fairly pronounced
n the fith Bucciante and Luna (1934) have noted its presence at the
carly age of 13 Such a high degree of pigment depontion s not en-
countered 1n the larger hmb muscles, where granules only begin to
appear at either nuclear pole over the age of 60 and are obvious oaly
1n extreme old age

The chemucal pature of the pigment 1n muscle has long been dis-
puted Becawe some of it was said to give a pontive iron reaction 1t
way regarded (Conner 1978) as partly mixed with hemosiderin and
anumed 1o be a product of metabolsm from hemoglobin or 1n the
case of muscle from myvoglobin It has also at umes been equated by
older authors with the wron-free pigment “hemofuscin ¥ found Iz
hemochr In as with h derin. Most of 1t, by com
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mon consent, contans po ron, and it 1s now widely accepted as having
a chemical relanonship to the “ceroid” found 1 the liver and the
“hpochrome™ pigment of the nervous system  Pearsc (1953) connders
that the “lipofusans” include 1 a wide spectrum a group of huto-
chermcally reactng substances which range according to the stage of
roatunty of the pigment from 2 sudanophilic precursor at one end to a
fully oxadized product with a negatve affimty for fat stans at the
other Jayne (1950) found that the cardiac pigment gave 2 pontive
Millon test and regards 1t as an unsaturated lipid bound to 2 protemn
of high molecular weight. Like lipofuscins chewhere, 1t gves a negative
reaction for tryptophane (C.W M Adams, 1937 personal communt

cation) Further details on the histochermical reactions of the cardisc
muscle pigment and 1ts divergences from related pigments chewhere
will be found 1n Pearve (1953) and Lallie (1954)

The ngnificance of this deposition 15 shll uncertain and the deng
nation of “wear and tear pigment,” though useful » uninformauve.
It is generally considered to be related directly to the cellular aging
process (Lamng  1952) and probahly constitutes a by product of cell
metabohum It xdenuty with the pigment winch appears m vitamin
E-deficlent animals has been eanvassed by several authors (see Adams
et al.,, 1953) Though commonly hinked with “atrophy " 1t iy, perhaps
nguficantly found normally {n those muscles (eardiac, ocular) wiuch
have been the most constantly active throughout life. It 13 also of some
interest that kny (1937) in hus study of several imb muscles (stemo-
mastold, subscapulars, sartonis and gracilu) obterved a greater
amount of pigment 1n strong and acthe muscles than in those which
were paralyzed and atrophied and likewise, more of it was noted 1n
muscles of movement than in those which maintan posture.

The rare incidence of excesstve pigmentauon in the myocardium of
younger subjects and its occanonal pauaty in the elderly s unexplained.
Wayen (1940) has reported the cunous case of a 14-month-old infant
with mulufocal chronic sepns, who showed a conndernble depontion
of lipofuscan 1n the museles of the trunk, limbs, larynx, and tongue, and
several examples are now on record 1n which an excess of sumilar
Pigment was found in the gastrolatestinal musculature of patients with
a duturbance of intesunal absorpuon such as spruclike syndromes and
fibrocvstic disease of the pancreas (Apsanelli and Lane, 1957) Itseems

therefore that the relation of this pigment to the aging process needs
further clanfication
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1I. CHANOES IN WATER AND ELECTROLYTE CONTENT

\ number of quantitanve alterations 1n the water and electrolyte
ontent have been recorded 1 aging skeletal and carduac mwscle.
Contrary to the usual belief which asociates senescence with a pro-
cressive dehydration, evidence has accumulated indicating an m-
creased water content 1n the skeletal muscnlature, 1n particular 10
the extracellular spaces. It may be useful briefly to compare these
changes with those taking place dunng growth.

Duning the penod of growth, the total concentration of water and of
sodium and chlonde electrolytes 1n muscle turue dimianhes, whereas
there 15 2 msc in the concentration of intracellular 1on% roughly com-
mensurate with the relatrve ncrease 1n the number of cells. These
alterations have been recorded 1 the skeletal muscle of the rat, the cat,
and the chicken {for references see Lowry and Hastingy, 1952) and have
been interpreted as due to s loss of extracellular flmd accompamsed by
only minor vanations in the 1onic constitution of the wtra and extra-
cellular compartments the lom of extracellular flud s atmbuted 10
the reducton in interytinal space consequent on the increase in mz¢
and number of the ndividua! muscle fibers. Similar changes asoquted
with growth have been recorded by Hastings ¢ of (1939) in the myo-
cardium of dogs.

The avaulable data suggest that a reversal of this process takes place
1n aging Simms and Stolman (1937) 1n a chemucal analysis of the
psoas muscle 1 & limted matennal (17 subjects) of hormadal and aca
dental deaths, found 1n the aged an incresse of total sodium, chloride,
and calaum, s shight icrease i water and a decrease 1n potassum,
magnesum, phosphorus, nitrogen and ash. Similar changes were
observed m the hidney Liver and spleen. These results were inter
preted by Lowry nndeuag!uducwlnmamciuLhemmﬂ:ﬂﬂw
finrd compartment. Thus view gained support when the actual figures
were compared wath the expected water and electrolyte increass
obtained on the bass of changes in the sodium levels only These find
ingy have been confirmed 1n the keletal and cardiac muscles of the
seile rat (Lowry ¢t of 19121 on the other hand, the intracellular
concentrations of water phosphorus, and potasnum underwent 5O
pgmficant modification. The changes appeared closely comparsble
to those obtaised by Hines and hnowlton (1937) in the gastrocnenmuuss
of the rat following dencn aue n atrophy- here the increases of chlonde
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and calaum concentrations were regarded as matching the extent of
the atrophy and the relative increase 1n conneetive tisue. Lowry and
Hastings (1952) summanze these findings by advanang the thens of
an extracellular edema occurring in old age, which could be conse-
quent 1o atrophy Joss of tusue cells, or cven to cardiac or renal hypo-
function, but they cautrously add that sumilar changes are also met 1n
muscular atrophy due to other causes.

Hastological examination of large skeletal hmb muscles 1 aging
individuals often reveals o varying increase in extracellular space,
especially between the pnmary mcle bundles, which contrasts wth
the compact arrangement of the muscle bundles 1n young healthy
subjects. That such appearances are not solely due to an artifactual
retraction, after fixation, of the sarcoplasm from the endomynum can
be established by staining the latter for reticnhin. But 2 conspicuous
degree of indrvidual muscle fiber atrophy n asually not evident micro-
wopically 1n normal subjects, even in extreme old age, 1f care 1t taken
to exclude samples from lower limb muscles of bedridden patents.
On the other hand pomible changes in the extracellular compartraent
may well have to be related to other factors, such sy local tssue edema,
congestive heart fallure, renal imparment, prolonged recumbency
nutrinonal or disuse atrophy

Some attention hay also been paid to changes in the calaum content.
1t 15 known that calcsum tends to increase with age in vanous organs
(Lannng 1952) 1n partcular in arteries, 1n clasuc owsue, and n the
heart (Barnes, 1942) and it has been suggested that thy nse s part of a
general trend for calaum to shift from the bones into the toft tissues,
Lamung (1942) found an increase of calaum 1 the gastrocnemius of
the aging toad concentrated along the surface of the cell membranes
a finding wiich he amociates with a lower permeability of the latter

IV EFFECTS OF AGING ON INTERSTITIAL TISSUE
A. ELasTic AND COLLAGEN

In human cardiac muscle, Miller and Perkins (1927) recorded a
progresuve increase with age in the number of elastc fibers, a finding
subsequently confirmed by Doglott: (1931) who noted however a
great deal of vanation from case to case, But he found no increase of
collagen. There 1 therefore no cvidence to support a so-called *fibrosis
of old age ™ as distinct from the foeal fibrows 5o often met as the result
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f small old infarcts. Bacon (1948) who studied the reticulin fibers of
he myocardium of the mouse, has hikewise found no increase 1n aging

In voluntary muscles, the observations of Bucciante and Luna (1934)
ndieate a fairty constant increase in number and thickness of the elastic
ibers 1n the external ocular muscles, where, as already noted by
schiefferdecker (1911) they are conniderably more abundant than in
keletal muscles elsewhere. There is also a progresave incrense in inter
nitinl collagen 1n the supertor rectws apparently unrelated to any
-hange 1n the size of the muscle fibers. In the sternomastord any 1o~
rease 1n elastic fibers I according to Bucciante and Luna, so fecble
11 10 be of no importance, but there b a shght incrense of collagen,
rather more apparent above the age of 60 when 1t may sometimes be
econdary to a focal atrophy of the muscle fibers The penmysnum »
als0 more abundant An incrense of collagen way also found in the
musculature of the tongue

B Aproie Trwue

Frantzell and Ingelmark (1951) have investigated in some detail the
l[nadence and distmbution of fat in human muscles at various age levels
by correlating morphological with radiological and chemical findings.
They exammed microscopically the gastrocnemii in 175 necropsics
ranging in age from birth to the age of 80 and abo the biceps brackht
In & third of these cases. They relied on thick frazen preparations (30 to
50u) of longitudinally and transversely sectioned muscle staned with
Sudan IIT This technique, while revealing very little Intramuoscular
fat In the newborn demonstrated n progremve mcreasc wath age of
pertvascular and intersutial adipose tissue, which was matched by 2
parallel increase in amount and frequency of fat immediately under
the epimynum (“subfascial fat”) By the fourth decade, penmyslal fat
was present 1n sufficent amounts to separate the pnmary muscle
bundles and produce a honcycomb pattern 1n microscople pre
parations  Central arens of degencraton” were often observed 1
subjects over 30 when fatty replacement of muscular timne was exten-
uve Where comparson was possible, the gastrocnemuus always shawed
larger amounts of fat than the biceps bruchii, the differences bang
particularty marked above the age of 30 These changes were partly
confirmed by chemical astimation of the fat content of muscles in the
gastrocnemhn there was a gradual increase from 6 to 89 of the dry
welght at birth to about 33° by the eighth decade, but the biceps
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brachu showed no corresponding increase. It 1 of intereat that fat
could only be demomstrated hustologically when it exceeded 7% of the
dry weight of muscle tiue hence it was estmated that this figure
represents the proportion of mtracellular fat, Unlike subcutaneons fat

sntramuscular fat did not diplay a defimte sex preference, although
the genernl jmpresnon was gancd that it was shghtly higher in
females. Radiologeal investigation by a special techmque of 222
healthy subjects confirmed the ncreased incidence of mterstinial fat
wth age, greater amounts bang observed in females than in males, and
in the leg than 1 the thigh muscles. Subfascial fat, which increases
with age at first, scemed to remain fairly constant above the age of 35

and o definite correlation between the amounts of intersiial and
subcutancow adiposc thvue was found nor was the latter asociated
with aging The authons concluded that the true muscular tisuc
decreases in volume with advancing age and that the lots u replaced by
adipose tisue. But the mgmificance of their results 1 restracted firstly
by the limitations of sampling as indicated by the great vanauen of
chemucally estimated fat in different parts of the gastrocnemuus and 1n
different muscles, and sccondly by the nature of the necropsy material,
which {ncluwded many bedndden cases wath debilitating linesses. Ax
these authors paint out, prolonged severe discase was often amociated
with a remarkable lation of intr lar fat and therefore
these changes may well be related, at least partly to the nutmtional
state, the presence ar absence of disuse atrophy the degree of cachexia
of the selected subjects, or to a combinauon of all these factors. Inacuve
muicles often show a greater tendency ta fat depomtion than active
oner. Moreover genetic, ax well a3 nutntional influences need to be
taken into connderation

Y AGING CHANGES AND EXPERIMENTAL HORMONAL CONTROL

The relationship of endocrine glands to muscle 1t reviewed chsevhere
i ths bool, but bnef reference will be made here to the work of
horenchevily and hut co-workers (1950 1953), who have studied
aging changes m the rat. They compared changes 1n cardiac and
sheletal musculature, and many other organs, with changes following
castration and the administration of pitnitary thyroid androgenic, and
ovanan hormones. In particular castration of male rats led to a degree
of myucardial atrophy umular to that found in the untreated aging
animal but these authors remark that the compemsatory hypertrophy



T nne 1956 for a review of these)

F. IN RELATION TO PATHOLOGICAL FROCESSEE
IN MAN; CONCLUSIONS

33 has been laid on the argument that 1n map, sy

e of muscle are often complicated or rendered

¢ pathological lesions brought on by diseasts to

sposed and by sccondary functional alteratiom.

10t aging change 10 cardiac muscle connsts in 12

amgment the entity of pmple semule atrophy 13 met

wnen compared to the nadence of myocardal

pertennive origin and of focal fibross due to schaemc

<« & On the other hand a “brown atrophy” n aiten

¢ cxpranicn « f toare changes in wasting conditions. Recently atiar
uon has also been diawn to a climeally silent form of primary atypial
amyloidons restricted largely to the myocardium and, in many €3,
of microcopic dutnbution only which may not infrequently be met
1 subjects over 70 (Hslmann 1955 Lee and Kaufmam, 1957)
The causes of thn cunons change, which has also been observed m
scnile myce (Thung 1957b) are as yet lttle understood althoagh &
mice genetic and dietary influences are known to play 8 part. Tbe
relattonahup of thu form of amyloidosls to the aging procen 1a
paratve pathology has lately been reviewed by Thung (1957a)
In skeletal muscle, simple oging changes are cven more difficlt ©
distinguuh from these referable to discase proceses. It seems, howere?
mh]]—ﬂlwdundt}mt external ocular muscles, as well as a fow other ‘:;‘“u
muscles ergo from a relatively carly age progresmve alteration
which are farly charactersnc anfiypmebnl’g constitute a pore A
effect. Skeletal muscles clsewhere, on the other hand, preserve the?
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structural integuty practically throughout life and morphological
changes arc not cxpected to become noticeable 1n them untll extreme
old age even then, they exhibat a good deal of individual variation,
which renden their evaluation uncertun Of greater mmportance 1n
old age are the secondary changes n the skeletal musculature due to
amociated dueasa and funchional disturbances since morphology and
chemical structure will naturally reflect the effects of wasting illnes
nutntional deficaency disuwse, and immobility Atrophy may be the
secondary manifestation of diseases of the jounts and the nervous syy-
tem, or changes in water and clectrolyte content may be attnbutable
to cardiac or renal impairment. In addition to these maladies common-
ly mect in the senium, the latter may occasionally mark the onset
of rarer more speafic muscle duorders, like the vanety of muscular

ystrophy of the postcl 1c period described by Shy and Mc
Eachemn (1951) Wohlfart (1957) has also remarked that a non
specific dimemminated neurogemc atrophy 1 sometimes found 1n the
clderly the resemblances, already referred to between denervation
auophy and senlle changes in the cxpenmental ammal rahe the
posubility that “aging changeas™ in muscles may 1n some cases solely
reflect in the innervated fiber & nompeafic degeneration of 1t motor
nerve supply Finally afier changes have been asscssed in the light of
all these pomible anociations there remaims o number of factors like
the state of development and tralning of the mosculature, and hor
monal and probably genenc Influences as well, which appear to play a
large though indeterminate part in modifying the response in man of
skeletal muscle to aging
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| INTRODUCTION

The mot obvious chapge In the physcal characteristics of muscles
after death 1s the stiffening which sets in more or less rapidly and which
1 generally accompanied by the production of lacuc aad. It s wath
this physical change and the underlying chemical changes that we
thall be mainly concerned here.

The phyncal change of state from the highly extensible plasuc con
dinon of freshly exened muscle to the inextensible and ngid condition
of muscle in full ngor has been noted from the earliest tmes, parnc
ularly 1n the ficld of forerme mediclne, where empineal observation
of the refation between the time of onct of suffening and the phymeal
condition of the corpse have been made with connderable precision.
Thus, 1n early worls in th field such as Taylor s (1844 1891) it was
already noted that ngor set i carher i the corpses of exhausted
subjects such as soldiers Lilied 10 battle than n these of subjects who
had died quietly 1n bed and thus observation was correlated wath the
onset af putrefaction which was thown to be more raprd m the former case



228 ] R PFENDALL

than 1n the latter We know now that both these changes are dependent
on the glycogen reserve of the muscle immediately nfter death whichacts
on one hand as a potential source of energy to keep the muscle out of ngor
and on the other as a source of Iactic acid which is 1tself a bactenostatic
agent. Thus, exhausted muscles, contaming httle or no glycogen,
will pars more quickly into rigor than rested muscles and will fimlly
attwn a less aad reaction, allowing putrefaction to xet 1n mare
rapudly

Thus, so far as description of the rigor procem 18 concerned we
cannot do better than turn to the early works of forenne medicine. On
the other hand, the underlying chemical ch were considerably
musunderstood until quite recently Even a3 late as 1933 (Smlmg
1933) it could be stated that rigor was due to the coagnlation of the
muscle proteim by lactic acld. Thys same theory is still repeated 1n the
first edition of Bell and associates textbook (1950) The theory appesns
to have oniginated with Kithne (1864) and Schipiloff (1882) who stud-
ied the effects of acld on the water-soluble proteins of the sarcoplaym.
They were thus erroncously led to belicve that changes in these coo-
stituenty could determine the over all change wathin the intact muscle,
in spite of the fact that the major part of the muscle substance consists of
the water imoluble contractle proten actomyomn. Moreover thy
theory ran counter to emptrical observation, nnce 1t imphed that stiffen-
Ing should be durectly dependent on the lactie acd produced, wherem
this was known not to be the caxc. In fact, Claude Bernard (1877) had
already shown that the so-called “alkaline” ngor i exhausted animals
came on far more rapidly than aad” ngor,and his observations were
repeated and extended by Hoet and Marks in 1926 The latter
having thus cast doubt upon the lactic acad theory were led to postulate
the exutence of o third change, common to both acid and alkalme ngor
and suggested that thu mught be the disappearance of one or other of
the sugar phosphates then recently discovered. It was pot, however
until the work of Engelhardt and Ljublmova (1939) Erdds (1943) and
Szent-Gydrgyr (1945) that the fundamental impartance of ATP to the
physical state of muscle was fully realized. Erdcs first showed that the

Theo following abbrevistions are umed throughout
ATP ADP AMP sdenoeine tri- di and monophosphates
TTP IDP IMP fncxine tri- di- and monophimpbates
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omset of suffenmg appeared to be correlated with disappearance of ATP
from the muscle. He suggested that stuffenmg was due to the formanon
of ngid chains of actomy from the comp actin and nfyoan,
which are prevented from combnning in the fresh muscle by the presence
of ATP Erdoe's oservatons were more fully mvesngated by Bate-
Smuth and Bendall (1947) and extended to include "alkaline” ngor
It was sthown that the time of onset of ngor vaned directly with the
imuial ghycogen reserve, that 1 wth the potestial production of lactic
aad through the glycolytic cycle of Embden and Meyerhof (cf.
Needham, 1942) Since this cycle resynthenzes ATP and maintauns it
at a high level, the connection between the two sctr of findings s
obvious. The duration of the ngor procen, it now appears depends on
three things the initial level of ATP the imtial glycogen reserve, and
the 1utial reserve of phosphocreatine (P C) which acts as an important
source of resynthes of ATP (Lohmann, 1935 Bendall 1951} Grvena
knowledge of these three quantties, the time of onset can be pre

dicted within narrow hmits. Even without this data, a reasonable
prediction can be made merely by messurement of pH  wiuch reflects
the stage to which the process has come (Marsh, 1954)

Another feature of the ngor proces, imphat from s chemi
cal bany, Is 13 dependence on temptrature. Thus, again has been
completely musundenstood not only 1n popular works of fiction, but
also in more serious studies {cf Taylor 1910), where it is often supposed
that cold accelerates and heat slowa down the ngor process Cleasly
such a supposnition s against all chemical lawy, and, morcover contra
dicts the facts of expenment, which show that ngor is accelerated
markedly by nang temperature, particularly in the range of 25 to
37 C The procen differs, however from simple chemical reactions 1n
that the temperature cocffiaent 1self is not constant, but nses slowly
n the range 0 to 25 C. and then ever more rapidly from 26 to 40° C
(Manh 1954) In general, therefore ngor will set In extremely rapidly
onder tropical conditons and much more slowly under the more
temperate condinons o Europe

Sude by nde with the onact of sufferung the mmscle gradually loses
s imtability ~ that 1, 1ty contracule response to electrical stimala
ton In the old hiterature of forennc medicine, this loss was wsed as a
test D1 the socalled death of the muscle, 2 pownt of no rerurn, asit were,
We find many extraordinan accounts of such observations. For
istance Taylor (1910) reports the case of a decapiated corpse wiuch
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maintained 1ts irntability for 20 hours after death, whereas the normal
tme for the completion of ngor does not unually exceed 12 houny, loog
before which the imtabihty of the muscle would have been lost. In
fact, imtability in thu sense seems to depend manly on two facton,
first the ATP content of the muscle, from which the energy for contrac

tion is denved, and secondly the aadity of the muscle (pH) Thos,
although a muscle may contain ample ATP for contraction 1t will not
contract If the pH 1 too low The lower lmmit of pH 15 10 the nelgh-
borhood of 6.5 (Marsh, 19522 Bendall, 1957) a point which u reached
10 normal expenmental anmals and probably also in the normal man
some 6 hours after death (at room temperature) This, 1 fact, is about
the time which most authorities agree is the hmut for penistence of
irritatnlity in the human cadaver (Taylor 1910)

Once the ngor procest has been completed, the mncle will reman
ngid and mextensible for very long periods if it 1 kept free from
bactenal contamination (Manh, 1954), and no “resolution™ of ngor
will occur On the other hand 1f sufficient bacteria are prexent, more
or less rapid putrefactive changes will set in, which wall “plastcaze”
the muscle and enable 1t to be stretched quite casily although it
cannot subsequently recover from the deformatdon (Taylor 1910)
It is obvious that, 10 a rigid system of this type, relatively few chemical
bindings necd to be destroyed to render it easily deformable. Dunng
this phase, too certan other chemmical processes which are not directly
related to stiffening are also completed, such as the deamination of the
adenine nucleotides to inasine nucleotides, wath liberation of amumania
and the dephosphorylation and hydrolyns of the latter to free Inomne
and hypoxanthine.

Il PHYSICAL CHANGES
A, ExrervsmmuTy

Of the phynical changes which take place in the muscle after death,
the most catlly measurable is the lom of extenablity to an apphed
load. This 1 0 because only one parameter 15 mnvolved, the stretch
deformation of the fibers. This method b to be preferred to other
raethods, such as penctrometer or sclerometer measurements {Mangold
1927) which are far more complex and diffienlt to interpret. In what
follows, therefore, extensibility changes will be taken as the main
critena of the onset of stiffening
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1 Metheds of Measerement
The stimplest form of ility comistyinscttingupa
stnp of muscle 1n a conventonal kymograph and applyng aload tortby
hand, and this method wasadopted in carly studies by Bate-Smith (1939)
The stretch-dedformationfume curve 13 long-drawn-out and continuous
but either pre- or post Tigor can be analyzed 10 terms of three com
ponents, apid moderately rapid, and slow These can be expresed in
termn of three exponential curves, each with 1ts own comtant. Thus
deformation m time, £,= A(1—¢* ) 4 B(1—') & C(1—&
The effect of suffemng 13 then to reduce the over-all deformation in
gven ume to 1/20th to 1/40th of the pre-rigor value. Anatyns of th
curves revealed that changes sn components A and B were virtuall
completed 6 mun. afier application of the load. By conunung tt
measurements for a further 2 min the contribution of component
duning the preceding time could be climmated It was found also thy
the resting pre-ngor muscle gave & recovery curve on releare from th
foad nearly wdentical with the preceding stretch cutve, 3o that th
ratio Af(A -+ B) was victually the same for both curves, On the oth
hand if shortening occurred dunng the coune of ngor thu ratio fe
conuderably particufarly for the recovery curve, but rosc again to1
pre nigor level 23 suffening became completed
This method as outhned i3 clearly satisfactory for obtaming data c
the detmled nature of the deformation curves but 1t is unnecessar
cumbersome If a [arge number of measurements of extensibility are |
be made during the coune of ngor For this reason, 1t was abondone
in later work in favor of a more convenient routine procedure, emplo
ing the mechanical loadmg device, descnbed by Bate Smuth ar
Bendall (1948) Ths method conssts ementially of applying ar
removing the Joad on the muscle by means of an electrically operate
arm, s0 arranged that the muscle it alternately loaded and unloade
every 8 min. untl ngor iy complete. The type of diagram obtaine
is 1llustrated in Fig | It will be noted that the onset of stifferung
very clearly indicated in each case by the marked decrease of exte:
ubdity of which the best measure is the deformation or recovery
the fint 15 sec. afier application or removal of the load (Bate-Smr
and Bendall, 1949) Iflonger tmes than this are taken, any shorter
g of the muscle dunng rigor will tend to be Included 1n the mea
urement and will give an crroncously large valuc for the extension,
for example In diagrams b and d o Fig | where connderable shot
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enung occurred, as indicated by the upward displacement of the curves.

For the purposc of drawing smooth curves of the progress of stiff
emng therefore, the 13 sec. deformation 1 measured by extrapolation
on cack individual stretch and recovery curve during the eourse of
rigor and the results are plotted as percentage loss of extensibility
agalost ume. In most experiments reported, the actual load on the
muscle was sct to give a pre ngor extension corresponding to about
15% of the rest length. This load gencrally amounts to about 50 g faq
cm. of cros section

%
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e e (b) As ( hnmdeb-l;ld STC.,M 7.£I£bmX
d As (o at
7.00 to 3 70 durlng rigor ) )

a0 Well-ied rabbit, klled peioc toaxt, Tempernture 17C,
;’;H & 6.52 to 5.72. (d) Antmal exhsusted by losulin convubkions at 17C,

pH7.Z§dna.‘haIL(e)Enh1'cdu1ch§dLh:ﬂrlym|cufrlgwhnm\-dcmch
21 (n) above | moms Joad an, 1 1 mearm load off
The relation between load and extension 1 complex, but can be
empincally expressed by the equation
Extension = & log(load) — ¢ (1)

where & and ¢ arc arbatrary constanty.
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When suffening occurs, & diminushe twenty to fortyfold, but ¢
remains more or lens constant. This equation is almost 1dentical with
that of Hill {1952) relating tenmon to the fractional change of length
of resting muscle.

2. Decrease of Extensibtlity m Relaton to the Length of the Muscls

From the expenience of work on the rabbit psoas (Bate-Smuth and
Bendall, 1956) the extent of the decrease of extensibility dunng ngor
seerus to be independent of any spontaneous shortemng or lengtherung
which may have occurred, and alo of the nature of the rigor whether
“acid” or “alkaline.” Thus in “acd” ngor at 17° C., occurring wathout
shorterung  the extensibihity decreased to ~ 1/3Bth of the pre ngor
value, whereas in “acid” ngor at 37° C. accompanied by shortening of
~ 15%, of the rest length, the extensibility decreased to ~ 1/33rd,
Similarly in cases of “alkaline® ngor 1n which the shorteming was ~
19%, of the rest length, the extensibility decreased to ~ 1/36th (Bendall,
unpublished) Taking errors into account, thee values do not differ
siguficantly from one another 1n spate of the very dufferent conditions
in each case. On the other hand, Manth (1953) has reported n seriex
of experiments with beef muscle 1n which the extennbility decrease
was found to be mversely related to the shorteming which occurred
The muscles which showed the most change, however were those
held at 37° C. where there i o tendency for slight lengthening to set
in on the completion of rigor (Manth 1934), ruggesting that the muscles
may have thpped shightly i thar attachments while shortenung
and have grven erroneous extemibihity values. The amount of “slip™
required 1n this way to gne 2 false 1dea of the extensibibity would

be lem than 0.25° of the muscle length under normal loads of about
S0gpq em.

3 Time Cowrse of the Changes

The time courte of the changes of extennbility are well fllustrated by
diagrams a, b ¢, and d of Fig 1 chosen {rom the large collection at
the Low Temperature Research Station, Cambridge. The psoas
muscle 1n diagram (a) was talen from a well fed rabbit, immobilized
wath myanetin for 20 min. before death, and was held thereafter at
17 C. It represents the maximum duration of rigor 5o far observed at
Qus temperature. The diagram 1 seen to connst of three phases (1) a
phase during which the extensibihity of the muscle remains constant
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and high durauon about 11 hours. This phase will be called the
delay period (2) In the next phase extennbility decreases rapidly bat
with very little change of length of the unloaded mncle. This s the
rapid phase. (3) In the last phase extenubihity has agan become con-
stant but at a lower level. Thus, the post ngor phase, lasts for many
hours without change of extensibility nnul 1n fact, putrefaction sets in.
In contrast to thr protracted ngor at room temperature, dugram
(b) illustrates the effect of holdmg a mmilar ruscle at 37 C. There Is
still a characterbste delay period wath little or po change of the un
loaded length, but it lasts for only about 4 hours agunst about 11
hours at 17° C. and 1 followed by a rapd phase dunng which the
muscle shortens by about 15% of 1ts rest length, as shown by the up-
ward displacement of the curve. The extensbihty falls to » mi »
the shortemng is completed Dhagrams (a) and (b) are charactensuc
of well fed and immobilzed ammals, or of animals which have died
quietly On the other hand, if strugghng occurs &t death, as for
cxample when 2 rabbit v killed by stunning and decapitation, the
ngor duagrams of the muscles Involved 1n the struggle, partculardy the
pocas, are more or less foreshortencd and resemble the latter stages of
diagram (a} An example of thes type of ngor Is given 1n dusgram (c)
where the extemibllity decreases slowly at fint and then ever more
rapadly until ngor is complete. In such cases 1t is often difficnlt to
drstinguish the delay penod dearly from the raprd phase, most prob-
ably due to the unequal rates of stffening among individual fibers of
the muscle. As we shall sec Jater thn type of ngor 13 characterized first
by a low tmtal pH, mdicating the production of much lactic acd
during the struggle at death, and second by & much reduced 1nitial
level of P-C and ATP 1n contrast to gmescent muoscles 1n whuch these
three parametery are mitially very ligh. The duration of rigor however
can be reduced even further than this by exhasting the apimahs before
death by means of insulin or strychmne convulnons. Such cases are
examples of the so-called “alkaline” rigor of Bernard (1877) where
there 18 o production of lactic ackd and oo fall of pH which remams
high throughout at about 7.2. An extreme example 15 given 1n dia
gram (d} where suffe panted by considerable shortening
occurred almost immediately after exasion of the mincle. In this
case, there was no P-C present immtially and the ATP level was already
much reduced. Other cases of “alkaline® ngor have been described in
wtn:hboththcscpzrlmctenwmuwdmtdyh:gbatdazh,\dththc
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result that there wasadelay penod of about 90 min. before the rapid onset
of shortening and stffening (of Bate-Smuth and Bendall, 1947 1956)
Between the two extremes of “alkalme” and “acd™ ngor represented
1 d and well-fed Is, rapectively lies the type character
istlc of starved amimaky, that 13 anumals in which the muscle glycogen
has been more ot len reduced. If ruch ammals are immobnlized at
death, the duration of the delay period will decrease, but by no meany
10 drastically as by allowing a struggle to occur For example, a 50%
reduction of the imtal glycogen content, that 13 of the potential glyco-
Tyns, results 1n curtailrent of the delay period by aboutone thurd butin
a somewhat prolonged rapid phase (¢f Bate-Smith and Bendall 1949)

We can thus disinguish the following types of ngor

(1) Aad ngor charactenzed 1n immobilized animals by a long delay
period and a fast “rapid phase,” and 1n struggling amumakbs by drastic
curtailment of the delay perod  Stifferung is accompanied by shorten-
1ng at body temperature only

(2) Alkaline ngor charactenized by very rapid onset of ngor and
marked shortening €ven at room temperature,

{3) An intermediate type, characterized in starved anumah by cur
tailment of the delay period, but not of the rapid phase. Some shorten
ing occurs dunng rigor at room temperature,

As we shall see later the type of rigor which will ensue at any
temperature is strictly determined by the magmtude of the imnal
P-C, ATP and glycogen contents, of which the mitial and final pH
values are an indirect measure {Manh  1954)

Similar results to thote reported here for mbbit muscle have been
obtained for vanows beef muncles by Manh (1934) and Howard and
Lawne (1936 1957} and for hone muscle by Lawne (1953) Thee
studies were manly confined however to "acad™ ngor because of the
difficuldey of controlling the ammals response to experimental treat
ments. Neverthelen, Howard and Lawne (1956) were able to exhaust
a bullock sufficiently by insulin convuluons to grve an “alkaline™ ngor
characterized by preapltate onset, a3 1n the example shown in Fig 1d
The main differences found by these workers were in the duration and
not 1n the overall pattern of ngor  Particularly noticeable were the
differences in duration between indnadual muscles of the sgame species,
of which the extreme example 1s heart muscle where ngor 15 completed
very rapidly afier exanon, \Many of these differences however can be
attributed to differences in the iuual levels of P-C and ATP
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B Covcosarawt Craxors ov “Texroxe”

Side by nde with the changes of extendlbility which oceur dunng
nigor there 15 a marked change m the “texture” of the muscle, which 1
soft and stcky befbre ngor and later becomes hard and dry s stiffen-
Ing sets in. This dry texture may later change to 2 mouter condition
often characterized by an actnal exudation of flud, the socalled
“weep " The extent of the “weep™ 13 mainly dependent on the pH and
the temperature, and becomes noticeable only when the final pH n
well below 60 Tt 15 increased greatly by rajnng the temperature
37° C, where the muscle, as 1t shortens, may squeeze out of fself as
much ay 15%, of itx weight as “weep” (Bendall, unpublished obser
vauons) “Weep” 1s entirely absent 1n cases of starvation or exhaustion,
where the final pH of the muscles 15 above pH 6.3 and 1t cannot be
induced under these conditrons at 37° C. in spite of the conuderable
shortening which occurs. (Bate-Smith and Bendall, 1956) It must be
stressed that, weep or no weep, the extemibility remams low and
constant at the stage.

The change dunng rigor from & soft and sticky texture to a dry and
hard texture can be assessed in a semi-quantitative way by means of a
sclerometer (Mangold 1927) the prnerple of which 13 to measure the
depth of indentation mto the mincle subatance of 2 weighted steel ball
or plunger Clearly tho method involves several parameters at once.
The actual hardness and extendbility of the moscle bundles, the caxe
with which they may be pushed apart, and the mdeternunate changes
10 form of the uregnlar solid mass are concerned in the measurement
recarded. In spite of this, the pattern of change closely parallels the
extensibility changes, so that & “delay peniod,” dunng which the
“hardness” remains low but conytant for several hours, 1 followed by a
phase of raprd mcrease m hardness, which may in 1t tarn be succeeded
by aslower but connderable, decrease. Thus latter phase Is partrcularly
noticeable 1n whale muscle (AMarsh, 19521) where 1t s accompanied
by a Jow pH (5.3) and the extrusion of much weep probably due to
scvac damage to the sarcolemma, watboat which the Joss of Aud
would not be likely to occar Thes wonld have the effect, from the
pomtoﬁma(ldcmmct:rmamnmcnu.d'wmtrtmgzbcmmde
bundles from firm “rods™ of intact fibers to flacad tubes of eadly
expressible flnid.

e can 12e the sl finding; y as follows
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(1) In the pre-ngor penod, the low value for bardness 1 attribut
ble to the low remstance of the intact and extenmble fibers to nde-
vays deformation by the steel ball.

(2) The merease 1n hardness dunng the omct of ngor 1 due to the
ndden decrease 1n extennbility of the fibers, and ther increased re
stance to lateral dformation, At this stage, the sarcolemma is still
mw:t,-othztmyﬂmdwhiahmyhnvebccnlmtﬁ'omthcmbmncc
of the fibnls will be held wathin the fiber

(3) The observed decrease 1n hardnens which may follow if darmage s
dotie to the sarcolemma under highly add conditons 1 due to the
easc of extrunon of flurd from the fibers and bundles of fibers, amilar
to the effect of pressure on a leaky tube of find. This has little or
nothing to do with the extennbility of the fibers, which remains low
and constant within the leaky membrane,

C. Is Rigor A SLow »uT IRREVERSTBLE CONTRACTION?

The 1dea that ngor 1 really a slow but ureversible contracton or
contracture is mentoned frequently 1n the older hiterature (¢ g Taylor
1910) and even in more recent umes (Bendall, 1951) it has been
suggested that shortening s an essential part of the procem. Connder
able shortening can indeed occur dunng ngor etther under alkaline
conditons {c.g Fig 1d) or at lugher temperatures (Fig 1b) and co-
inades in ime rather exactly wath the disappearance of ATP from the
muscle. Stress has been laid on this feature as confirmatory evidence of
the theory that 1t 13 the sphiting of ATP which is respomsihle for con
traction (Weber 1952 Bendall, 1951) but more recent studies of the
shortening of muscle models n the presence of ATP have shown that by
companson, the shortening dunng ngor 1 fecble and yiclds only a
tiny fraction of the power developed by the models and can be over
come with compamauively light Joads (Bendall, unpublithed obser
vators) Lvidence from histological studies also goes to show that the
thortening 1n ngor never involves more than a fraction of the fibery, as
can be scen from the photographs in Plate I which thow (a) a long
tudinal section of a muscle which went into ngor wathont shorterung
and (b) a unular section of a muscle allowed to shorten at 37° C. by
about 40°, of 1ts rest length. In (a) all the fibers are straight and 1how
marked eros stnations, whereas 1n (b) a few fibery are straght, but
without stnatons, and others are violently dustorted. It 15 reasonable to
amume that the straght fibers were the actrely contracting ones, and
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that n shortening they had casued the fibers on esther nde of them to
fold pamvely into more or less irregular S-thapes. Although the dif
ference between the two types of fiber cannot be attributed directhy to
apy one chermcal change, it appears likely that the active fibers are

: r ‘Ql»w N
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Prarz In Loogrtudinal sectiom of peoas ouncles which went jato rigoe at 17C.
without shortening

those 1 which ATP has been reduced rapadly to & level at which the
relaxing factor of Marth (19522) can no Jonger exercse control over
the contractile system. Thu hypothens will be duscumsed more fully
later

Similar arguments apply to rigor 1n ox and horse muscle, where
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shortemng be taken as an
may be considerable, but again must not

ability to perform large amounts of work. For instapce, httle or no
xlmmmgtnkupla:clfthcluadumcxuxdnbuvclbml 150 g /sq
cm., whereas 1n the case of contraction 1n the hving muscle, the op-

Prarr th. Looqtudmal sectrom of puns mincles which went into rigor at 37°C.
with shortenine of ~ 40% of the rest length.

timal load for the masmal work or power output 13 1n the neighbor
hood of 1000 g feq em (Hdl, 1939)

Te summanze these findings we can say that “comtractron™ dunng
ot 13 always weak and slow lh:tnmcndsmrrapa—»oddboun
tmtead of seconds and that, once complete, 1t 1 quite irrevernble.
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From the evidence of histological studics, & minonty of the fibers have
actively contructed whereas the majority have been merely pasavely
compressed and distorted 23 the process cantinued. Rigor ensoes 1n the
shortened fibers, #o that they become fixed at this shortened length, In
muscles 30 shortened, it Is these ervtwhile "active™ fibers which now
entirely bear the applied load swch muscles mught sppear to be moce
extermble, under heavy loads, than those which have not suffered
shortenlng (cf. Manh, 1953)
D Trr “RasoroTion” or Ricor

We have already mentioned 1n pamng the so-called resolution of
nigor but it 11 necemary to extend these remarks in an attempt to clear
up the misconceptions which have aruen about it. It now appean
certan that ngor measured m terms of extennbility does not pas off
for many days under ascptic, laboratory conditions. Thus, beef muscla
held at 7* C. m mtrogen for 7 days after development of full ngor
showed no increase in extennbility (Marih, 1954), and even st 37° C,,
no change of extemibility occurred in the 24 hours followmg the com-
pletion of rigor Similar results have been reported for rablnt muscle
kept at §° C. (Bate-Smith and Bendall, 1956) In all these expeniments,
no bactenal putrefaction way in evidence It thuy appears that “reso-
lution” of ngor n impomfble without the interventron of some ex
tnnsc agent or applicd force, and from the abundant evidenee of
forensic studies, It 15 clear that putrefaction i the chief extnnac canse
(Taylor 1928) In spatc of this evidence, b many physiolog
have trred to show that 1t & due to some intrnuc change such &
dinolutron of myosin 1 the Iactic 2ad produced (Hermann cited by
Taylor 1928) coagulation of the proteins resuling m lom of hydro-
phulic properties (von Fiirth, sec Taylor 1928) or the release of
destructive enxymes within the dead muscle. None of these suggestions
appears to have any foundation in fact. It is suffictent to quote the oft
repeated observation that the quicker the onset of rigor the quicker 18
resolution i the mtuct corpse. Since quicker omsct is gencrally accom-
panted by production of less acid 1t 13 clear that the rate of resolution 18
iversely and not durectly related to the acdity On the other hand,
the more alkaline the conditons, the more rapld s the bacterjal growth,
nothnunppc:nmmmrycomrdxfarmyodm-umcfbrthe
accompanying resolution than the proliferation of putrefactive organ-
nms withm the muscle tesue,
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In thn connection, the work of Bames and Tngram (1855) 15 of
mterest, nnce they were able to show that the relatrve rate of anaerobic
bacterial growth Increased rapidly just after the onset of ngor what
ever the aadity of the muscle Thus they attnbuted to a fall of the redox
potential which reached a low value dunng this decistve phase, at
Icast under the speaal conditions of therr study Whether or not this
fall of redox potential 1 common to both “acd” and “slkalme” ngor
cannot be decided from their expenments, There is however another
postible interpretation of the results. The greatest chemical change,
other than acdificatron, which occurs under all condrtions at the tme
of onset, i the conversion of ademune to inonne nucleoudes. Since st s
Lnown that the former arc far more toxic than the latter at least in
amimal tsues, thu alone may account for the mcreased growth of
bactena,

E. Tne Strucrurar Baso of THE PaysicaL Cnaxce

Before the advent of the dlectron mucroscope, many models were
put forward to oxplain the stretch-deformation curves of muscle as
measured before and after rigor Most of these onginated from theo-
retical conuderatons 1nvolving a senes of damped and undamped
springs and were not founded on any real sructures within the muscle
itself apart from the well-recognized sarcolemma on the cutnde of the
fiber and the contractile elements within. (. Weber 1934 Houwank,
1937 Bate-Smmth, 1939) Hill (1939) had already cnticized theones
based on this conception of free and damped springs. He suggeated on
the other hand, that the mam elements involved were a parallel
clastic component, which took most of the strain when a resting muscle
was stretched and 2 senes clastie component, which came into play
only i the contracting muscle He considered that the contractile
clements themuelves were too eatily extentible under resting conditions
to account for the deformation curves, which he attributed solely to
the properties of the parallel component, perhaps identifiable with the
sarcolemma. If thn 1dea 1t conudered in relaton to ngor 1t 135 dear
that the mam change dunng the process must be 1n the contractle
elements themselves mnce none of the concomitant chemcal changes
are Likely to affect the ibility of the sarcol nguficantly
This of counse has become cven more hkely since the discovery of
3cum as an exsential pant of the contractile mechanum and of the
ability of this protein to combine with myonn in the absence of ATP
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(Szent-Gydrgyl 1945) and by the further ngnificant duscovery that
myvnn iy ocated exclusively in the A bands of the mincle (Hand-
bach, 1953 Hanson and Huxley 1953 1955 1937} Nevertheles, a
nmple arrangement of parallel actin and myonn filaments will not
account for the changes dunng ngor For this reason alone, the fint
muscle model proposed by Hassclbach appean to be mnadequate This
model consists of the schematic arrangement shown in Fig 2.

The actin filaments are taken to run in ag unbroken chain through
the I and A bands from anc Z membranc to the next, and the myoun
is located exclumvely in the A band. Taken as it stands, this mode

zvf‘N\lz
> TSI
| ety

\MYOSIN ACTIN}
Fig 2 Muscle model of Hasmclbach,

presupposcs a high degree of extemibility to reude 1n the actm chalos
bcfore ngor Thu extensibihty is reduced during ngor by the formstion
of actin-nryonn linkages. Unlen further amumptions are made, the
extennbility can be reduced by thu means only by an amount pro-
portional to the ratzo of the I band length to A band length Since the
1 band at rest length 5 about half as fong as the A band (Hanson and
Huxley 1957) the total effect of reduang the extensibulity of the
materal m the A band to zero would be to decrease the overall ex
tenuibility of the muscle threcfold. In fact, the extenmbility of & mucle
at rest length decreases twenty to fortyfold during ngor as we have
scen above. Thus, the nmple model is at variance with the facts, unles
a decrease in the extenibility of the actin chmins of the I band is sl
volved. It is difBieult to see why this shoold come about.

The model of Hamon and Huxley (1955 1957) on the other hand,
cxplams the c.hnngu during ngor much morc mdﬂy without wmvolv
Ing any add:ti Thus 1 Ibach s model In
thatthemnmclcmmuucpmudmdmuiculblechumo(uqiumd
myosin, It differs, however in the impartant respect that the actin
chains are considered to be discontinuots in the region of the H zone
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of the A band and to be joined together by a protan of low dennty
and high extensibihty The myonn chan, on the other hand run right
lhmughthuﬂmnc.ThCHnmonundHuxlcymndclulhmmm
Fig 3

lgI‘hnmod.clbeh.lvc:ccrrct:ﬂynfn.ruth:pn:—ngormumleucon
cerned where stretch deformation results n pulling the actin filaments
out of the surrounding myoun with consequent lengthening of the
H and T bandy. The main deformation occurs 1n the ughly extensible
H band filaments. In the intact muscle, as apposed to the moddl, it i,
of course, likely that the mam stress b5 taken not by the H band

1 L 1oz

* COSTIITITIITTEITISII ST

CTTIIIYCISTITTIITITTITICITYRONGY

MYOSIN ACTIN}
Fig 3 Muncle model of Hamson and Huxley

material but rather by the sarcolemma and connective tusue sheaths
around the fibers and fiber bundles, respectively On the other hand,
when the muscle goes nto nigor the actin in the A band becomes
bound to the myosin and the extensbility falls to that of the actin
filaments, which 1 assumed to be Jow and comtant throughont, and of
the newly formed actomyonn filaments of the A band. Thus, the model
competently explains the two most charactenstic features of ngor the
very great lon of ibility and the independence of thiy extensd
bility of the length of the muscle at the ime

UL CHEMICAL CHANGES UNDERLYING THE PHYSICAL CHANGE
A. Cuaxars Dectey RELATED TO STIFPENING

The chercal change mont easily measured dunng the course of
ngor mortis in normal ammaly i the gradual aadification of the
muxcle, due to the production of lactic acd from glycogen through
the ghycolytic cycle of Embden and Meyerhof (. Needham, 1942)
Thus change sets 1n at the moment of death, unless the oxygen supply
to the muscle can be artfically mantained 1n some way or another
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17 the latter condition can be samnficd, a3 for example i thin smps m
purcuxygtn,llhponiblcmk:vplhzmmdcinmmmxﬂﬂepnr}gor
state for at Jeast 48 hours afier death, and then by changing to an
atmosphere of nitrogen to bring on the normal acxdificaton, and with
1t the onsct of suffemung (Bendall, anpublished results) At fint ught,
this evidence suggests, as we have already had occasion to menton,
that aaid prod 1 tself the & dizte canse of suffening and for
2 Jong time this was accepted as the cas, although the work of Claude
Berpard (1877) and of Hoct and Marky (1926) an “alkaline™ rgor
shonld have sufbced to show thar the was not a general rule, and that
some other change mnst be sought. This change was finally anocated
by Erdbe (1948) with the loss of ATP from the muncle. This idennfi-
cation was made pouible by the senies of discovenes begimning with
that of the ATPase acuvity of myosin by Engelhardt and Ljubimova
(19%9) and cul 1ng 1n the d ation by Szent-Gybrgy: and
Straub (Szent-Gyrgyl, 1945) of the comtractihty of artificially pre
pared actomyonn threads in the presence of AT? Even so, the work of
Erdfs was not sbsolutely couclunrve, because lactic aad producton
also occurred under the condidons of by expeniments, whereas the
generul validity of the ATP bypothess depended on thowing the aso-
artion of suffenmg with the dissppearance of ATP under all conds-
dions, and particularly ander conditions of alkaline rigor This was
finally proved by Bate-Smith and Bendall (1947) Once these facts were
established, it was pomible to study the influence of other factors on
delaying the loss of ATP and extending thercby the duration of
ngor (Bate-Stmth and Bendall 1940 Bendsll, 1951 Lawric, 1953
Manh, 1954 Bendall and Davey 1957) As would be expected the
chief factor 13 the mechamsm for the resynthesis of ATP that by the
supply of phasphocreatine (P-C) and of giycogen m the musde
winch operates firt through the Lohmann reaction

ADP + PC 2 ATP + ceanne )

2nd secondly through the Embden Meyerhof glycolytic cydle, where
three molcs of ATP are resynthemred for every glucose anit of glycogen
dmappearing (Needham, 1942} Thrs of course, presupposes that the
determning step 1 the process s the spliting of ATP by onc or other
of the ATPases present mn the moscle, snce witho  this primary event
no resyathesls, that s, no “orgt A occur The
mymbcﬂcmccb.m.\nncan 5 tugh and con
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stant Jevel as long as the P C supply lasty, 30 that at this stage the
:phttmgmdraynthcmofATPmmcdymbalmec.chuudthn
pomnt, however splitting increanngly overtakes resynthens, and the
ATP level begins to fall, whether glycosyss bs proceeding or not
(Bendall, 1951 Lawme, 1933) Simultancously wath this breakdown,
ammoma and inosine monophosphate (IMF) appear in amounts
equivalent to the loss of ATP probably through the chan of reactions
ATP — ADP 4P, (ATPase)
2ADP 2 ATP + AMP (myoknae) ]
AMP — IMP +NH, (deaminae)

These reactions result in the rapid fadlure of the adenine nucleonde
supply and the precipitate omset of rigor (Webster 19532 Bendall and
Davey 1957) As Bendall and Davey have shown (1957) the ammonia
liberated or the inomne nucleotide formed are nearly exact measares
of the amount of ATP dephosphorylated, and are to be preferred for
1hn purpose 1o the estimation of the acad labile phosphate (P ) which
was used as the critenon of the ATP level in earlier work (cf. Bate
Smith and Bendall 1956) The latter parameter can be shown by de
tailed chromatographic analyns to be reliable only in the early phase
of rigor when the ATP level i hugh and constant and little or no IMP
hay yet been formed Later b , scid labile phosphate esters of
nop-nucleotrde ongin are formed 1 amounts which may seriously
invalidate the P values ay a true measure of the ATP level For thus
reason, the results reported here are calculated on the p
(a) that the mital P,, values represent the true initial ATP level and
(b) that the tubscquent formation of inoune nucleotides, measured
spectrophotometnically exactly represents the loss of ATP The latter
awumption o not quite justified because, as we shall see, trace amounts
of ITP and IDP bendes IMP are formed dunng ngor This introduces
a positive error of pot more than 2 of the total nucleotide content.
Apart, however from the rather cumbersome, but mare accurate
chromatographic methods, the scheme outhined represents the quickest
and most reliable way of estimatng the ATP level. It will be noted
from Fig 4 that it removey the apparent anomaly frequently encoun
tered 1n carfier work by Bate-Smuth and Bendall (1947 1936) of the
perustence of large amounts of labule P, 1n the post ngor penod, which
were evidently of non-nucleotide ongn.

Thcumccouncoflhcchcm:cnlchangudunng:udngmubut
Mustrated in the muscles from well-fed animaly, immobilized before
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death. These conditions ensure hugh injual levels of glycogen, P-G,
and ATP and also a high initial pH, so that the duration of ngor and
the production of lactic acd are both maxmal (Fig 4) The prodoc
tion of lactic acxd (LA) and lows of glycogen (G) are given 1n these
expeniments In terms of the fall of pH to which they are Linearly re
lated asshownin Fig 5 It will be noted that, in the cate of glycogen,

D)
i
Iu- \%————- qasi
'En- ~C \\\_- _‘w
1 ~ o |
x| i
A )
2 1
i -

Fro, 4 Time coune of the chemical and physical changes during riger In the
poowns mmuamcie of an fmmobilsed anmml. Tanperature 17°C.
Fall llacs —— wellfed ankmal, pH change 7.0 to 5.6,
Brokens bnes ~ starved animal. pH chenge 7.0 to 6.3,
thus lincar relation holds ouly from pH 7 I down to about pH 5.80 at
which pomt glyeolyns slowy down, so that varying amounts of glycogen
are left in the muscle after the changes are complete. Thus g3 the so-
called “restdual glycogen™ dexenbed by Lawric (1955) in harse mruscle.
The pH at wiich this residuc accumulates appears to vary conder
ably in different mmuscle of the same species. Taking this provmo ato
account, we can write far the rabbat psoas
:TMH-%-”N H fpHg of muscle (from pH 7.2 to 5.6) mw rewyrtbeshs
of 9751 males of ATP from ADP*
Sce Bato-Semith and Bendall (1956)
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The most charactenstic features of the early stages of chemucal
change (Fig 4) are (a) the low rate of fall of pH, that u rate of
glycolyss, and (b) the steady level of ATP Both of thee factors
reman constant until the P G level has fallen below ~ 5 pmoles/g
Beyond that pount, however the rate of glycolyns accelerates to about
1} times the wital rate and the ATP Jevel begms to fall accompa

o

fycogen (o glucose)
¢ Locucmu:ﬂ »Lﬂg,",‘mg/e

Fia. 3. Plot of mitla! content of ghycogen and of Gral content of lactse s63d against final

PH of the rmmcle. \nimab immobilred before death,  =Glycopen, x =Lactic acid.
nied by the production of ammonfa 1 equivalent amomnts [tec
Eq (3)] Thus fart phase begins at pH 6.5 that1s when ~ 3 mg of
glycogen/g have been lost, This clearly fllustrates the “spanng” effect
of P Con ATP and glycolyns, although the increased rate of glycolyss
which subsequently sets 1 more than compensates for the loss of
resynthetic potenual, as we shall see later

It wall also be noted that the extennblity decrease does not begin
until the ATP level has fallen to ~ 2 pmolar/g., the enncal leve) and
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then proceeds rapidly This crincal level of ATP however s not
constaat for all types of rigor but vanes with pH and s mnch hugher
1n alkahipe than in acid ngor

The changes illustrated in the figure took place at 17* C., but ther
general pattern 1s the same whatever the temperature. Thos, at 37° C,
the rate of all the changes is accelerated almost exactly 2.5 tmey, but
the relation of the changes, including the extennbility change, to onc
another remains unchanged Similarly the changes at 0° C. arc 1.3
umes slower than at 17° C,, but again withont change of pattern (ef.
Bendall and Davey 1957)

The pattern of changes can be markedly altered at all temperatores
cither by starving or exhausting the amumal, or by allewing struggling
to occur at death. The effect of starvation 13, of course, to rednce the
wtial glycogen content, so that the final pH mn full ngor 1 generally
above 6.5 mmtcad of below 6 0 as1n well-fed animals, Thr does not
affect the rate of loss of P-C or of fall of pH, but affects the other
parameters as shown by the dotted Lines 1 Fig 4 It Is scen that the
ATP level now drops somewhat earlier although at nearly the tame
rate. In contrast to these relatively small differences in the pattern of
chermeal change 18 the marked curtaslment of the delay before the
cxtennbility begim to fall, although the fall once begun, 19 stower than
m the first case, In these cases, the critical level of ATP 15 now raned to
~ 4 umolafg

When struggling occurs at death, the muscles which are tvolved,
such as the proas, show a characternneally low imtlal pH a high
mtial LA content, a low 1utial level of P C, and a reduced level of
ATP which fally from the of death, p d by further
acdification, the extent of which depends on the imtial glycogen con-
teat. In fact, the pattern of change closely resembles the later stages of
Fig 4 charactenstic of immobilired amimaly. There 1 the smportant
difference, however that nather the extenubiity change, nor the
dusppearsnce of ATP are well-defined, endently due to varying
rates within the indvidnal fibers which took part 1n the death struggle.

Although struggling at death may hasten the anset of ngor by several
bours, the effect of complete exhanstion of the ammal before death,
eg by means of msulin or strychmine convulnons, 1 even more pro-
pounced and usually gives mse to preapitate onset as illustrated 1o
Fig 1d. In this case, which 1s an cxample of the to-called “alkaline
nigor™ of Bernard (1877) there was no glycogen in the paoas at death,
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1o LA production or fall of pH, no P-G, and a lowered level of ATP
The extennbility was lost almost immediately on exanon. Thus 1
typcal of alkaline rigor in the psoas, although very occasionally exam-
ples are found where theitial P C and ATP contents are high and the
omsct of ngor 1 consequently delayed for about 80 min. after death,
(df. Bate-Smuth and Bendall, 1956) Cases of the Iatter type llustrate the
effect of P-C on the rates of change when glycolyns 1s ennirely absent.
Such cases show that, by itself P-C 13 no more effectrve than glycolyns
alone in prolonging the delay before onset of ngor It 1, 1n fact, only
when both resynthennng mechanmms act together that rigor can be
long delayed. The reason for this may be that ATP is not only attacked
by ATPases, but 11 also lost dunng glycolysis, at the stage of the phos-
phorylation of hexose-6-phosphate through the reaction

ATP + bexcae6-P — froctose-drP + ADP *)

If the resulting ADP can be rephosphorylated quickly enough, as s the
casc when P-C 1 available, there will be lttle chance of other en-
zymes, such as myokinase, attacking it (myokinase would produce &
molecule each of ATP and AMP from two molecules of ADP) Thus, at
thn stage there 18 no draun on the ATP level. When the P-Clevel 8
low or zero however the myokinase reaction wall convert some ADP
to AMP in this way and the latter wall be immediately deaminated to
IMP by the actve fibnllar deaminase, thereby irrevocably drasmng
away the adenine nucleotide supply through equation (3) Thus, ATP
always disappears rapudly if glycolyus is unsupported by the P-C-
linase reaction. On the other hand, when P-C 13 the only source of
resynthesds, as in alkaline ngor it will bear the whole brunt of the
attack by the ATPase, and will be druned away much more quiclly
than when supported by glycolysis.

We can summarize the chemical changes as follows

(1) Glycolyns, measured as fall of pH proceeds at a slow rate from
the moment of death unnl the P-C level has been reduced to about
5 moles,g It then aceclerates, and as this happens the ATP level
begns to fall, with equivalent production of INMP and N\H,

(2) 1f glycloyns nt restneted by stanvation, the ATP level fally some-
what earlier than in the presence of adequate glycogen.

3) If the P-C level is reduced by strugghing at death, the ATP level
falls almost immediately as 1t does when the glycogen content is
abolshed completely by extreme exhawston.
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(4) These findings illustrate (a) the spanng effect of P C on ATP
and (b) that nather glycolyus nor P-C alone can delay the ds-
appearance of ATP for long

(5) The ATP level at omset of stiffening vares with the pH at the trae.

B Tur Erfrect or TEMPERATURE OV THE Prvarcar
AXxp CrEsmical CHANGES
The effect of rausing the temperature from 17 to 37° C. hay been
superfiqally discussed in carlier sections, when 1t was seen to consist of
(a) 2 2} fold increase mn the rates of change and (b) a marked increare

T —T L

o

8

Toma for halt change a1 fraction of change at 0°C,

o
3
3
8
3

Tempessturs (0°C.)

Fro. 6. Plot of temperature agabmst (2) times for half change of ATP (@) P-C (x}
and extensibihty (1) o rabbit psoss, post mortem  (b) time for fall of pH from 70
t0 6.2 in beef muschs (A) (witer Marsh, 1933) Times given as fractions of timeat0'C

1n thortening duning ngor The temperature effect is shown in more
detarl 1n Fig 6, where temperature 15 plotted against the times for half
change of P-C, ATP and extensibility respectively a1 frachons of the
time at 0° C. The three parameters decrease almost 1dentically as the
temperature Is rused the rate of decrease in each case accclerating
markedly abave 25 C. Thus acceleration u even greater in beef muscle
(dotted ines), wath the result that the daration of rigar which m about
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the same 10 both animaht at 37 C. 13 }} tmes greater in beef than n
rabbit muscle at room temperature (\Marsh 1954)

The effect can be expremed in another way by cormdermg the
actrvation energy of the process, winch 18 basically that of the rate-
determming step the splitting of ATP Thus, the activation energy m
the range of 01025 C.s ~3 X 10°g cal. m beef and rabbit muscle,
but nses abruptly above this pownt to & new levelof ~2 X 10°g cal.
i beefand of ~ 1.2 % 10* g cal in rabiat. The reason for this abrupt
increase 1 not clear but it could be taken to mean either that two
enzymes are involved 1n the pnmary step or that one ATPase alone 18

T T T

Temperaturs (°CJ
Fra. 7 Plot of temperature agamst work dape durmy ngor Iny bblt pecas
vaxcley at three dafferent bevels of fimal pH (full lmes) (b)bu:h(::\)n:llu(hokcn
Tioe) at fmal pH vatues of ~ 5.70 {alter Manh, 1933)

responsible, the phyncal state of which changes entically wath temper
ature. In this respect, the man ATPase of the muscle, that astotiated
with the myofibnls, behaves quite differently and hay a nearly con
st actvaton energy of ~ 2.5 X 10* g cal. when actvated by Mg™
and of ~ 1.2 X 10* g cal. when activated by Ca™ over the whole
range from 010 35 C. (Bendall, unpublnhed observations)

Unm:dxh: chemical changes, the degree of shortening and the
amount of work done dunng ngor depend not on t ture
but also on pH (d Bendall, 1951) The tﬂ'cctuid;,)hwﬂt:rpc;czlcr
above 25 C than below a3 with the other changes (Fig 7) We can
12) therefore, that the effect of temperature on the chemeal and ex
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(NH), 80 /100 ml (humagu o ., 1955) and ater in the sarco-
platmic granules which are present in this fracnon (Portzehl, 1957
Weber 1957) It has been shown to possess the following propertia
(1) It inhibits the My actrvated myofibriliar ATPase completely at
w nize concentrations of ATP (Manh, 1952b Webster 19532 Bendall,
1953 Hasmelbach and Weber 1933 Brgg and Portzehl, 1957) This
inhibition 1s relleved by traces of Ca** but not by Mg™ even i excen,
(2) Becawse 1t inhibuts the ATPase, the factor reversa the ATP
induced syneresis of nryofibnils (Manh, 1952b) and induces relaxaton
1n loaded fiber models (Bendall 1933 Haselbach and Weber 1953)
(8) It is senmtive to 1onic strength, and {s neffective befow I« 0,05
These properties distingunh the factor from the over-optimal
effect which is overcome by addition of excess Mg* and 1 relatrvely
insensitive to 1omic strength (Perry 1956) Thus dunnction 1s made
plan by comparing the two effects under identical conditions, as in
Table I (Bendall, unpublished observations)

Tastx 1
Errxcr of Over-ortraal (ATF) Ao Aazot Faqros ow tax AMyormemiax
ATPam ActrviTy

Splitleg as o atoens Pyfmg N in 2 mm
(ATP) InmAf  Fibxib slone  Flbells pho factor

2 28 040
4 30 [

6 21 006
8 14 03
10 1t 030

Factor prepared by precipita tion from muscle extrect with 15g $0,/10021,
followed by dmalysh. Buffer 5 mAfphosphate/160 mAf KC) pH7.32, B! -4mM
concentration of myofitells 33 4 mg. protein/ml of factor ¥ 3 mg. peotrmfrol Mo
ATPaw activity in factor alone,

From thu it 1 scen thet the factor completely inhilnts spliting at
ATP concentrations at which the Perry effect i minimal, This arguss
strongly n favor of the factar as the natural mechanuym controlling
the myofibrilar ATPase sctrvity It thould be nated however, that It
wall mhibet only the myofibrillar ATPase and not the relatively feebic
sarcoplasmic enryme.

Al:ll)mughwchawwm that the myofibrillar enzyme need show only
about 1/100th of its maxymal actrvity to explain the very low rate o
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splitung dunng rigor there are the following reasons for believing that
1t does not participate even to this extent

We know that myofibrllar ATPasc actwty alwayt results In devel
opment of tennion or performance of work, mnce it 13 evidently from
this source that contraction 1 rre durectly dertves 1t enexpy (Weber
1956 Perry 1956) If the sphtting dunng the delay penod of ngor
were due to this enzyme, we should expect it, therefore, to be accom
pasied by shortenung and the performance of work, whereas no such
change of length occurs at this time, but only later during the phase
of rapid ATP-duappearance. Even under optumal condsons however
the work done rarely exteeds 13 g cm./g Assumung an cffiaency of
307, and a frec energy change of 11 millical {pmole of ATP split to
ADP thn amount of work would require the splittng of no more than
01 umoles of ATP, yet the actual amount of ATP split while the mus-
cle 1 shortemng 11 ~ 4 pmoley, equivalent to a potennal work perfor
mance of ~ 600 g cm.fg Thus, even dunag thorteung  the myo-
fibnllar enryme contributes < 3% to the total splitang the other 979,
being due to some other ATPase whuch Is mechanieally without effect.

From these arguments we may conclude that the myofibnllar
enzyme plays no significant part in ether the chemical or physical
changes dunng ngor and that control over it by the Manh factor is
more ot less complete.

The sarcoplasmic ATPase, amociated with the granules (Rielley
and Meyerbof, 1948 Permy 1952a) 1 the only other well-defined
ATPase of muscle, and this alone suggests that it must be responnble
for the sphiting dunng ngor Its pH/activity curve differs, however
from the charactensic curve of Fig 8 in having an opnimum ag pH
70 nstead of 6.2. Thls does not necessarily argue agaumst it, becamse
11 may be extremely senugrve to its environment as are other particulate
ATPases, such as that of Liver (Kielley and Kuelley 1951) Enzyme
actmity of this type remauns latent under mild conditdons and is only
“relemsed™ a3 he conditions become more wvere (Harman and
Ratyalara, 1955) It may be, therefore that the pH change dunng
rigor u a sufficient sumulus to release the activity 10 that the apparent
PH acuvity curve & really a pHjlatency curve and dooy pot truly
represent the actiaty of the free enryme. \oreover a latency
Phenomencn of thus type might well explain the confusion which cxsts
over the so-called sofuble ATPases of muscle, such as that reported by
Salov (1841 to have a pH opumum at 60 and the simular iryme
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studied by Humphrey and Hamphrey (1950) Stll another point m fine
with these arguments s the abrupt increase in the activation esergy
above 25 C. (rection 111, B) which might be expected 1n the case of
an enzyme of this sort, due to heat [ability

We may conclude, therefore, that the man sphtting during ngor b
attributable to a sarcoplasmic enxyme, probably identical with the
grenular ATPase of Perry (1952a) It follows that the low ATP turm-
over characterutic of hving resting muscle must also be due to this
enzyme (Ralckar 1944 Bendall, 1951)

D T Crrricar Lzver or ATP At Omar or Rroor

We have seen earier that the 1mpal level of ATP at which ngor sets
in 13 about 2 wmoles/g at low final pH values, that 1s in acd ngor and
about 4 pmoles/g 1n alkaline ngor These differences 1n cntical level
have been attributed to the different ratea of resynthests 1n the two
cases (Bate-Smuth and Bendall, 1956 Bendall, 1951) suggertng that
stffening 15 dependent not so much on a endeal level of ATP, ason 2
lowered level asoaated with a decay of resynthess. Tho, sn alkaline
ngor the ATP level i often not “supported ™ by any resynthens what
socver whereny in acd nigor resynthesis from glycolyms continoes untit
almast all the ATP has dissppeared This hypothests certainly accounty
for the facts, but 1t now appears unnecessarjly cumbersome in view of
more recent expennmental work, Thus, Briggs and Portzchl (1957) have
shown that relaxation 1n the presence of Manh factor requalres s lower
concentration of ATP at low pH values than at high, and a mmilar
finding has been reported by Watanabe and Sleator (1957) 1n & study
of relaxation 1n the presence of EDTA, These facts are the direct corol
lary of what is found in rigor so that 1t now appears that it » pH alonc
which determines the senntivity of the actomyomn system to ATP
Thu, if there 1 sufficient glycogen to lower the pH dunng the phas
of raprd ATP disappearance, stiffening will set in at & lower ATP level
than when the pH fall 13 restricted through lack of glycogen. The enineal
polntu fixed i each case by the combnned effect of pH and ATP levek

E. Orrxr Crmncat. CHanors
Batides the parametens which directly affect the tme course of
suffening such a3 the resynthennng potential and the level of ATP

there are a number of other changes which occur srmultaneowsly but
which are completely unrelated to the phyncal change, Of these, the
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mast striking are the change i nucleonde pattern (Bendall and
Davey 1957) As we have scen, the main change in the nucleotides
coamnsts in the duappearance of ATP and the formation of IMP from
1t by dephasphorylation and deamination, which can easily be demon-
strated by lon-exchange chromatography (Fig 9) In the case -
strated, the dominant peak before ngor was ATP with much smaller
ADP IMP and DPN/TPN peaks. After nigor the ATP peak duap
peared and IMP and inonne appeared 1o equivalent amounts, whereas
the DPN and ADP peaky remained more or Jexs unchanged In some
cayes, the ATP peak does not disappearso completely These, however
represent only the main changes, for nmilar samples examined by paper
chromatography show the presence of at least seven bands after the
completion of ngor (Plate 11 a and b} These conmst of a dominant
band of IMP with a smaller ATP band dote to it, 2 DPN band
unchanged in intensity and two bands above IMP which can be iden-
tificd as ITP and IDP and one below DPN which can be identfied a3
free inomne. In samples taken 48 hours afler death, free hypaxanthme
u also present (Davey 1957) ahowing that the following chain of
reactions has occurred

ATP 4 ADP 2 e 2L e — bypomantbioe + fbse (8
Simultancouwsly with this mam breakdown, & submdiary chain =
evidently poesible

,NH  jATP
ADPSIDP m———— ITP gl
+ADP

The first reaction of equaton (7) n known to be catalyzed by acto-
myosin (Webster 1958b Deutich and Nilson 1953) and the second
by the so-called nucleotide~diphosphate-phosphokinase (Krebs and
Hems, 1953) There are, however difficulties In accounting for the
kinetdes of the chamn, becsine (a) the deaminaton of ADP is
alow that 1t would be thought unable to compete wath the much more
rapid myokinase and glycolytc resctions for the small amounts of
ADP avatlable, and because (b) ITP 1 split by the myofibrillar ATPase
(Perry 1936) and 1 not protected from such attack by the Marsh
factor (Bendall, 1954 Weber 1956) Toovercome these contradictons,
1thubca:mgxuwdthnuuzhcADPbmmdunuun[Pctﬁémd
Straub 1949 Perry (1952b) Hassclbach, 1957] which is glowly
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d d a3 ngor is completed, (Bendall and Davey 1957) bat this
13 satisfactory only If it Is assumed that the rest of the subndiary cham
takes place close to the binding tes of the ADP an such a way that the
products themselves become bound and so protected from attack by
other enzymes. At present, the argument cannot be carned further
except to draw the analogy wath the phenomenon recently desenbed by
Hanelbach (1957), who found that the bound ADP of actin could be
split by potato apyrase to AMP and P without release of products
from the bound state.

Balda thae changes m the nucleotde fractions, which are the
culminaton of the ngor process, other changer 1 chemical compon
tion occur duning and immedaately after ngor One of these hay already
been mentioned the accumulation of P of now-nucleotde ongin
There seerns little doubt that the man part of thu fracton conssts of
hexose-diphosphate which anses at the stage of phosphorylation of
hexose-6-phosphate by ATP (Sharp penonal communication) This
ester accumulates to a much greater extent dunng acd ngor (~ 4
wmoles/g ) than alkaline ngor (~ 1 pmole/g } at room temperature or
below and n praent only in traces at the end of ather type of ngor
at 37° C. (Bendall and Davey 1957) From thy, it o evident that some
enzyme lowerin the glycolytic eycle s partially inhibited asthe pH falls

Another change which was frequently descnbed in the older hitera
ture, but was neglected after the ducovery of phosphory latrve glycolyms,
1 the breakdown of glycogen to glucose through the reacton

Glyrogen - dextrmmy —— —» maliose — s glucose
= — am lase and
amylo — 16 — glucondase maltese (6]

Thus chain of reactions, studied 1n detal by Sharp (1957 and personal
communication) seems to oceur {rom the moment of death although
only at about one-tenth the rate of the phosphonylative cycle 1t con-
tunues untl ghyeogen has enurely dsappeared Thus, 1t may wtrodoee
seT1ous errory into the esnmation of the “rendual glycogen™ of Lawne
{1955) unlens samples are taken immediately on completron of ngor
We can summanze these mucellaneous changes as follows
1} The post nigor breakdown of nucleotides continues beyond the
formation of IMP to give wosnne and free hypoxantlune ITP and
IDI'nrralmfotmtdmu::ct:mouuunnhumge_
2 Hesese-diphosphate accumulates dunng aad ngor at room
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temperature or below to the extent of ~ 4 pmoles/g It is found enly
1 traces m alkahne ngor or igor at body temperature,

(3) Glycogen can be split to glucose by & non phosphorylative rote:
the rate 13 about one-tenth of that of phosphorylative glycolysis,

IV ABNORMAL TYPES OF RIGOR
A. Tuaw R1oor arnp Traw CoNTRAGTURE

The phenornenon of thaw ngor that 1 the rigor which occun oa
thawing out & frozen muscle, has been known for many years (Cham-
bers and Hale, 1932) Thaw ngor has been described more recently
in relation to ATP turnover by Perry (1950) 1n frog muscle and
by Szent-Gydrgy: (1930) m rabbit muscle. It differs from pormal
nigor 1n that its time of onsct depends only on the rate of thawing and
that it 13 always characterized by & more of less power{ul contrsctare,
the extent of whnch ks directly related to the ATP content (Perry 1950)
Thus muscles frozen pre ngor develop more power on thawing than
those which have been frozen with an already depleted ATP level,
although Lunited thaw contracture can occur even &t very low levels,
For instance, the author has encountered a case of & muscle, frozen
Jjust after completion of normal rgor which shortened conuderably on
thawing despite an ATP content of only ~ 1.5 umoles/g Apother
characteristic of the type of contracture 1 the accompanying extrusion
of large amounts of sarcoplasmic flard the so-called *drip * whxch
may amount to 259, of the wet weight,

The phenomenon, besides its general blochemical interest, n of some
concern m the commeraal quick-freemng of meat, Trouble was
encountered, for instance 1n the blast freexing of whale mumscle, where
the onsct of rigor 15 often 5o long delayed that pre-ngor freezing be
comes posuble. Sharp (p 1 fcation) has reported, for
example that whale steaky, grilled from the frozen state, frequently
curl up and contort themselves, with expremion of much fluid, &
thawing proceeds. Such cxamples always show a high pH in the frozen
material ie & lugh ATP content (cf. Sharp 1958) On the other
hand, blast freening of meat “on the bone™ rarcly gives risc to no-
ticeable thaw contracture, partly because only a lumited depth of
muscle can actually be frozen pre rigor as in the case of bullocks
(Howard and Lawre, 1956 1957) and partly because the ngid
structure prevents thortening a8 in the case of lambs, where the whole
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depth of muscle can be frozen 1n the pre-ngor state (Marsh, 1957)

The phyncal and chemical changes dunng thaw contracture will
be described here, mamly from the author s unpublshed observations
on the rabbnt proas, because these seem to grve a rather fuller pacture
than can be obtained anywhere 1n the published kterature.

1 Chemcel and Physucal Changes

a The Contracture Phase As the rate of thaw contracture depends
pnmarily on the rate of thawing 1t follows that maxmum power
output can only be expected mn very thin fiber bundles thawng

25
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Fra. 10 Pattern of chemical and physical changes in a psoat mancle b, froren
pre-ngor at —20°Coand allowed to thaw in arr at 17°C. Approximate
duznersions of the strip were 0.5 x 1.5 x 8 cra. Load =67 g.faq cm, Total shorteniog =
S8 of ) kength, pH changr 7.02 15 6.10

extremely rapudly These, however are too small for detailed chermeal
analysis, for which 1t is necessany to use much thicker stnps with
comsequent loms of power \evertheless, such smps show the dunine
tve features common to all thaw contractures, as we see from Fig 10
Ttwill be noted first, that the pattern of decay of P Cand ATP uvery
simlar to that 1o normal ngor but unfolds m mimutes 1mtead of hours
(€ Fig 4) Sccond, the contracture begins almost immediately on
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thawng, and is complete before the ATP level has deeayed ngaificant
Iy 1 contrast to normal ngor where shortening occurs only 1n the fast
phase of decay (sce Sectons 1II C and IV C) Thurd, there 52
charactenstic notch i the shortening curve, which 1n thinner strips
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Prare T1L Longinsdiml secton of a mncle, froven 2t 20°C. and subsequently
thawed in afr at + 17°C,, with shoctening of ~ 50* of sty rest length.

develops wmio more or less complete relaxation (cf. Perry 1950 Szent
Gydrgyy, 1950) Fourth, the power output, although not maximal ]
far Ingher than 1o normal ngor- in thus case, for example, power oatpat
war 4 g can./mm. /g, compared with the maximum 1n alkalme rigod
At 37 C.of ~05g corm./mun.fg (cf Bendall, 1951) Fifth, the punmal
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turnover calculated in the absence of accurate pH date, 1 ~
QAJTPpunluPJmm[g.,whmhhunumhghuLhmthcntemmrmﬂ
rigor at this temperature (sce Section IV C)

These facts taken together suggest inmediately that the myo-
fibrillar enryme has been mare or lem actvated by freczang and thaw
mg There1s, indeed, no other way of explamning the lngh power output
and, partcularly the increased ATPase actvity which u nearly
donble thc maximal possible rate of the sarcoplasmic enryme esti-

3

Shortersng a3 % of tokol
38

0 CY 0 :
Tire (2ec)

Fio. 11 Spontancous relaxation (fall finc) on thawing of a thin surlp of peoas

e, froeen pee-rigor at —10 C., in liqud paraffn. Dumerscont 0,12 >

012 %26 cm. (Load = B4 gfwy an. Total shortenng 50°  of inntual bength,)
Broken linc shows hClcontracture of a phasc mincle (afier Sandow 1955)

mated from the rate in nolated systems (Bendall, 1953 W ebster
19532) \evertheless, the power output is sull very low and represents
only ~ 1°, of that calculated from the splitung rate at an effiaency
of 30°, As we shall see later this 13 probably due to spontancous
relaxaton which, 1o thinner stnps, scts 10 quickly after the utial
contracture. Thu would have the effect of allowang the completon of
contracture and the onset of relaxation 1n the raprdly thawing outer
fibers of the thick stnp while the core was sull frozen, thus drasucally
reduang the power The much dustorted histolopral picture shown in
Plate I11 supports this conclusion.

Turming now to a very thin muscle bundle (Fig 11} frozen 1n
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Iriqnd paraffin at — 10° C. and thawed out 5 hours later at+ 20° C,
we ace that contracture 15 almost instantaneous and develops much
greater pawer than in thick stnps. In this instance the power outpat
was ~ 400 g cm./mn.fg which, m the author’s expenence, 8 man-
mal. The contracture lasted howcver, for only 30 sec. and was suc
ceeded by rapid relaxation. No further change of length occurred
dunng the succeeding 10 min. Thay, if the thawing of the entire mass ol
a thin strip 13 sufficaently rapsd, we obtain 2 picture very nmlar to the
spontaneously reversible KCl-contracture of intact “phasc” muxda

B ;
sol Wosh 7
3
Y
i
% aof
5
i 9ol Yk
E AT/Mg
B m.L/ — + 1 +
3 0 5 w5 2 5 B
g wok . Tame (ma)
Ca
il |

Fra. 12. Effect of ATF on 2 mmcle bundle, frozen pre-rigor and nibsequently
allowed to thaw Bometncally at ret leogth in otonie ROl solaton. Crose scctonl
are2 009 mm. Load =750 g.3q o, KCI/Mg =160 mAf KQY+4 m.f MgCL, ATF/
Mg =KCNg+3 madf ATP Ca™ ~additon of CaCl, t0 02 mMf F—crude Manh
factor+the sbor e ATP sohution.

(cf broken Iin¢ 1n Fig 11 taken from Sandow 1953) Thh suggests
that m both cases 1t is the salt “flux™ which nwngs over the very
delicate balance on which the contractile machinery 13 poised, and that
when thiy “flux™ has had tme to equilibrate, the condinoms for
relaxation are re-cstabluhed 1n spite of depolanzation of the muscle
membrane and lon of membrane potential Whether relaxation actnal-
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} occun or mot will then depend solely on the availability of sufficzent
ATP

The implication of these findmgs is that the relaxing factor of Marsh,
(1952b) 15 pot destroyed, but only temporarily wactivated, by freezing
and thawing. This can be proved conclunvely by the expertment
illustrated 1n Fig 12 Here a thin bundle of muscle fibers was frozen
pre-ngor 1 awr and allowed to thaw ont omctrically m sotome KCl
wlution at its rest length It was then released and a suitable Joad
apphed On additfon of ATP KCI MgCl, soluton, the bundle
immediately lengthened under the load, showing the presence of
relaxing factor This relaxaton was mtantaneowsly and character
istrcally overcome by addition of a trace of CaCl,, and was succeeded
by powerful shortenmg On washung out the Ca** and replaang it by
Manh factor + ATP — MgQl, however the bundle once more
relaxed. Thus we have a contraction relaxation cycle which can be
artifically reproduced several imes in the thawed muscle.

A pouible interpretation of thaw contracture follows from these
rouln

(1) The first effect of thawing 18 to brng about an extenuive salt flux
through the muscle membrances, which relcases some of the Ca*
bound to the myofibril (Hancdbach, 1957} therelyy intubnng the
relaxmg factor stumulating the myofibnllar ATPasc and thus setung
the contractile machinery 1n motion.

(2) If thawing is almost instantaneous, however the salt balance
throughout the man of fibers quickly equilibrates, with the result that
the small amount of Ca  released in the first secands s recaptured the
factor regains control over the sphitung of ATP and relaxation sets in,
fust ay 1t does in KCl induced contractures.

(3) It follows from (1) and (2) that the power output cven at ex
tremely high rates of thawing will always be nugatory in comparson
with, tay that of a tetanus 1n Ining muscle ot of the ATP-nduced
contraction of fiber models, because of the inevitable spontaneous
relaxavon of the thawing fibers. In this connection, 1t 13 only necessary
to compare the maximal power 1n thaw contracture of ~ 400 g an./
minfg with the maxuimum 1o glycennated psaas bundles which can
reach the very high 1mnal value of 10000 g cm.fmn./g (Bendall,
unpublished) When differential rates of thawing also play a part, asin
thuck stnps, the power will be even more drastically reduced.

& The Ragor Phase The contracture aspect of thawing s the pnmary
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event and 1 followed only later by lons of extemibility In the case of
thick muscles (e.g Fig 10) thu loss 1 rather ill-defined, begmning
sometimes at about the half stage of the contracture and sometimes
later and reachmng completion only when the ATP level has decayed
almest to zero This fll-defined onsct 13 undoubtedly due to the differen-
tial rates of thawing throughout the muscle mas, In thin, rapedly
thawing bundles, on the other hand, stffening scts in more sharply at
the end of the relaxation phase, showing that thu is probably also tbe
criical moment 1n the individual fiber bundles of the thicker muscles.
In this respect, thaw rigor 1s quite different from the normal proces,
in which shortening, f it occurs, does 3o smultancously with stiffening
(Bendall 1951 Manh, 1954)

Summarnng we can sy that (1) The rate of thaw contracture szd
ngor are dependent largely on the rate of thawmg (2) The chemical
pattern 11 similar to normal rigor but unfolds much more ramdly, due
to activauon of the myofibrillar ATPase, (3) Contracture occurs

gether with the ch I changes § diately on th g and 1
complete before the ATP level has significantly decayed. In thin
muscles, 1t 15 rapidly succeeded by relaxation and only later by Jos of
extensibility (4) It 1s to be concluded that thaw contracture 1v 4 special
case of contracture 10 general and closely resembles the KCI jndueed
contracture of phanic muscles, In contractures of this type, the stimuloy
is provided by upsetung the salt balance, the contracturce cesung 2
3000 a3 this balance reequilibrates, (5) There 1 strong cvidence that
it s primanly the inactvation and reactivatron of the Marsh relaxing
factor which brings about contracture and relaxaton, respectely
possibly through the primary release and subsequent recaptore o
bound Ca** on thawing

B Dzravep Ricor nx Wrarx Mumax

At the opposite extreme to the very rapid ngor occwTing dmmg
thawng 1 the much delayed ngor which frequently occums in whale
muscle. The detuled chemucal and physical events in smch & case were
dacribed by Manh (1952b) and later by Webster (unpublabed
obscrvation) A characteristic example b grven in Fig 18, from Manh
(1952s) where the phyxical change was measured by meam of &

etrometer
Pmecmtno&cablcfammmﬁm, the very long delay before the
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pH or ATP begins to fall rapudly, and secondly, the abrupt onset of the
rapd phase, dunng which the rates of change are similar to those in
rabit mncle. At first nght, this mught soggest that although the
splitting of ATP was occurnng from the moment of death, the level of
ATP was bemg maintained exclusively from the P-C kinate reaction
until the supply of P C failed, at winch stage, glycolyns was sumulated
and decay of ATP began 1n the normal manner Further inveshgation
by Webster however, showed that this was not the case, but that on
the contrary, the P-G level also remained high and static dunag the

Temm {hoursd
Fra. 13. The onset of ngor mortis in whale muncle, replotted from \Manh (19522)

delay penod. Similarly reynthesds of ATP by the ondative pathway
could be ruled out, (a} becawse the expenments were performed
under anaerobic condinoms and (b) because any oxygen absorbed
wnitially would be used up long before the onset of the rapid phase
(Manh, 1952) Thus, we can enly conclude that ATPasc actmity was
more ot less completely mhibited for at lcast 20 bours afier death, and
then was suddenly stimulated by some anknown change within the
muscle. One postble explanation 1 that the granular ATPase of the
whale sarcoplaam thows the latency phenomenon, referred to aboe,
{Sectron IV Cj to a remarkable degree, and only becoma fully acthe
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as the pH of the muscle slowly fallx. In that case, we would merely hare
to postulate that the stow portron of the glyrolysis curve n qualiavedy
the same as that 1n rabbit musele but that the latency n Imually more
pronounced. Alternatively we might postulate that a fall in redox
potental 15 sufficient to abolish the latency since we know that mast
ATPases and ATP knnnses porsess labile SH groups (Balley and Perry
1947) which might be 1n the inactrve S-S form at high redax potentlak,
and 1n the achve SH form at low Nether of these explanatons
entirely satsfactory however, and it b cvident that more detailed daa
are required before a convineing interpretation is possible.

In paning 1t may be noted that the oaly report of & similar delsy
10 nigor in other specics 1 that of the decapitated man, referred to in
the introduction, where “imtability” and flacadity of the musculature
were demonstrated 20 bours after death (Taylor 1910)

C. Rarm Rroor v “DeceNERATED™ Moicres

A naturally occurning phenomenon of some 1nterest 15 the so-calied
total muscle degeneration of pigs (total M D) which seems to be caused
by lowering of the AGTH Ievel (Ludvigsen, 1956) This b charactenzed
by a post ngor histological prcture very nmilar to that obtained during
thaw ngor (cf. Plate III) where the muscle fibers appear detached
from thelr neghbors and there 1 much cdema of the Interstinal
timucs, Particalary noticeable is the absence of crows stratiom. These
results suggest that the main cffect  on the sarcolemma which be-
comes abnormally sennitive to the pH fall during ngos and so alfows &
masave exodus of sarcoplasmic fliid, Thus 1 confirmed by the large
increase 1n serum K from 22-24 mg % 1n the Lving animal to 52-87
mg % post mortem.

As might be expected 1n 2 case where the sarcolemma has deteno-
rated, with consequent actvation of the myofibnllar ATPase the pH
changes in the mascles after death are greatly accelerated and mnce
pH b & good 1ndex of the ATP level, we may take the to indicate a2
equally precrpitate onst of ngor For example, Ludvigsen (1936)
gives average values for the pH of the M. gracils, psoas, and 1
of normal g, taken 30 min after slaughter of 65 6.1 and 64
respectively and of wtal M D pigs of 54 5.5 and 5.3 respecurely
There is Iittle doubt that the normal muscles were not in ngor at the
trme of mumpling whereas the degenerated mnacies were

1t would be of great interest to know just how much the degenerated



muscles thortened during rigor, 10 order to amess the extent to which
the myofibrillar enzyme had been stumulated 1n tuch cases, although,
even without such data, the hugh rates of fall of pH mdicate that
comiderable activation of thus enzyme must have occurred In thu
raspect, the condition would closely resemble thaw rigor although we
should have to suppose here thatit was the pH fall dunng killing which
brought about the primary destructon of the sarcolerama, followed by
exodus of K release of bound Ca™ and comsequent activation of the
contractile proteins. Further study of the post mortem decay of P Cand
ATP in degenerated muscles would clearly be of great value,

¥ A THEORY OF THE RIGOR FROCESS

W ¢ have seen that theones of ngor developed before the “ATPera®
were incomplete, largely because they were based on the asumption
that lactic acad was itself the pnimary cause, in spite of experimental
evidence to the contrary It 13 now possible to construct a reasonably
plausible hypothesis

Taking first the phymeal aspect, the evidence of studies of nolated
fibers and thdr comutuent proteins (Szent-Gydrgyl 1945 Balley and
Perry 1947 Weber and his school, 1952 1956 1957 Hamon and
Huxley 1953 1957) overwhelmingly shows that the main change is
from an extensible system of myosin and actin chang, able freely to
sfide past one another to a ngid system 1n which the actin and myosin
combine. In detail, the most sansfactory explanation of the resulting
fortyfold decrease of extenubility 15 that the actin chans are discon
tnuous in the region of the H rone, where they are yoned together by
an canly extenmble protan, as yet unidentified whereas the mymin
chans run nght through the A band, mcluding the H zone (Hanson
and Huxley 1957) Prengor the actin chains may be panly pulled
out of the A band, with extennon of the H 1one matenal, and apparent
lengthenung of the I band  As ngor ensues, the actin and myosin chains
combune, and the extennbihty falls to that residing in the newly formed
actomyosin of the A band and the residual extennbility of the free
actin chairs of the 1 band Thu, rigor will result in nearly the same
Proportional decrease in extensibility whether the length of the muscle
l((hcumugmt:rurlmaﬂadnnthcrmlcngthmhypothuu
therefore, sotves the two greatest dufficulties of accounting for the forty
fold decreass in extemsibility and for the independence of thus decrease
on the length of the muscle,
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From the chemical aspect, we know that the high pre-ngor e
tensibility of the muscle depends solely upon the level of ATP which
acty 23 & plasticizer 10 kecp the actin and myoesdn chalns apart (Weber
1956) From thus, it follows that the time course of suffening will be
determuned by the balance between the splitting and the resyntheas
of ATP Of the enzymes which split ATP, the chicf is the actomyom
ATPase because of fta very high potential activaty and of the asociated
contractile effects. As we have scen however thus enryme remum
entlrely dormant under the control of the Marsh relaxmng factor
dunng the course of normal ngor and is only activated if the muscle
membrane 1s depolarized in some way as In the case of thaw ngor
Thus the slow spliting durmng the normal process mmt be attributed
entirely to the sarcoplasmic ATPase or ATPases.

Oppoxng the splitting process and mamtaining the ATP at » bigh
level & the resynthesinng machinery which under the prevaihng
anacrobic conditions connsts of the glycolytic cycle and the P C-
phosphokinase system. Under optimal conditions that 13 in a well fed
anmal dying quetly these two mechamsms provide an ATP potentlal
equivalent to ~ 162 pA. PJg  of wiuch ~ 140 pA. are due to gly-
colyns, and ~ 22pA. to P C. The presence of P-C 13, bowever all
rmportant, in spite of 1ts smaller contribution to the total potential
This s due to two cffects (1) The ATPase actvaty fs munimal in the
high ranges of pH from 70 to ~ 6.5 whero & high P O coatent 1
wsually found, (2) In the absence of P-G the ATP level cannot be
matutuned by glycalyms alone, probably because myokinsse can then
immedlately sttack the ADP formed in the splitting process and in the
carly stages of glycolynstselfl A molecule of AMP will thus appear for
every two ADP malecules lost, and will in turn be deaminated to IMP

thesc effects we find the time required to destroy all the
PCandtopmduccencmghlncucacndtomhthcpH[rom70!05-"
st 17° G. 13 ~ 820 min., whereas the time required for the completon
of glycolyshs from this point down to pH 5 6 14 ~ 330 min., calcalatog
from the average rate of splitting and the available ATP actual and
potmmLThc:nimporumdiﬂ‘mcubctmLhcmpHnnauﬂ-
however that ATP can be maintaned at a high level in the bigh range,
bat not 1n the fow

From the above calculatlons, we can predict tho effect of varios
treatments on the rato of decay of ATP Thm if we starve the snimal
befare death to reduce the muscle glycogen, and then kIl it in a2
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\mmobifized state, the potential glycolyns will be reduced to a level
equrvalent to a final pH of ~ 6.5 with the result that the ATP will
begin to decay just before the end of glycolyns at ~ 220 min. after
death. On the other hand if we Xl a well-fed animal without prior
immobilization, the struggle at death will result mn a low pH in the
exased muscle, a loss of P G and a partial loss of ATP and the ATP
level will decay from the moment of death. Yet the resynthennng
potential will be equivalent to ~ 88 pmoles of ATP/g 1n the second
casc and to only ~ 71 pmoles/g in the first.

At the opposite extreme to the above examples where more or less
glycolyxs is posuible, i the case of exhausted ammals, where the muscles
contain no glycogen at death. We then have a state where the ATP
alone or In the presence of a reduced supply of P-C 13 exposed fully to
attack by the ATPase, and cannot, therefore, last for more than ~ 120
mun., cven under optimal conditions and generally for not more than
~ 30 min.

These, then, are the time relations of the decay of ATP which are so
closely dependent on pH that this parameter alone 13 a weful guide to
the stage to which the process has come {Manh 1953) The stiffening
process atself 13, on the other hand, not so simply desenbed, because
the lons of extenubility is dependent not only on the ATP level but
also upon the pH Thus the level of ATP when suffemng sets in s
~ 2 pmolesjg 1f the final pH can fall below 6.3 but rises to ~ 4
pmoles when the pH fall is restricted by hmitation of the glycolyte
potential. Thus was at first taken to indicate a complex relation be-
tween the rate of ATP resynthens and stiffening but this s no longer a
necesary agumption, mnce 1t is now known that 1n the presence of
Manh factor the ATP level required for plastianng the actomyosin
of the myofibriks is lower the lower the pH (Briggs and Portzehl 1957)
11 13 obvious, therefore, that the relation of the cniucal level of ATP to
the final pH dunng rigor 13 mercly 2 reflection of this fundamental
property of the contractile proteans. In practice this has the effect of
duproportionately delaying ngor in muscles wath a lugh glycolyte
potennial, ve. those which will reach a low fmal pH.

These fundamental relations between the ATP content and the
sufferang of normal intact muscles are senomly duturbed during
thaw rigor where the effect of freezing and thawang 1 to activate the
actormyosin ATTase, that 1 to mhibit control by the Manh relanng
factor and thes to bnng about a raped contracture wiuch develops
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many times the power of the very restricted contracture of normal
ngor It seems likely that this thaw contracturc is stimulated fn the
first instance by the massive salt flux on thawing winch has the cffect
of relensing xmall amounts of bound calaum, thus inhiblung the Marsh
factor As the salts re-equilibrate, however we may suppose that the
necestasy conditions for recapture of the calclum are estabhshed, so that
control 1s regained and the muscle relaxes, providing sufficient ATP
stll available for plasticlzation of the actomyesln. Thus, thaw rigar
provides an excellent \lfustration of what happens when the actomyosda
ATPase s activated cven to a limited extent, and shows by coutrast
how minute such sctivanon must be during normal ngor even under
optinal conditions for shortening Thaw contracture of phasic muscles,
1 the respect that it 13 spontancowtly reversible and also in that it
beging at ngh ATP levels and may be complete before any net los of
ATP has occurred, i, therefore, of the same type as KClor caffeine-
wnduced contractures (cf. Sandow 1955 Fleckenstein ot al. 1954), and
differs entirely from the shortemng of normal rigor On the other hand,
the subsequent stiffening sets In at about the ATP level characterntle
of normal rigor

‘We may confidently canclude that the normal process of ngor con-

by the arcoplasmic ATPase, without ngnificant actrvation of the con-
tractile machinery The time of omset of ngor therefore, depends
entirely upon the detalled relaton between the resynthesizing and
sphitting proceses. The pendulum has, therefore, swung away from the
old theory that the greater the lactic acid the quicker the stiffening, to
1ts oppodite, that the slower the suffening the more lactic aad will
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The lagt thurty yeany or 1o hatteen the accumulation ofa vast mass of
informanon concermung the biochernical propertics of the vanous com
ponents of normal stnated muscle fibers. On the one hand the muscle
mutochondna (or sarcesomes) have been shown to posien thesame types
of enrymuc actvity as the mitochondna of other tnsues and on the
otherhand the structural and enzymic properties of the components of
the contractile elements of muscle fibers have been fully investigated with
a view 1o eluadanng the processes involved in muscular contraction

The biochemustry of human skeletal muscle1n pathological conditions
has attracted far lews attention, pomibly because of the difficulty of
obtaining suitably fresh matenal with which to work and possibly also
because of the difficulty involved 1n the interpretation of results when
structural changes, for example a large merease in the collagenous
umue have occurred m the muscle sample as a result of patholomcal
procencs
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An attempt was made to overcome this latter dificulty by Dreyfor
ol al. (1954) by relating results to nop-collagen nitrogen, and they
observed that in progrexsive muscular dystrophy there was s decreme
phosphorylase and aldalase activity 1n striated muwcular tsues. Ths
lead, however does not seem to have been taken up by other group
of worlers, and so the Information available concerning the lrochemacal
changes 1n buman muscular or neuromuscular disease i meager indeed.

Compared with the Literature available on the hwochemutry of
striated muscle there u very hittle to be found dealing with hsto-
chemical aspects of thiy tussue. Indeed the only detafled stody of musde
castied out wn recent years concerniog anythiog other than motor end-
plates was that of Dempsey and amociates fn 1946 in which a range of
hustochemical propernies of the tinue was Investigated.

Becaure of the pauaty of observations recorded In the literatare, it
would perhaps be as well to strike & note of cauton at this pomt. The
account of muscle histochermustry to be grven in this chapter must nat
be regarded as an authontative callection of facts, dnce in many cases
work on a particular aspect of the normal hutochemniry of thu toue
has been done by two or three groups of mvestigators at the mot
Furthermore, practically all of the work on pathological buman musde
i that of the present authors and has not yet been confirmed by other
workerr, Thu chapter should therefore be taken only as & prelimmary
discumuon of the few known facts, and as a ponible background for
the agepment of future 1ovestigadons,

Agun becawse of the dearth of facts in the Lterature, we shall
include in thes survey results obtained from hotochemical
of narmal animal stnated muscle 23 well as those obtained from normal
human muscle but i deseribang patholagical changes we shall con-
finc onrselves almost entirely 1o human material

1. RESPIRATORY ENZYMES

A. Svccrao Drmryproaenast

Histochemmical techniques for the detectron of succinfe dehydrogenee
actrvity depend upon the reduction of a tetrarollum slt by hydrogen
removed from sodium sucanate by the enzyme. As a result, the almoit
coloress tetrazolium salt 1 reduced cither to monoformazan which 1
ofnpmhxhhuclndgwuldlﬁuxm}mdaninmgwniuﬁowmﬂmc
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actvaty of to blue mauve diformazan crystals where there u greater
enzyruc actvity Thus type of method was first mtroduced by Seligman
and Rutenburg (1951) and has mnce been modified and subjected to
cntical analyns by a number of worken, mcluding Shelton and
Schneder (1952) Padykula (1952) Rosa and Velardo (1954) and
Nachlas et of (1957)

1 Aermal Muscle

Skeletal muscle posesses 2 moderate degree of sucaimc dehydrogen
asc actvity which seems to vary little from tpecies to species, if man
11 not included The typical picture obtained 13 of a generalized pink
backgrourd color due to monoformazan, plus a vanable number of
blue diformazan granulea. Thete granules seem to be utuated 1n rows
between the myofibnls (Padykula, 1952) and to be present 1n greater
pumbers towards the edges of muscle fibers.

Not only does the number of diformazan granules vary in different
parts of the thickness of a muscle fiber but different muacle fibery may
ako contain greatly diffennng numbers of granules (Rutenburg ¢ al.,
1953) somctimes so much 30 that 1o tramtverse section a checker
board effect n obtained (Fig 33) Tho varying content of sucaimc
dehydrogenase actmty 13 probably an inherent property of muscle
fibery, mnce 1t exisn in the embryo well before birth (Beckett and
Bourne, 1958a) and in ammals st appears 10 be charactenstic of
partcular muscles.

In man, the amount of tucamec dehydrogenase acuvity vanes
connderably from muscle to muscle according to anatomical nte For
wnstance 10 our work the deltoid appeared 1o have much more actiy
1ty than the trapezsux. But there aho teem to be random vanations in
intennty It may be that these latter vanations are due to age andjor
s differences, although one cannot yet be certain of this, owing to
the imited sertes of specimens which has been examined

2 Patholopical Muscle

In 1951 Humoller and amociater, uung a biochemmical method,
obten ed that denervation of rat gastrocnemius led to a decrease i1n 1ts
sucanic dehydrogenase content

From our own work on human muscle biopsies taken from vardous
tpet of muscular or neuromuscular dsordens (Beckett and Bourne
19382 thus low of respiratony enzyme did not appear 10 be very
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stnking in cases where, from the chimcal diagnaus (e.g 1n polynennts,
motor neuron ducase, and penipheral neuritss) one mught expect the
muscular innervation to be at fault. Only 1n one case of such a disease
which was of peroneal musculer atrophy was there a connderable fall
n sucanic dehydrogenase activity and In this case the pscture was
complicated by the fact that the panent was a child of 3] years. The
low reaction intensity here rmght have been due 1n part to the childs
age, mnce we have obterved that in fetuses the sucanic dehydrogenase
activity 1n muscle 1 connderably lower than that 12 adults, and 1t i
oot yet known at what age adult levels of activity are attained.

The gencral impression which we have gained from our word,
which covered speaimems from a vanety of muscular and neurs-

lar dsorders mcluding lar dystrophies, polyncuritrs and
polymyositis, motor neuron disease caranomatous myopathies and
others 1 that a decrease in sucainic dehydrogenase activity tends o
occur 1n the course of these discases, but that 1t 15 a secondary change
following gross structural disorganuzation of the muscle fibera and thar
surrounding connectrve tusue In other words, where there I slight
atrophy or hypertrophy of the musele fibers, there 1s po hustochemteally
observable change 1n the concentration of succinic dehydrogenase in
them However where there 13 a gross change 1n muscle fiber nze,
aften accompanled by a great mcrease in the amount of intersdtal
dense connective tisue and/or adipose tissuc as Is observed 1n some
muscular dystrophues, there is a marked decrease 1n the ensyme actv
ity detectable by histochenncal means

In only one case did there scem to be a pnmary duruption of the
rucanic dehydrogenase system. This was & sample of muscle from 2
case of polymyontus in which there was httle histological evidence of
muscle fiber destruction, but In the center of each fiber there was an
area of little enzyme actvity surrounded by a broad outer band of
greater reaction intensity (Fig 92) This woald suggest a duruptod
of the rapiratory system 1 the center of each muscle fiber but 2
umiler picture # not always obtsuned 1n cases of this duseasc, 30 that it
offers no explanation of the pathological proceses mvolved.

There appears to be no correlation between the observed intermty
of reaction and the clinical diagnoss, but one must be cantions about
the interpretatron of this, because of the varability of the reacton in
normal muscle and abo because of the rather limited number of
speamens which have so far been atudied.
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B Cyrociroume OXiDAST

The G-Nadi reaction, known to be duc to cytochome oxidase activ
ity was first used for histochemical purposes by Moog (1943) in her
study of this enzyme 1n the chick embryo It depends upon the produc
tion of indophenol blue at the sites of activity when fresh tissue 1 in
cubated in a tolutron contaimung o naphthol and p-dimethyl phenylene
diamine hydrochlonde. The indophenol blue fades fairly rapidly so
that the technique 13 not very satisfactory The only observations which
have been made on skeletal muscle seem to be those of the present
authors (Beckett and Bourne, 1958a) In the course of this work the
depth of blue coloration obtained 1n the sections was compared with
that of standard dilutions of aqueous toluidine blue.

The results indicated that in ammal and hurman muscle a diffuse blue
coloration 11 obtained in the muscle fibers and that it has no parucular
localization In rat muscle, different muscle fibers may show different
reaction intensines, but this was observed very rarely in human muscle.

As with mcanic dehydrogenase activity that for cytochrome
oxidase varies according to the anatomical mte of the muscle. There
appears to be no correlation between the levels of activity of the two
enrymes either 1n normal or n pathological human muscle, but
whether or not this i due to techmcal dufficulnies 1t 15 imposmble to say
The number of speaamens used 1n the course of our work was too small
for m to be certain whether or not there is a decrease in the activity of
cytochrome exdase in pathological musele

IL ESTERASES

The term “csterase” 1n histochemustry covers nmple esterases, Le.
enzymes which split esters of short chain fatty acds, hipases, | e. enzymes
which split esters of long chawn fatty acids, and cholinesterases which
splitvanous choline esters. However 1t has become clear in recent years
that there exusts a whole spectrum of esterases with vary:ng degrees of
substrate speafiaty so that one cannot cleady define three scparate
€oxyme groups. For the purposes of this present discusnon 1t o proposed
1o connder the esterases under two headmgy, Le (a) nmple esterases
and lipasct and (b) cholinesterases, but merely because 1t1s convement
10 do 50 from the point of view of techmques which have been used for
the study of mmcle It 15 venn pecersary however to bear i mund
the everlap in substrate specifiats which exsts between the groups.
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A. EsTERASES AND Livarres

The Gomornt Tween technique for the demonstration of lipases wis
ntroduced 1n 1945 (Gomory, 1945) In this techmque, @ Tween sab-
strate, Le, a long-chained fatty acd ester of sorbiten or manmtan m
which the remaming hydroxyl groups arc ctherified with ethylene
oxide side chauns of varying lengths, 1 split by the enzyme prexent m
sections of acetone fixed tgne The fiee fatty acrd 30 released o pee
aprtated as 13 calclum salt ot the nite of enxyme action, then converted
to 1ts lead salt, and finally to brown lead sulfide, which b clearly
visthle under the microscope

A few yeans later (1949) a technrque for the demonstrabon of
nmple esterases was claborated by Nachlas and Seligman (1943, b}
In thar method, the wmple aterases of acetone fixed e rpht
g-naphthol acetate, and the free naphthol which was relessed com-
bined with a diazo dye to give a colored end product. The technique
suffered somewhat from diffuson artifacts, and was Iater modified
in scveral ways to improve localizatton. Gomon 1n 1950, and 1952
introduced a naphthyl acctate and naphthol AS acctate, respectrvely
as substrates (Pearse, 19532 b) cally ilable dt
were wsed and for some tisucs 1t was found that bnef formalin
fixation yiclded better results than the oniginally used acetone fxabon.

An alternanve method for the demonstration of simple cxterases wat
that of Barmett and Scligman (1951) Ther technique made ue o
sections cut from fresh or lightly formalin fixed trssues. The exterasce in
the tussucs split indoxyl acetate, 90 releanng free indoxyl which was sib-
sequently oxadized by the axygen of the air to form msoluble erystals
ofindige Thus method was crincized by Gomori (19524) on the groand?
that the acrobic andation of indoxyl to mdigo is a slow process, and
that because of thy, the localization would be poor By 1954 however
Holt and others (Holt, 1934) had modufied the technique, not only by
the mtroduction of $-bromondexyl acetate or 5,5 dundoxyl acctaicss
sabstrate, but ako by the we of copper ions and a ferro-ferncyande
omdation reduction system to hasten the process of convernon of the
enrymatically released indoxyl dentvative to » compound of the indigo
type. The Jocaliration of esterases demonstrated by thus techmque w8
immessurably improved by these modificatrons 1 fact some of Holt s
(1954) pretures of rat motor end plates rival the best which have 00 far
been obtained with any available histochermrcal method.
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All of these hntochermcal techniques for the demonstration of lipase
and osterase have been used to some slight extent for the study of
muscle, wsually in conjuncton with work on other tissues.
Gomon (1946) Richtench (1952) and Budo and Manio (1952)
all uang the Tween techmque on acetone-fixed matenal, noted that
the sheletal muscle for several amimals, including man, always gave 2
negative reactron. Nachlas and Seligman (1949b) obtaned the same
result 1n human muscle with thar ongmal g-naphthol acctate
method. Chesuck (1953) on the other hand, found a poutive reactron
for o naphthol esterase and naphthol AS esterase 1n the motor end
plates, and pombly also in the muscle spindles, of mouse mincle after
acetone or acetone-alcohol fixation The skeletal muscle of cat, rabbng,
rat, and man, however gave a negative result with these substrates.
Denz (1953) unng the B-naphthyl acetate method observed
staining of rat motor end plates which was inhibitable wath esenne
and in additon, a diffise noninhibitable esterase reactton in the
muscle substance, whereas with the Gomon Tween techmque he could
only obtain the diffuse staming of muscle fibery Both of these proce-
dures were carned out on fresh frozen sections.
Other workers have also described the presence of esterase actvaty
fresh or lightly formalin-fixed rat muscle. Barrnett (1952) unng the
onginalindoxyl acetate method obtamned a positive reaction in both the
striated and the smooth muscle of this ammal and Pearson and Defendi
(1957) observed hugh levels of esterase activity 1n rat motor end plates
with elther the 5-bromoindoxyl acetate method or the « naphthyl
acetate or naphthol AS acctate techmques. These latter workers also
found that reaction intenmty obtained with a grven technique depended
upon pH The greatest activaty with S-bromowindaxyl acetate as sub-
strate was observed between pH 4 8 and pH 5.8 whereas the highest
degree of actmaty with « naphthy] acetate or naphthol AS acetate as
tubstrates could be seen m a higher pH range j.e. pH 7.3 to pH 8 4
From thae studies of the esterase activity of skeletal musele 1t
appean that the enzyme(s) 13 present, particularly in the motor end
plates, but that 1t is inhubited 1n most ammals by acetone fixation and/
or paraffin embedding It also scems that the mtennty of reacton
obtaned depends upon the pH used for a given techmique

No worl appeans to have been done with hutochemical techmques

for ipase and esterase in relation 10 human muscular or neuromuscular
disorder
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B. CHOLDEITERATS

The rubject of cholinesternses and motor end-plates 13 dealt with 1n
full by Couteaux clsew here in this book, #0 we shall confine oursclves
to a bnef discussion of hustochermcal techniques for thus enzyme and to
a few remarks about cholinesterate positve structures in human
musle and thar changes 1n some pathological conditions.

There are three types of techmque avulable for the demonstration
of cholinesterases.

The nmple esterase techniques described above, and parnculary
the vanous naphthyl acetate methods, have been used from time to
time but rarely for the study of muscle. Since these techmques pnman
Iy demomstrate mmple esterascs 1t 15 essennal to use eserine m conjunc
tion with them 1n order to differentate between umple and cholin-
axterase and to use DFP {dnsopropylfivorosphosphonate) to dutinguuh
between the so-called “true”™ and “pscudo™ chobinesterases. It munt,
however be remembered that thac dasaficauons according to
inlubitor sensuvity are purely arbitrary and that the hntochemical
results for a given ute or a given tssue may oot correspond wath the
tiochemucal findings. A good review of this subject was published by
Gomon and Chemuck (1953)

A sccond type of techmique which hay been used for the demonstra
tion of cholinesterases s Gomon s (1948) mynistoyl choline method and
s vanations In this techmique a long chain fatty acd n released
from the substrate by the action of the cholinesterase and then combunes

Fii, 1 Acenyl chol at muscato-tend Junctom m normal muscle
Th;mmm\baemymmlmhmmshzmﬁalm approv.
Fla.2 A clamc™ motor eod-plate from a case of motor neuron doease. Magns-
faton approx. 1,000

F1o. 3. \ery strophised musche fibers m 2 sea of derse conmeetn e twue from aa
advanced cmse of fxcoscapulo-uemeral dystropk ing

end-plate eruciures Magnuficaton appror. 130

Fio. 4 Sgle mumcle fiber w th & endeplate worrounded by deme conneath
trwc from the ame case of Bao-scapulo-tumeral dysropbsy  \Magaification

apeo 300

16 8 A Large end-plat oo an solated bvpertrophs musche fiber from & case of
duotrophy m which the mmcular tmsue bad been almest

Taurth replaced by . M gribcaton approa. 150

Fs0. 6 End.plates, apparentl novmal m form, m ouscle taken from & case of

Omlal dvwropin Magmficaton  ppeox. 100,




Pramx 11
Fio. 7 A group of end-plate gurters in mscle from & case of facxo-seapuk-
bumeral dymrophy (o thow wellmarked traneverso Bamellae. 3Magraonont
apprax. ¥ 1 000,
Fro. 8 Lincar spinal structure with bigh concentrations of chomesienase
{mernals scen 10 masele from & case of thyrotosde myopathy This might be s weo-
#ory nerve ending, e stretch receptor Magmsfation appear, x 150
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wath cobalt, and o is preapitated as & cobalt soap at sites of actvity
Thx cobalt s0ap s then converted to mcroscoprcally vaible cobalt
sulfide by the action of ammonum sulfide.

‘The mtroduction of this techmique represented an advance on the
use of the nmple esterase methods, since 1t did at least utilze an ester of
choline, but Gomon himself realized that 1t was far from speaific and
often failed to pve a result at ntes which were known to contain
large of chol xse for ple the decme organ of
the clectric eel (Gomon, 1952b) This techmique has been wed by
Hard and hus co-workers (Hard, 1950 Hard and Hawkns, 1950 Hard
and Petenon  1950) for work on the central nervous system of the dog
It has hardly ever been used for muscle, nince 1t tends to stain muscle
nodle, a posuble artfact, and moreover 1t s difficult to interpret the
structures demonstrated at motor end plates which may also be nuclex,

The most commonly wed type of hitochemical method for the
demomstration of cholinesterase 1 that based on the hydrolyns of
acetylthiocholine and butyrylthiocholine. The former compound was
shown by mochemical means to be split by chohinesterases at a rate
greater than that for acetylcholine, and was fint employed for
Thuistochemical purposes by hoelle and Friedenwald (1549)

The original Koelle and Friedenwakd technique was rather cumber
some and 1t has snce been modified by several workens, induding
Kodle (1951) Gomen (1952¢) Couteaux and Taxi (1952) C3en
(1953a) and Gerebtzoff (1953) The last three modificatrons fnvoly ed
the use of formalin fixation and acetate buffers at different pH levels
to sccure better morphologrcal localrzauon. More recently Bull of of
(1957) used aleoholic ammonium sulfide 1nstead of the usual aqueous
solution to attain the same end.

Tra, 9 Acenlcholinesterase m an extended  dotted™ motor end-plate seen in
truscle from an ampuatated leg Thas specimen thowed slgns of dimese atropy bat the
PR e

3. from a cxse of polyrmyoats showing the presence of acctylchelin-
aterne n the mibmtance of the mmusche fibers and the Increase
‘}_ frailly in concentration fn

. 11 Acetylebolmerterase 10 8 dotted™ speral structure whch ma represent
-mumﬁ.mmmmm&m-mdmw{hy

Fia. 12, Acety lebolinesterase ma aaketrill or “palmade type structure. Tha

W scen {n muacle from an ted kg, but o
rovent g Ampota probably normal and may rep~
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The thiocholine techmques are undoubtedly the best for the
demonstraton of cholinesterases, both from the pomt of view of spec
tficity and of precite localisation. The local btained in motae
end plates has been sufficiently good to allow studies of the fine mar
phology of the subneural apparatus of these structures to be carned ot.

When the thiocholine technique 15 carried out, the acetyl or butyryd
group h split off from the sul by the enzyme and the thochalin
motety combutes with copper ions in the incubating medium, to be
precpitated as copper thiocholine or copper thiocholine sulfate
(Malmgren and Sylvén 1953) at sites of enxyme activity It b then
converted to brown copper sulfide duning the process of visualzabon,

1 Chelixasterase tx Normal Humax Muscls

Coers (1938b, 1955) described two types of motor end plate to be
found 1n human adult muscle finstly the “tesminamons cn plaque, 1
which the "gutter™ of the subnenral apparatus i arranged ke a coe-
tinuous rope twisted into a complex pattern, and which have been
observed 1n many different types of animal including the mt, mows,
bzard and goat and secondly the “terminamons en grappe,” whick
are composed of small biews of subneural apparatus gronped together
but withont any apparent connection between them, These latter vary
considerably 1n size, since the number of islets of which they are
composed may be three or four or may be thirty to forty snd they
seem to be characterntic of human muscle, Although in our recent
work (Beckett and Bourne, 1957) we were uting Gomon s modifica
tion of the thiocholne techmque, which differs somewhat from the
mcmodumdby&mmmlbkmmnﬁnnhhobacm&ommd
also to confirm the presence of cholinesterase-positive motor end-plates
at the poles of muscle spindles.

In addition we noticed that of the cholinesterase-positive structura
preseat 1n muscle, only the  terminaisons en plaque,” or as we hare
called ther the “classic motor end plates,” ever gave a reaction when
acetylthuocholme was replaced by the butyryl compound. This was
true of both norma! and pathological samples of muscle

As well as the structures just mentioned which are almost without
doubt to be conddered as motor end-plates, a number of other cholin~
esterase pasitive obgects have been seen in both animal and human

skelctal muscle.
IulQ.‘iElGouL(" edn the g mouse and fuh,
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structures comuting of typical submeural apparatus “gutters™ ntuated
over the ends of muscle fibers at musculo-tendinous junctrons. The
“guttens” projected like parallel fingers into the muscle substance,
Between then and 1956 thus type of structurce was also seen in a vanety
of other ammals by Gerebtzoff and his co-workers (Gerebtzoff 1956)
A little Iater we confirmed thar exmtence 10 human muscle (Beckett
and Bourne, 1957) and suggested that they mught be stretch receptors,

In the course of our imvestigations a range of other structures was
seen which we connder to be normal although they were not always
observed in normal human muscle. Postibly carlier workers had mussed
than because their matenal had been formalm fixed It is known that
formalin has & varyping inhibutory effect on cholinesterate (Taxa 1932
Couteaux and Taxi, 1952 Beckett and Bourne, 1957) and from our
preparations it appeared that thae previowaly unreported entities
contamn less cholinesterase activity than the “termunanons en plaque™
or “termunanons en geappe.” With lesn senmtive varlations of the
techmque, therefore, they may well have remained invisible,

In some of our muxcle samples, objects were observed which con-
sted of a system of parallel “gutters” lying in the same direction as the
long axu of the muscle fiber The “guttenn™ were arranged rather
closer together at the center of the structure than at its edges, so that
the whale Jooked rather hke a cake-frll or wheat sheaf These struc
tures could occur nngly on a muncle fiber or there could be two on
adjacent muscle fibers. Sometimes they were sten at pomts where
muscle fibers ended m the middle of a fasciculus. Onc cannot be
certun what thelr functon could be, but their appearance would
suggest that they rught be stretch receptors.

In other muscle speameny, spirals of a continuous or discontinuous
“gutter” were observed winding round mingle muscle fiber. These
Agun may very well represent sensory nerve endingy. Y et other entiues
were seen which were probably motor end-plates and not semsory
endinga compased of islets of “gutter™ structure arranged 1n a band
Ining transvenely acros muscle fibers. This contrasts wath the longs
todmal arrangements observed by Coers. There were also some nmilar
bodies of parallel “gutters™ aligned at nght angles to the long axus of
the muscle fiberr,

In addition to cholinesterase present in specific structures in muscle
fibery, our observauons (Beckett and Bourne 1957) have indicated
that the enzyme 1 present in the muscle substance If unfixed frozen
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sections are incubated in & medium contaimng acetylthrocholine
fodide, and are viuatized in the normal fastuon, 1t is found that they
have an overall deep yellow brown coloration, suggesting the presence
of cholinesterase, This is confirmed by the fact that the depth of color
18 even, i c. it is not Intennficd at all in reglons contarmng motor end-
plates, and 1t does not vary m depth according the number of end
plates present. Indeed the coloratton 1s no less intense when there are
noend plates at all in the section. If sections are incubated in & mediam
containing acetylthjocholine and 107*Af eserine or in & medium con
taining butyrylthiocholine imtead of the acetyl compound then there
u virtually no coloration of the musde fibers.

2 Cholimesterass s Patholagrcal Huomen Muscle

The most thorough work which has been done on changes in the
motor cnd-plate 1n human pathological muscle 1 undoubtedly that of
Cpers (1955) In which he used the methylene blue and Blelschowsky
sdlver ;‘ in add to the thiechol hol l-‘f“!thni
que, m order to study the changes occurrmg in some muscular and
neuromuscular disorders.

Céen generad conclunans from the study of forty-odd biopses and
some post-mortemn matenal were as follows

In muscaolar atrophies, for example peroneal muscular atrophy of
Charcot Marle-Tooth, no end plates were present i atrophled
fibers, but 1 dystrophles (a heading under which Céers Includes
myopathies, myotonic dystrophies, and myotona congenita) there
were good terminal arhonizations as demonstrated by methylene blue.
In children there was no change in the form of the sabneural apparatus,
bat 1n adults there was an increasc in the size of end plater.

In additon CBers found that 1n most of the abrormal muscle
studied, the size of the end plates in atrophied fibers was redueed
whereas in the hypertrophied fibers seen in cases of dystrophy or partial
neurogenle degeneration, there were large extended end plates. In
contrast to thu however Coers observed that in certaln muscular
atrophies, and particularly 1o dystrophia myotomca the end plates
were very extended and complex even where the muscle fibern were
strongly atropined. Further detafls of this work have been publihed
recently (Coers and Woolf 1959)

Our own work (Beckett and Boarne, 1957) has confirmed some of
CBera observations. The mam object of our studies was to sec whether
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or not there was any decrease in the amount of cholmesterase present
i the cnd plate areas of muscle taken from & vancty of muwscular
disorders, including dystrophies of different sorty, motor neuron disense,
carcmomatous myopathies, and neuropathies of unknown or obscure
etology For this reavon, we used a thiocholine techmque {Gomon s
(1952c) modufication] which did not employ formalin firaton pror to
menbaton with the substrate, 30 that the morphological picture suf
fered somewhat from diffunon. However 1t 14 posible to say something
about the changes in morphology asoaated with muscle pathology

Firstly 1t must be sard that the vanety of pormal structurad forms of
human subneursl apparatus makes any pathological changes difficult
m the extreme to detect with any certamnty For this reason too 1t »
a fallacy to carry out expenments, ¢.g deneTvation experiments, on
ammals and use these results to interpret the picture seen i patholog
1cal human muscle.

In the speaimens which we examined there appeared to be no Jows
of cholmesterase activity at motor end plates, but in two caves, one of
peroncal mucular atrophy and one of polyneunts, there was a de
crease i the amount of thi enzyme present at the musculo-tendmous
yunctions. Farthermore, except 1n one casc of peroneal muscular
atrophy there did not scem to be any decrease in the number of
cholinesterase poutive structures present. In one of two cases, wncluding
one of pscudohypertrophic muscular dystropby one of faco-scapulo-
humeral muscular dystrophy and one of polymyosit, there may have
been some break up of the structure of the subneural apparatus, but it
s difficult to be sure of thus, In one of the “control” speamens which
was talen from the flincus dunng cup arthroplasty of the hip, there
scemed to be evidence of disruption of normal end plate structure
mnce there were present numerous small dots wath gutter structure
about the size of the nuclei scattered aver the muacle fibers.

One of the most stnlung things observed in our tenes of speamens
was that where there was extreme muscle fiber atrophy accompanied
by replacement of muscle fibers by derse collagenous trsue such as
seen in cases of facko-scapulo-humeral dystrophy or familial dystrophy
the remaining fibers were smothered in preces of end plate structure,
Thn tremendous concentration of end-plate matenal was also seen in
cases of picudo-hypertrophic muscular dystrophy  where there was
dm'upuonofmusdcﬁbcrlrrucmrcrndah:ghdrgmofmﬁlmtmnhy
fatty usue between the remaimng muscle fibers. Thee obscrvationms
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scctioms are incubated in a medi intng acctylthrochok
10dide, and are visualized 1n the normal fashion, it 19 found that they
have an overall deep yellow brown caloration, suggesting the presence
of cholinesterase. This is confirmed by the fact that the depth of color
{s even Le., it 11 not intenufied at all 1n reglons contalmng motor end
plates, and it docs not vary in depth according the number of end-
plates present. Indeed the coloration 1 no lest intense when there are
noend plates atall in the section. If sections are incubated 1n 2 mediom
contalning acetylthocholine and 107Af exenne, or 1n & medium con-
taung butyrylthdocholine matead of the acetyl compound, then there
1s virtually no coloratron of the muscle fibers.

2 Chohmesterase v Pathelogieal Human Muscle

The most thorough work which has been done on changes 1n the
motar end plate In haman pathalogical muscle 13 undoubtedly that of
CBers (1955) in which he wsed the methylene blue and Bielschowsky
silver techmques n addition to the thiocholine cholinesterase techni-
que, in order to study the changes occurring 1n some muscular and
neuromuscular duorders

Csers general conclunons from the study of forty-odd biopnes and
some post mortem material were a3 follows

In muscular atrophies, for cxample peroneal muscular atrophy of
Charcot Marie-Tooth, no end plates were present 1n atrophied
fibers, but in dystropluies (2 heading under which CBers includes
myopathles, myotonic dystropes, and myotoma congenita) there
were good termmal arbonizations as demonstrated by methylene blue.
In children there was no change {n the form of the subneural apparatus,
but 1n adults there was an increase 1n the nze of cnd-plates.

In addibon CBers found that in most of the abnormal musce
studied, the mac of the cnd plates in atrophied fibers was reduced,
whereas in the hypertrophled fibers seen In cases of dystrophy or partial
neurogenlc degeneration, there were large extended end plates. In
coatrast to this, however Coers observed that m certmn muscular
atrophles, and particalarly in dystrophis myotontca, the end plates
were very extended and complex even where the muscle fibers were
strongly atroplued  Further detalls of this work have been published
recently (C8ers and Woolf, 1959)

Our own work (Beckett and Bourne 1957) has confirmed some of
Cers observations. The maun object of our studies was to sce whether
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or not there was anry decrense 1o the amount of cholinesterase present
in the end-plate arcas of muscle taken from a vanety of mncular
dusorders, ncluding dystrophies of different sorts motor neuron disease,
caranomatows myopathies, and neuropathies of unknown or obscure
cuclogy For thrs reason we wed a thiocholine techmque (Gomon s
(1932¢) modification] which did not employ formalin fixation prior to
incubation with the substrate, so that the morphological picture suf

fered somewhat from diffimon. However 1ths possible to say something
about the changes 1n morphology amoasted with muscle pathology

Fintly 1t must be said that the vanety of normal structural forms of
buman subneural apparatus makes any pathological changes difficult
1 the extreme to detect with any certainty For this reason too 1t s
a fallacy to carry out expenments, c.g dencrvauon expenments, on
smmals and use these results to interpret the prcture seenm patholog
wal human muscle,

In the sp which we d there appeared to be no les
of cholinesterase activity at motor end plates, but in two cases, one of
peroneal mincular atrophy and onc of polyneunty, there was a de-
crease In the amount of this enryme present at the musculo-tendinous
junctiony. Furthermore, except m one case of peroneal muscular
atrophy there did not scem to be any decrease 1n the number of
cholinesterase pontive structures present. In one or two cuses, including
one of prendohypertrophue muscular dystrophy one of faciowcapulo-
humeral muscolar dystrophy and onc of polymyonus, there may have
been some break up of the structure of the subneural apparatun, but it
fa difficult to be sure of thit. In one of the “control” speamens which
was taken from the illacus during cup arthroplasty of the hip there
wcemed o be evidence of diruption of normal end plate structure,
since there were present numerows small dots with gutter structure
about the size of the nucler scattered over the muscle fibers.

One of the most stnking things observed 1n our senies of speaimens
w23 that where there was extreme muscle fiber atrophy accompanied
by replacement of muscle fibers by dense collagenous tssue such a3 is
:;cn 10 cases of facsoscapulo-humeral dystrophy or famulial dystrophy

¢ remaining fibers were amothered in picces of end plate structure,
Thus tremendows concentration of end plate material was also seen in
cases of prcudo-hypertrophuc muscular dystrophy  where there was
distuption of muscle fiber structure and a high degree of infiliratron by
fatty tuue between the remaning muscle fibers. These observations




290 F. B BECXETT AND G 1L BOURNE

«u _st that the presence of the end plate or of some chermaal b
~ e such as the enzyme 1n it hay a protective mfuence on the sur
t=uirg muscle t sue and prevents or delays 1ts destruchion, That
1 #7 ct however 13 not due to the cholinesterase 1 suggested by the
t ‘.t m the muscle substance 1tself, the enzyme n increased m
, -nut, 1 muscle fibers thowmng evidence of atrophy and neeroms.
Tr = what has already been sald here, it can be seen that no clear
I ¢ ure hay emerged of the changes which occur in the subneural
1 ¢f human muscle in the course of muscular or neurormmcnlar
v great deal more work must be done on normal human
n  der to try and understand the muscellany of cholinesterase
¢ ures present 1n 1t before 1t i3 safe to argue about wiat
ormal human end plate and to decide what changs

€ processcs,

I, PHOSPHATASES
\0O¥ SPECIFIC ALXALINE PriospEATAIE

_hnique are available for the histochermcal demon-

peafic alkahne phosphatase (a) the Talamatu-

d n which sodium glycerophosphate s spht 1 the

e itrm 1018 to yleld calaum phosphate, and the calaum

1¢  benasualbized either by the use of silver or by convert

7, 1L 10 ooait phosphate and thence to black cobalt sulfide, and (b)

the duzo dye techmques, first introduced by Menten and awocutes

(1944) and later modified by Manheamer and Seligman {1948)

Loveless and Dameth (1949) and Gomon (1951) among others with

the aim of reducing diffusron artifacts. In these diazo dye techmques

{except for that of Loveless and Damiells) a naphthyl phosphate s split

Ly alkaline phosphatase and the released naphthol combmes with 2
diazo dye to give a colored compound.

\lthough these Iatter techniques offer some advantages, for exampic,
there 3 no confuston between end-product and preforred calaum,
th all suffer to some extent from diffusion artifacts, and there s e
dence that the two tech ques d rate different

Y

1 Alkaline Phosphatase tn Aormal Muscls
The biochemnical work of Kay (1928) md:icated that there was 50
alkahne phosphatase 1n human muscle, and some of the later bt
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chemical work (Gomor, 1939 Dempsey etal., 1946 Romdal 1954)
seemed to indicate that this was also true of muscle taken from a vanety
of animals, even when, 1510 the work of Dempsey W nlocks, and Singer
prolonged incubaton perrods were used 1n order to try to obtain a
pontve result.

Other investigations using one or other of the techniques for alkaline
phosphatase, however showed that although the fibers of skeletal
muscle tisue were themselves negative, both the wally of capillanies and
the endothehal lining of larger vessels were pentive. This was found to
be 30 mn the muscle of vanous ammals, incloding man by Gomon
(1941b) in that of adult man and adult and embryonic mouse by
Rabat and Furth {1941) and 1n that of adult man and rat by Newman
¢t al. (1930b) Similar observations were made 1n human muscle by
Manheimer and Sehgman (1948) 1n human fetal muscle by Rossi et al.
(1954) and also by McKay «f el (1955} and agmn in adult human
muscle by Beckett and Bourne (1958b) These last workers also men-
tioned that the positive reaction does not extend throughout the whole
blood venle bed of a given area of muscle and suggested that physto-
logical changes 1n the capillanes, e.g permeability changes, might find
their reflection 1n the level of alkaline phosphatase actvity in their
walls,

Zorral and Stowell (1947) claimed that alkaline phosphatase was
present 1n the nucler, cron-stnations, and the myofibrils of muscle as
well as 1a the capillanes and surrounding connective tisue but ther
incubation perods were so excemvely long (up to 70 hours), that
grave doubt must exust about the valrdity of their results.

In recent years attempts have been made to localze phosphatases
in fresh frozen sections in order to chiminate the effects of akcohol or
acetone fixauon However uung such a techmque Maengwyn
Davies and Friedenwald (1950) could obtain no reaction 1n musele
using glycerophosphate as substrate even after 48 houry incubation.
Grorge Nairand Seana (1958) claim that alkaline glycerophosphatase
actwity may be demonstrated in fresh frozen sections of pigeon breast
muscle after profonged incubation,

2. Alkaltae Phesphatase 1 Pathological Vluscle

In this section, we can only discun the observations made in the
counse of our own work (Beckett and Bourne, 1958b) These can be
regarded as preluminany indications only but may nevertheless be
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suggest that the presence of the end plate or of some chemical sub-
stance such 23 the enzyme 1n 1t has & protecuve influence on the sur
rounding muscle tisue and prevents or delays 1ty destruchon. That
this effect, however 15 not due to the chalinesterase is suggested by the
fact that 1n the muscle substance itself, the enzyme is increased in
quantity 10 muscle fibery showing evidence of atrophy and necrosis.

From what has already been suid here, 1t can be seen that no clear
cut picture has emerged of the changes which occur m the subneural
apparatus of human muscle in the counse of muscular or reuromuscular
disorders. A great deal more work must be done on normal humsn
muscle In order to try and understand the muscellany of cholinesterae
positive structures present m 1t before it bs safe to argue about what
comstitutes a normal human end plate and to deade what changes
are duc to discase procenses.

L PHOSPHATASES
A. Non-Sprcrria Arxarre ProsPiATAID

Two types of techmque are available for the histochemical demon-
straton of non-pecific alkaline phosphatasc (a) the Takamstio-
Gomor: method in which sodium glycerophosphate 15 split 1 the
presence of cakaum 10ns t0 yreld calaum phosphate, and the caldum
pbosphate 1 then visualized either by the use of silver or by convert
g 1t to cobalt phosphate and thepee to black cobalt sulfide and (b)
the duazo dye technigues, first introduced by Menten and amocates
(1944) and later modified by Manheamer and Scligman (1948)
Loveless and Daniell: (1949) and Gomon (1951) among others with
the alm of reducing diffusion artifacts. In these diszo dye techniques
(except for that of Loveless and Danselli} 2 naphthy! phosphate i splht
by alkaline phosph and the released naphthol combines with a
diszo dye to give l colored compound.

Although these latter techmques offer some advantages, for example,
there 3 po confuson between end product end preformed caldum,
Lheyaﬂmﬂ'crmnomccx!mt[mmdnﬂ'moulruﬁcu,mdthm:h v
dence that the two techmq enrymer.

1 Alklins Phosphatass in Normal Muscle
The brochermical work of hay (1928) ipchcated that there was no
alkalme phosphatase in human mucle and some of the later huto-
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chermeal work {Gomon 1933 Dempsey rtal. 1946 Rosmetol 1954)
seemed to indicate that thrs was abo true of muscle taken from a vanety
of ammals, even when, as in the work of Dempicy Wislocky, and Singer,
prolonged incubation periods were wed m order to try to obtam a
pontve result.

Other investigatsons unng one or other of the techmques for alkaline
phosphatase, however showed that although the fibers of tkeletal
muscle tissue were themaelves negative, both the walls of capillanes and
the endothclial hining of larger vesels were pontive. Thus was fourd to
be 30 1 the muscle of varfous ammals, incleding man by Gomon
(1941b} 1n that of adult man and adult and embryome mowse by
habat and Furth {(1941) and 1n that of adult man and rat by Newman
¢ al (1950b) Similar observations were made in human muscle by
Manheimer and Seligman (1948) 1n human fetal muscle by Rossd 2 al.
(1934) and alo by Mchay  of {1955) and agan in adult human
munscle by Beckett and Bourne (1958b) These last workers also men
thoned that the pomtive reaction does not extend throughout the whole
blood venle bed of a gven arca of muscle and suggested that physio-
logcal changes in the capillanes, e.g permeability changes, might find
their reflection 1n the level of alkaline phosphatase activity in thar
walls,

Zorzoh and Stowell (1947) claumed that alkahine phospt was
presentan the nucles cros-stnauons, and the myofibnls of muscle as
well a5 1n the capillanes and surrounding connective tusue bat ther
incubabon pertods were so excemvely long (up to 70 houns) that
grave doubt must exnst about the validity of their results

In recent years attempts have been made to localize phosphatases
in fresh frozen sections in order to eliminate the effects of alcohol or
scetone fixabon However umng such a techmque Maengwvn
Davias and Friedenwald (1950) could obtain no reaction n muscle,
wiing gh cerophorphate as substrate, even after 48 hours incubaton.
George Nar and Scana (1958) claim that alkaline glycerophesphatase
sctivity may be demonstrated in fresh frozen sectioms of pigeon breast
muscle after prolonged incubation.

2 Alielone Phosphatase 1x Pathologreal \fuscle

In thus secon, we can only discun the observations made 1n the
coune of our own work (Beckett and Bourne, 1958b) These can be
regarded as prelimunan indicatons enly but may neverthelas be
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worthwhile recardmg The results obtamed unfortunately do not
show a pattern of change asociated with particular cimical dugnoses,
10 that no general conclunions can be drawn

In contrast to the picture scen of alkaline phosphatase in parmal
musde, a sample taken dunng cap arthroplasty of the hup for osteo-
arthritis, wiuch showed ngm of degeneration 1 some areas, contaned
small stellate cells with alkalme phosphatase 1n ther cytoplasm and
nucleol. The natnre of these cells 13 nnknown, but they were not scen
1n any other specimens of discased muscle.

Occagonally  among the nmplcl of pathulomcd mu!dc (L.e.
muoscle taken from cases of or peur
whmthﬁchldbcmmmmxofmtmuddconnccdvc&nm,c.g
in cases of faco-scapulo-humeral dystrophy or familial dystrophy
there were a few fine scattered alkaline phosphatase-pontive connec
tive tisue fiber, These may have been newly formed fibers, sinee
these have been shown (Bourne, 1943 Fell and Danlell;, 1948) to
contain thls enxyme.

In other speci Ika! hosph was present 1y some of the
muscle fibers. The occln-rmocafthuccnzyme-pcmmcmmdeﬁbd!
was not correlated in any way with the general histological state of the
muscle or with the diagnows. The samples showmg alkaline phosph.
s¢ positive muscle fibers comsmted of two cat of five cases of faco-
scapulo-humeral dystrophy one out of two cases of familial dystrophy
one casc of dystrophy with pertodic paralyns, one case of prendo-
hypertrophie murcular dystrophy one case of pomble pseudohyper
trophic dystrophy postible polymyosityy, onc case of potuble thyrotoxic
myvpathy and one out of three cases of motor neuron disease,

The enxryme pontive muscle fibery were scattered and were usually
10 an atrophied state (although this was not 80 in the case of dystrophy
with penodic paralyns) but did not seem ta differ greatly morpho-
logcally from other atrophied fibers present. In nearly every case, the
enxyme positive muscle fibery were surrounded and invaded by a net
work of fine reticular like fibers which alsw contmned alkalme phos-
phatase, none of the surroundmg connective tissue, however shovwed
any evidence of & positrve reacton.

B Acp PrrosPHATALE

Two varieties of technque arc available for the histochemucal
4 Jon of acxd phosph




IX. MISTOCHEMITRY OF SXELETAL MUICLE 293

The glycerophosphate method, mtroduced by Gomon (1941a)
ivolves the preamtanon of the morgame phosphate, released from
the substrate by enzyme action m the form of lead phosphate, and 1o
subtequent convernon to brown lead sulfide. This method 13 renowned
for 1ts waywardness, but, although the efforts of many workens (for
\pstance, Newman ¢f o)., 19502 Gomon, 1950 Goetsch and Reynolds,
1951) have been directed towards improving ths state of affain, no
modification has emerged to make the techmque reliable

The diazo dye methods are very mmular to those for alkahine phos-
phatase, 1 e, they imvolve the carymatc splitting of a naphthyl phos-
phate, but at an acd pH followed by the combsnation of the free
napthol radical so formed with a diazo dye to give a colored reacuon
product. The finst of these techmques was introduced by Seligman and
Manheimer (1949) It has nince been modified by Fnedman and Sehg
man in 1950 Grogg and Peanc in 1952 and Burton m 1954 (sec
Rutenburg and Sehigman, 1955) in order to make 1t techmceally more
simple and to decrease the diffumon arufacts of the onginal method.

All of these duazo dye methods were simultancous coupling tech
niquey, 1 c., both the substrate and the dye were present in the mxture
1 which the sections were incubated. The recently introduced Ruten-
burg and Seligman (1935) technique represents a new departure from
establbed practice for two reasom firstly these authors used sodium
6-benzoy 1-2-naphthyl phosphate instead of the more usual naphthyl
phosphates, and secondly that thear techoque 1 a post incubation
coupling method, 1 ¢., the sections are finst incubated with the sub-
strate and then treated with a diazo dye solution afterwards. Usning
this new technlque Rutenburg and Seligman caim that diffumon
artifacts arc virtually eiminated but, unfortunately the colored end
product fades after two weeks or more.

Rutenburg and Seligman s view concerming the lack of diffunion
artifacts produced by ths technlque 13 supported by some recent work
by Defendi (1957) in which he observed that 6-benzoyl 2 naphihol
has a strong affinity for vanous tisue components, It would therefore
remaun at the utes at which it was relcased by enzyme activity unul
coupled with the dye in the sccond stage of the procedure.

1 dad Phosphatase n Mornal Muscle

For the study of aad phorphatase 1n muscle, the Gomori technique
seems 1o bave been the one chosen by the vanous mvestigators.
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Gomon s work (1941a) led to the conclusion that there was no aad
phosphatase in human skeletal muscle taken elther at tnopay or with
mn 4 hours post mortem, and thus result was supported by observations
on rat and monkey muscle by Dempaey of af (1946) Wolf and anso-
antes (1943) however obtained a positive reaction In the skeletal
muscle of various adult animals. They found that the sarcolemmas and
muscle nucdler showed 2 moderately intense reaction and that the
crom-smations were ag a rule clearly visible. Somctimes, however the
muscle fibers were unreactive.

In addi Wolf et al. d ed that the axons, the nucler, and
the cytoplasm of Schwann cells, and the endoncunal cells of peniph
eral nerves were acid phosphatase pontrve that In artenies and vans all
nuclel and smooth muscle cells were poutive, and that in capillanes
only the nuclel gave a reaction

A few years later Ross et af (1953 1954) obtaned a positive acid
phosphatase reaction 1n the nucler of human fetal muscle, and i thar
later paper stated that there was enxyme activity in the sarcolemmal
nuclel of adult human muscle.

Our own observations (Beckett and Bourne, 1958b) support many of

Fro, 13 Alkalme phospbatasc In mude from a case of lacxo-ecapulo-barneral
dystroplry Several of the few remaining musclo fibers give & poritive reaction.

tlon approx. x 150
Fio. 14 Awoplued, phorphatasc-posittve musclc fibers, seen In & cuse of
myopathy Note the fine, entyme-pautne connectrve theue fibers sur
the mmumele fibers, Magulficaton appeax. x 150
Fro. 15 A very much dezupted mousele Sher with alkaline tase ko the
remnants. This was oheerved In & cac of doubtful duagnets
pol } in & young boy approx. x 150,

positive
Fro. 18, Muscle, sgatn from » cme of famiTial muscular dystrophy
iovation of omcle fibers by acid phosphatase-positive connective tamue fiber. The
ery atophbed fibers present in ths field contaln much ackd phasphatase, Magrd-
200.

tase in musche from & ome of peeudobypertrophle moctiler

Magnificaon  pprox. x 400,
Fro 20. 5-auckcotdss in the walls of blood vessch of muscle from a case of faco-

scapulo-bumeral dyrtrophy This w a normnal distmbution pattern for the exryme.



295

X ENSTOCHIMISTRY OF SKELETAL MUSCLE

— -

|
o
«

L-

=z

PO VAR
3

ﬁ»

i
%ﬂ
Y

P o LR
2a 200 KR Ve

. u?

”~

&

)
.

Pram 11T



296 E. B BICKETT AND G JL BOURNE

the findings of Wolf ¢t ¢/ (1943) In speamens of narmal muscle, the
most reactive clements were the axons and the so~called nevrokeratin
of the peripheral nerves, the cell walls of adipose timue, the fibroblasts of
tendon, and also the groups of granules which are ntuated at the poles
of the nucle1 of both muscle fibers #nd connective tosue. These granules
probably represent the Golgi apparatus The nuclei of connective
tusue, and of blood vewsel walls, and some also of those in muscle fiben
contalned a moderate amount of the enxtyme, The muscle fibers them-
selves, on the other hand, and the smooth muscle of blood vessel walls
were lem reactive, The croms stnanons of voluntary muscle were often
visible. Ay Wolf ¢ &l. we sometimes found that the muscle cells were
negative, but this was wually a reflection of the length of incubation
used. Capillary walls were occanonally pontive the nucle being more
0 than the cytoplasm of the endothehal walls

Rutenburg and Scligmans (1955) work on formalin-fixed tuc
indicated that ther method produced a granular reaction for add
phosphatase 1n skeletal muscle. This reaction had no particular local
lzation. It s dufficult to reconale this observation with the results
obtained with the Gomon techmque.

2 Acd Phosphatass 1n Pathologreal Muscle
Agun for this section we must rely upon our own resulas and must
emphasize that these have not yet been confirmed

Fro. 21 Muscie from 2 case of motor neuron discesc, thowing & 3-puckoodes
pasitive capiltary which has apparently “eaten™ in way into the mmode fibor
Magnification approx. x 330
Pﬁo.Z?.Avuynrophkdmmdcﬁbamlnncned’qun—ypm.dcbypﬂﬂrﬂph‘
rmuscobar The fiber tame » high coo-
cmmﬂmdhm(mddmlnd-onhodaﬂxhvﬂlngcdhhlqmﬁuﬁm sppeoe.
x 450,

Fro. 23 Muscke from & case of familial d of late omset, thowing bigh
S puckeotulase activity In atrophied muncle fibers In the cells and fibers which

them.
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In genernl there appeared to be httle change from normal in the
2ad phosphatase activity of masele specimens taken from casar of
musculer and neuromuscular disorders. There was a reduced reacton,
a3 judged from the incubabon time needed to produce mnimal
coloratron 1n three cases of penodic paralyns and one of peroneal
muscular atrophy There was a 1light reduction in activity 1n one case
each of palymyositis, motor neuron disease, and myopathy of unknown
ongin Although we have hsted these cases here, 1t must be sad that
the change 10 acsd phosphatase activity of a given speamen o pot
linked with 1ts chmeal diagnons.

Agenerahized increase 1n acid phosphatase activity was never observed
but 1t was very noticeable that all atrophred fibers, whether or not they
also showed mgns of degencration contained more acd phosphatase
activaty than normal, This was very strikingly shown 1n peroneal mus-
cular atrophy and motor neuron ducase, where the atrophied fbers
were sltoated m groups among the more pormal muscle fiben.

Groups of inflammatory cells invading degenerating fibers often
showed a moderate to strong hntochenucal reaction for aad phosphe
tase, although thn type of dsmbution was not as striking as that scen
in preparatons demomtrating 5-nuclcotidase actvty The invading
cells were particularly obvions 1n cases of muscular dystrophy of
different types and in cases of polymyosins. Occanonally toa, wvading
aad phosphatase poative capillanes were observed.

1I¥ 5-NUCLEOTIDASK

5-nucleotidase was onginally studied by brochemucal means. In 1934
(Gulland and Jackson, 1938) Ren found 5-nucleondase 1n the retinas
of varrous animaly, and later work by thus anthor (Ress, 1951) and also
by Gulland and Jackson (1938) demomtrated that 1t was present 10 2
vancty of trssues uken fmm animaly and slso from the human body

The & h ques for 5-nucicotrdase are of two types
The onc evolved by Gomon, which uses acctone fixed material, arose
from the study of phosphatase speaifiaty (Gomon, 1949 Newman
st al 1950b) A second type of techmque, with which comparatively
Lttle work has been carried out, utilzes fresh frozen sections of
mammalan tsues (Macogwyn Davies o ol 1952 Padykuls and
Herman 1955a, b) Both types of method arc based essentally on the
Gomori alkeline phosphatase techmique but wath the replacement of
glycerophosphate by muscle adenylic acid.
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A, 5-\LcLroTmase x N\oruAL \MuicLr

The apparent distibunon of 5-nucleondase 1 muscular tisue
depends upon the techmque used.

Newman and his co~workers (1950b) were unable to demonstrate
S-nucleotidase 1n acctone fixed muscle taken from a range of ammals.
Later work by the present authors (Beckett and Bourne, 1958¢)
showed that in normal adult human muscle there may be o 5-nucleo-
udasc acuvity at all, or there may be a stight reacuon for the enzyme.
The reaction when present, i vestncted to the nucler and the mtimas
of venels of larger nze than capillanes, to the axons and so<called
neurokeraun network of penpheral nerves present, to the connective
tmsue sheaths of muscle spindles, and to occanonal fibroblasts Incuba
tion peniods of up to 24 hours, are however needed to demomstrate
5-nucleotdate 1n human muscle. This enryme actvity demonstrated
at pH 825 n duc to a speafic >nudeotdase and not 1o alkaline
phosphatase mince 1f the sbstrate 1 replaced by sodium glycerophos-
phate a reaction is never obtained.

The dstnbution of 5-nucleondase 1 cunous mnce the enzyme 1
asmsoaated with only certain of the larger vexsels, and ths phenomenon
dots not appear ta be due to technical difficulues. The phywological
nterpretation of this specific dustribution 18 obscure.

In rat rectus abdominis muscle incubated for 6 and 8 hours at pH
8 0 this vanable dmtibution in vessel walls 1s most marked. Those the
size of artenoles and venules are especially affected, for quite commonly
one of an adjacent pair shows 2n intensely pontnve reachon while 1ts
neighbor remans negatve Capillanes are alwo ponitive to a2 vanable
degree and where they are nrongly reactive diffunon tonearby muscle
nudlel occurs and mives the latter 2 spunous poutivity  As wath human
matenal the muscle fibers are constently negative. From the point
of view of the amount and distribution of 5-nucleotidase, acetone fixed
mouse muscle o more alim to human then to rat muscle.

It does not seem to be particulardy easy to demonstrate S-nucleots
dase in fresh frozen sections of mammalian sleletal muscle Maeng
wyn Davies o1« {1932) could obtan only a diffise staining of rat
shefetal muscle fibers after 72 hours incubation at pH 825 Some
muscle nucler and the adventitia and media of blood vessels abo
became pontive under these conditioms. Three yean later Padykula
and Herman (1955b) obserned 1o reaction in lingual and leg muscle
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after incubation for 30 minutes wath muscle adenyhe aad at pH 94
Tins latter negative result may 1 part be due to the lugh pH wed,
since we have observed that 5-nucleotiduse actvity varies connderably
with pH (Beckett and Bourne, 1958¢)

B 5-Nuvcreotmare v PATHoLoaicAL Moscre

Usually 1n pathological muscle, the pattern of distribution of 5-
nucleotidese activity was estentially the same as m normal samplas,
Le. the reaction was absent or was imted to groups of blood vesscls
and to wmall areas of connective tinue in thar immediate viamty
(Beckett and Bourne, 1958¢)

In cases where there had been 8 conuderable reduction in the mze
of muscle fibers present, with a concomuitant increase 1o the amount of
dense collagenows connective tssue (23 i for mstance, seen in faco-
scapulo-humeral dynmphy or familis) dystrophy) and upccully
where this was iated with 1nfl tory changes i and
to the muscle fibers, thcrl:m[rcqucndynvcrygmtmm:ﬂxmthe
amount of enxyme present. Where there was less widespread moscle
fiber atrophy and necroms, a smaller merease 1n the amount of 5-
nucleotidase was observed.

Where the actrvity of thy enzyme was increased, 1t was present in it
wsual sites, ic. in the blood vemels, nerves etc., but the arcas of connee-
tive tmsuc showing a posittve reaction were conuderably enlarged.
‘When there was a lymphocytic infiltration of the connectve troe, the
lymphocytes also ec d 5-pucleotidase activity In add to this

and appeared to be actively eroded by inflammatory cells, reticular
likcﬁbax,mdclpﬂhnu,allofwb:chwaeenzymaﬂuﬂyuﬁmm
the same time, the muscle fibers th
'H::ocummccoﬂhnhtrnsem}nudcunducmvitymmtlummd
to neur lar and lar diorders, nnce an essennally milar
picture was scen in muscle taken from around the lup joint of a cxse
of osteoarthrits of 3 years standing
¥ OTHER PHOSPHATASES

The hiterature concermng other phosphatases b spanse, particulady
in connection with skeletal muscle tisue, and the results obtamed in
muscle with other phosphate substratey scem to depend primarily
upon the technique used.
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Zorroh and Stowell (1947) found that at an alkaline pH fructose
1,6-diphosphate gave the same reactron distribubon as sodm gly
cerophosphate m acetone-fired paraffin-embedded shelctal muscle.

Threc years later Newman of af (1950b) also unng acetone-fixed
muscle from several different ammaly, and carrying out ther incuba
tron ot pH 9.2, observed that a wide vanety of substrates, wncluding
glycerophosphate, glucose 1 phosphate, hexose diphosphate, creatine
phosphate, yeast adenylic aad, yeast nuclac aad thimine pyro-
phosphate, and barum phytate gave & typical alkaline phosphatate
reaction in muscle, 1.¢. the endothelium of blood vessels was pontive.
All of thase substrates and adenomne tnphosphate and S-nucleonde
gave nuclear staming also but only after prolonged incubation pe-
nods

These results indicated therefore, that if speafic phosphatases
exusted 1n fresh muscular tsue only 2 little adencnne tniphosphatase
and 5-nucleondase activity could survive acetone fixatton or at any
rate, the r der of the phosph were not di rable under
the expenumental conditrons employed The only evidence to the con
trary was that of Glick (1946) who umng acctone-fixed parafiin
embedded cockroach muscle, obtained a pontuve reaction with ATP
but nat with glycerophasphate.

Later work on the phosphatases of muscle was directed towards
the development of methods utilizing fresh frozen sections 1n order to
demonstrate speaific enzymes, and partcularly to demomtrate ATPase,

The carly efforts of Maengwyn Davies and Fredenwald (1950)
do npot teem to have met with much success, simce after 48 houns
incabation they obtained & reaction lumated to nucla and blood vemels
with glucose-1 phosphate but no reacton at all wath hexose diphos-
phates, g-naphthyl phasphate, ar sodium glvecrophosphate.

Two years later the techmque of these workers had been improved
by the use of varying pHs and the ratroduction of inhibitors and ac
uvators to demonstrate the speafiaty of the phosphatases {Maengwyn
Daviretaf 1952)

Usnp the modified techmque at pH 9 9 with ATP as substrate they
found that after 24 hours incubation the muscle fibers were blackened
and had darker stumng nucler These nuclea had a blackened mem-
branc and then an unstuned region between 1t and the chromatin.
The sarcolemma and the endothehum of blood vesels ako showed

acuaty
e
LT DTGTRY
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At pH 825 a pH at which these workers supposed myosin ATPase
to be active, the muscle fibers themachves and thelr sarcolemmas, and
also the chromatin of muscle nucler were intensely staned, after 22
hours incubation with ATP The endothehum of blood vemels of ali
szes and the smooth muscle of the media were diffusely darkened. In
additton the nucles of the blood vessels were moderately pontive, and
activity was also observed in the vanows connective tisue sheaths of
penpheral nerva. With creaume phosphate and yeast adenyiic scrd
these workers could only obtain patchy reactons after very long
penods of mcubation (48-96 hours)

Further investigations on the techmcal side by Padykula and Her
man (1955a) indicated that the sodium acetate used m the method of
Maengwyn-Davies and her colleagues had a strong inhibitory effect on
phorphatases, and by uung a modified Gomord substrate at pH 94
Padykula and Herman obtained a  positive reaction with ATP in
15-30 mun. a much more satsfactory result than those of the earlier
workers,

This pontrve reaction observed by Padykula and Herman was prob-
ably situated in the myofibrils, and there was no sarcoplasmic
starmng Blackening of crom-striatrons was somctimes seen and smooth

Fio, 27 Sulthydryl groups in an artery wall. The central sren of each smoath
rmmcde fiber which probably represents the muckens, b lighter than the peripbery
Magnificatlon  x 350.

Fao. 78. Tranmene secton through muscle fibas from a case of fack-acapul>-

preparanone. Magnification  x 170,
Fro. 29 Mimck taken fram a case of perodic parlysls showing “thading” of
reacton for salfhydryl grocps. Agam, amino group preparation wore kientical B

dehydrogenase
trophac mescular dyrtroplry Mote the curlous “woven™ pattern of the
3

which reflects the pattern of of the my fag

apprex. ~ 1800
Fra. 32. Soccinic dehydrogenase in gastrocnembn fram & case of polymyosta.
mmhwﬁbdl‘hhmdemhm-ndthcmﬂaﬁ]n:wﬂh-huﬂd
peripberal band of resction. The central Lght zooe pomibly repeosents & primary
Lesion. Magnification approx. > 120
Fro. 33, Musche from a rat, thowing the checker-board  effect of fibers with hagh
and Jow conc of sucerme drog: actrvity
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At pH 8.25 & pH at which these workers supposed myosin ATPase
to be active, the muscle fibers themaelves and thelr sarcolemmas, and
aleo the chromatn of muscle nucler were intensely stamed after 22
houry incubation with ATP The endothelum of blood vesmels of all
nzes and the smooth muscle of the media were diffuscly darkened, In
additron, the nucle: of the blood vesels were moderately positive, and
activity was also obeerved i the varows connective tsue sheathy of
peripheral nerves. With creatine phosphate and yeast adenylic aad
these workers could only obtan patchy reactions after very long
peniods of incubaton (48-96 bouns)

Further investigations on the technical mde by Padykula and Her
man (1955a) indicated that the sodium acetate used 1n the method of
Maengwyn-Davies and her colleagues had a strong inhibrtory effect on
phosphatases and by using a modified Gomon substrate at pH 94
Padykula and Herman obtmined 2 pomtive reaction with ATP m
15-30 mm., a much more satisfactory result than those of the carher
workers.

Thns pontive reaction observed by Padykula and Herman was prob-
ably mtuated in the myofibrils, and there was no sarcoplaxmic
stainmg Blackening of cros-tnations was sometimes seen and smooth

Fia. 27 Sulthydryl groups In an artery wall The central area of cach mmooth
mumche fiber wiuch probably reprosent the rackews, i kghter than the perphery

Fro 28, Transvere secton throogh muoscle fibers from a o of fack-scapulo-

hypertrophled
peeparations. Magnification  x 170,
Fro. 79 Mudemhm&umlu.nc{‘:n-nﬁ:p-n}ymnbmd:g“ﬂnm of
reaction for salihydryl groups. Agam, ammo group prepematons were kdentical
sppearance. Magnification x 170
Fra. 30 Very d, but otherwise apparcatly normal, muscle fiberns from &
case of peroncal mmmcular atrophy The concentration of rulfrydryl groups bt un-
changed, and thh was truc aleo of amino groupe. Magnibcation X 170
Fra. 31 Succine detrydrogenase m gastrocpenmos from e case of
romcular of

trophic dystrophy Note the curioum woven  pattern of the diformazan
gramala, winch reflects the pattern of al: of the myollbrile. Mag
approx. % 180

Fra. 32 dehydrogenzse from a case of

eochemreal kadon. Nagmbeaton spprox. x 120
Fia. 33 Muoscle from a rat, showing tho “checker-board  effect of fiers with hgh
and Jow af ez delry actvity
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muscle and endothelinm of blood vessels were also podtrve. In contrast
to this, ad diphosphate or muscle adenylic acid gave lithe
reaction upder the experimental condinans used,

Y1 GROUPS IN MUSCLE PROTEINS
A. Svrruvpryr anp DisuLribe Grouors

Vanous methods have been devised for the hustochemucal detechon
of sulfhydryl and disulfide groups, and these have been the subject ofa
recent review by Gomorr (1956) The one which has probably been
most used for the study of stnated muscle 13 the drhydroxy dmaphthy!
dnulfide (DDD) techmque first introduced by Barrnett and Seljgman
(1932) for the demonstratron of sulfhydryl groups, and later modified by
the inclumon of thuoglycollate reduction (Barrnett and Scligman, 1954)
1n order to detect durulfide groups as well, In this techmque the sub-
strate combnes with sulthydryl groups and at the same time splits 1nto
two parts. One part represents a by product of the reaction, and
removed by washing Thcnwond which is attached to the protem and
which 1 & naphthol c comb with a dye such as tetra
arotized dmrthoa.ujnd.mc, to grve a colared end product. This end
product 15 pinkush mauve where there are few sulthydryl groups and
monocoupling bas occurred, bat blulsh mauve where there are more
sulfhydryl groups and dicoupling has occurred.

1 Normal Muscle

Accordmg to Barmett (1953) m skeletal muscle there 15 an intense
reaction for sulthydryl groups with no apparent differentiation be-
tween A and I bands, and no nuclear reaction. Stmilar results were
obtamned by us a few yean later (Beckett and Bourne, 1958d) In
human, rat and goat adult skelctal muscle the reaction intenaty for
sulfhydryl and dnulfide groups was quite strong and there were no
apparent species differences, The picture obrained scemed to indicate
that all of the sulfur linkages 1n muwcle were in the sulthydryl form,
gince the shde shoving sulthydryl gro vere of the s nuty as

those showing sulfhydryl plas ups Th was
lymited to mmyafibrils and the sarco virtually ross-
stnations were vsible, apecaily 1 em spec as of

near th ends

deeper reaction 10tenmly were 10
of muncle fibers, heir agnifica ear
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Lake Barrnett (1953) the present authors observed a strong reaction
for sulthydryl groups in the smooth muscle of blood vessels and also
found that the nucla of these muscle fibers were less positve than the
cytoplasm.

In penpheral nerves, Barrnett (1953) noted a reticulate network
which was pontive for sulfhydryl groups, and this was later confirmed
by us (Beckett and Bourne, 1958d) Barrnctt and Seligman (1954)
however maintan that this reticulate network showed a reaction for
disulfide groups only The reason for these apparent differences 11 not
obvious. In the connective tusue between the muscle fibers, there 13 a
slight posiive reaction (Beckett and Bourne 1958d) the ccllular
clements being rather more decply stamned than the connective tissue
fibers,

2. Sulfipdryl Groups m Pathological Muscle

The only work on the subject of sulthydryl groups in pathological
muscle appeans to be that of the present authors. As judged by husto-
chemical methods, we could find no change at all in the concentration
or distnbution of sulthydryl groups in the range of muscular and neuro-
muscular dusorders which were examined (Beckett and Bourne, 1958d)
Thus was true even where there was grom change in the sze of muscle
fibers with or without necrotic changes, and where fibers were being
replaced by adipose or demse collagenouns nsue,

B Prormn Bouxo Prowary Aumvo Grours

The hutochenucal techmque for the demonstration of these groups
wat fint described by W e and awociates (1954) and is based upon
the use of 3 hydroxy 2 naphthaldehyde as substrate, The aldehyde
grouping on this compound reacts with primary amino groups of the
protein, and the naphthyl part of the molecule then reacts with tetra
azotized drortheanmdine to grve a color very lile that obtained wath
the technique for sulthydn] and disulfide groups. As wath thu latter
techmque the color of the end product differs according to whether
monocoupling or dicoupling has occurred.

1 Normal Vusde

The work of Wewn of «f (1954) and of the present authors (Beckett
and Bourne 1958d) indicates that the dustribution of protein-bound
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primary amuno groups is very sumuler to that of sulfhydryl groupe. In
skeletal muscle fibers themselves the myofibrils have a moderate to
strong reaction with fine banding due to crost-striatrons, and there s
sometimes a darker reaction at the sides and ends of muscle fibres. The
nucler and sarcoplasm are negative or nearly so The reactron in the
smooth muscle of blood versel walls 13 of about the same intentlty as
that 1n the stnated muscle fibres. The 1nterstitial connective tuse
shows little rexction and the cells 1n 1t are lets pontive than in sulf
hydryl gronp preparations, Similarly the reaction in nerve fibers 13
much less conspicuous than n the latter preparations.

2 Ao Groups i Pathelogpical Muscle

The picture 1 lar and neur lar duorders can be
summed up quite nmply by saying that, as far as our own observatnons
go there 1 pever any change in concentration or dstrbution of
primary protein bound amino groups. It must be emphanzed however
that these results are as yet unconfirmed by other workers.

YiL. OXIDATTYE SCHIFF PROCEDURES

If tiesuc sections are treated with oxdiriog agents, such as chromse
acid, aadified potasmum permanganate penodic acid, or lead tetra
acetate, aldchyde groupings arc formed which can then react with
Schiff reagent to form a magenta calor

Chromc acid and aadified potasmum permanganate were the finst
kpown oxidizing agents (Lilhe, 1951) but the mienave e of oxdative
Schuff procedures for histochemucal work dates from the mtroduction
for thrs purpose of perrodic aad (Hotchkusy, 1948 McManus, 1946)
The use of periodic acad, and the later introduchon of lead tetra acctate
(Shimmru and Kumamoto 1932) for the cxadation of tmue sectiom,
has prompted ntensive investigation of the chemucal reactions involy
ed 1 oxdanve-Schiff metbods. As 2 resolt, it hay become apparent
that a3 well as the 1 2-glycol groups previously known to be omdized
by the resgents mentioned above, other groups, chicfly substituted 1,2
glycol groups are also attacked (e g Glegg el 1952a Hale, 1957)
Umunbstituted and substituted 1,2-glyeol groups are present in a vanc
ty of tusuc components including glycogen, mucopolysaccharides,
mucoprotemns, and some lipids, and all of these substances may be
demomtrated by oxddative-Schiff technrques. Because of thy  these
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techmques have been modified to make them more selective for
instance maliva or diastase (Bemley 1939 Lillie and Greeo 1947
among others) have been used to remove glytogen, and Iipid solvens
(Leblond  1950) have been wsed to remove fats. Other workens
(Lillic, 1951 Glegg e ol 19522, b Camelman, 1954) have directed
their attentions towards the pomibilities of increaung the selectivity
of oxdative-Schiff methods by carcful choice of oxxdmmng agent and
the conditions under which it 13 used

1 As Applied te Perafin Sections of Muscle

Thus type of method has been applied to skeletal muscle by Dempsey
et af (1946) who used a chromic aad-Schiff techmque on sections of
skeleta!l muscle taken from goat, man, and rat, and also by the present
authors (Beckett and Bourne, 1958¢) who used penodic add or
lead tetra acetate oxidation followed by Schif’s reagent on sechons of
normal and pathologcal buman muscle.

The conclunons reached from the two sets of results were similar
In both cases 1t was abserved that atainable material could be present
dupersed within the muscle fibers aither as fine granules or m large
wregularly dstributed aggregates. In human muscle (Beckett and
Bourne, 1958¢) 1t appears that if the speamen 13 taken at biopsy or
within an hour or 8o of death the aggregauons of stainable matenal
tend to be small, whereas at 12 houns post mortem the mze of the
aggregates has increaved and by 48 hours post mortern they have
duappeared.

1o addivon to thi randomly distnbuited matenal, there 13 abo
stalning of the cros-stnations, which Dempsey of &f (1946) dumnat
the fevel of the T discs.

The work of the present authors indicates that the amount of stain
able matenal in normal musele 11 very vanable and that there 11 no
correlation between the amount present and the anatomical nite of the
muscle concerned In cases of muscular and neuromuscular disorder
the amount of stanable matenal 11 abo vanable but the vanations
are within normal limuts and there seems to be no correlation between
the amount of stamable matenal present and the clinical diagnous
1volved Exen muscle fiben whuch show grom atrophy or hvpertrophy
appear to contain normal concentration of oxidative Schufl pounve
matenal

Both Dempiey and i colleagues and we ourselves have observed that
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diastase (or maliva) will not remove all of thiy amidative-Schuff pontive
material. Dempacy ¢! al. found that the materialin irregularly arranged
aggregates was removable whereas thatin the croms-stnations was not.
Therr {uterpretanon of thit was that not all of the pomtive material
was glycogen In our expenience, the picture was not as simple as this.
Somctimes diastase would remove both types of stmnable matenal,
sometimes only that in the irregular aggregates, and sometimes none at
all even 1f the sections were all mcubated m the same diastase bath
together We would agree with Dempasy ¢f al. (1946) that the matenal
in aggregates is more readily attacked by diastase or saliva than thatin
crom-striations, bart 1n view of our results we are inclhined to think that
all of the stainable matenal 1 glycogen, but that 1 is protected o
varylng extents i different sites by protein asociated with it. How
ever it would be unwise to be too dogmanic on this pownt, particulardy
ay 1t Is known that diastase preparatrons (which we have used instead
of saltva for mest of our work) are contaminated with vanable amoants

of proteolytic enxyme.

2 As Applied 1o Gelatin Swtions of Muscls

In 1946 McManw fint miroduced s penodic and-Schuff tech
nique, and two years later he suggested (McManus, 1948) that 1t
mught be apphed to formalin fixed frozen sections in comjunction
with the Baker (1944) Sudan Black techmque for fats. McManus was
of the opunion that glycogen would not be stained 1n such sections. As

Fro M Moscle froom & case of periodsc paratyrs to show dietribution of fat in Lurgs
streaks n porme flbery. Magnificatem  x 170,

Fro 38 Muscle from a case of myopathy to show the great variation posible In
the mmber of fat droplets in different muncle fibers. The dark dots at the perpb-

Fro 38, Glycogen in muscle from & casc of familal dystrophy to abow that

-uuphy and hypertrophy do not wffect the concentration of glycogen in the muse
x 170

Fn.39 Mimcle taken from a patient with myopathy 48 boury part-mortem. Most

of the glycogen has dimppeared and that which remains b in the cros-ariation.

MagniBeanon  x 350
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far as we are aware, the present authors (Beckett and Bourne, 1958f)
are the only authors to have attempted to apply this techmque to the
study of muscle,

In pormal muscle, an irregular diffise perfodic aad-Schuff back
ground stalmung = obtamned The matenal which 15 stained in this i
totally different in appearance from that observed 1 muscle fixed by
a stable method for the preservaton of glycogen and 3o 1s almoat
certanly not thit compound. One must qualify thy, however by
aaying that just occanonally traces of matenial are present which might
be glycogen which has not been removed dunng the procemes of
foang and cmbedding

In additton both in rat and normal human muscle there are some-
times dropicts of a material which gives a strilingly ntense perrodic
acid-Schuff reaction. In pathological mmples of muscle, the pumber of
thete droplets 19 often considerably 1ncreaswed The number present 15
not carrelated m any way with climcal diagnoss, and 1t seems that
these droplets accumulate at pomnts of mechanical damage 1n the
muscle fibers, .8 10 areas of Nageotte s change, or 1n areas where the
myofibrils are dutorted, or agmmn where there 15 vacualaton. The
prasence of more of these droplews 1n pathalogical samples of muscle b
prohably duc to the fact that this muscle is more frogile than normal
and would therefore be more Liable to mechanical damage.

The nature of the strongly penodic add-Schuff pasitive droplets 1
far from clear They are certamly not glycogen mnce their morpho-
logical appearance and dustnbution is totally disamilar and they are
never removed to the slightest extent by diastase. They do not repre
sent gelahn which has become entrapped in the sectrons, mnce thr
material (geletin) stains poorly with the perodic acd-Sehuff tech
mque. Further tests on the material of which the droplets are composed
have shown that it 15 not metachromanc and does not stain clther
with hematoxyln and comm, or with Schiff’s reagent without pnor
oxidation with perrodic acid. The materal is not soluble in cold
absolute aleohol xylof, benzene, or methy] benzoate, but 1t is ex
tracted dunng paraffin embedding of formelin or calcium-formahn
fixed material This extractabllity wonld suggest that it might be a
Iipid of some sort, bat it 15 not sudanophilic and does not give a
positrve Schultz feaction for cholesterol In fact, « of tha
material remams & complete m ough Iipd of
some ort.
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YiIL. FAT IN SKELETAL MUSCLE

The distnbution of fat in skeletal muncle 1 a problem which has
occupied the thoughts of varous workers for the last hundred years or
more although from time to time confunon has crept in because of the
difficulty of differentation between true fat droplets and mitochondna.

Henle in 1841 (see Holmgren, 1910) was the first to observe granules
between the myofibrils which were less soluble in acenc aaid than were
the myofibnils themuelves, but the nature of the granules wiich he
saw 11 not clear from the description given. In the next half century or
30 the intermyofibrillar granules were the subject of investigations by
vanous workers incloding Kalliker (1856) Knoll (see Schaffer 1893)
and othery, and it became apparent that the hght demty of different
muscle fibers had a relationship with the amount of sarcoplasm present
and also with the number of granules in 1t. No clear line of dutincton
was drawn, however between the fat droplett and mutochondna.

Mot of this early work was carned out on 1nsect muscle, because
of the large nze of the myofibnls in its structure, but in later imv estign
tons human matenal was used to quite a large extent. In 1889
Walbaum (scc Bullard, 1912) studied the occurrence of fats in the
skeletal muscle of 119 human bodies and found “fat™ droplets in some
muscles of about two-thirds of them but many of these “fat™ droplets
were not stainable with Sudan IIT In the course of hs work Walbaum
sce Bell 1911} also observed that the fat content of the muscles of
children as studied with Sudan I1I was not related 1n any way to
nutriuve condition.

A few yean later Schaffer (1893) wha alwo studied human muscles
(including pectorals major and gastrocnenuus) established that there
were wide vanations in the numbens and distnbution of fat droplets in
these muscles, and that there was not always a correlatton between the
numbent of granules and the degree of optcal turbrdity of muscle
fibers. In addibon Schafler made ome or two ohservations on the
effect of discase on the fat content of muscle. He stated that in chrome
discase the “granules™ e the mutochondna, were converted to fat,
but that few fairy droplets remained, whereas in febrile dneases there
are many fatry droplets denved from the “granules.”

Bell (1911) studied the effect of nutnuon on the fat droplet popu
latron of ammal muscle and found that starvation reduced the num
bery of fat droplets present, whereas overfeeding increased at. Star
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vation abo tended to remove the differences in turbidity which had
exusted between different muscle fibens. Lake Schaffer before him, Bell
found that there was not any constant correlation between the degree
of turbidity of muscle fibers and the numbers of fat droplets present,

Bullard (1912) continued to work on this subject and confirmed
many of the earher observations on human muscle. Unng diaphragm,
pectoral, and eye muscle taken at autopsy he found that fat droplets
occurred constantly and abundantly When fat was alsent, Bullard
conndered this to be a result of post mortem changes, poor nutnooa,
or pathological changes. He also thought that post martem changes
were rasponsble for the occurrence of fat 1n a granular form,

Bullard differentated between fat droplets and mitochondra by
observing that the latter are not dusolved by absolute alcohol and do
not take up fat stains, e.g Scharlach R., readily He found po mito-
chondna In human muscle, a fact which he attributed to lack of frah
materal. From our own expenence in this matter we think that this
farlure to demonstrate mitochondna was probably also due 1n part to
the very small nize of these boches 1n human muscle, and to the ex
treme difficulty of stmning them differenually Both, the present
authors, and Dempsey & al (1946) before us found that mitochondnal
stalns alwo demonstrate crom-strrations with equal danty

After the work of Bullard 1n 1912 there wast a considerable lapee of
tume before any forther observations were carnied out on thu subject,
but in 1946 Dempsey o o/ carried out a very careful study on skcketal
muncle of rats and monkeys using several dufferent techmquoes. These
meluded Sudan IV and Sudan Black stmning asomated with ex
traction techmques, the Smith Dietnch method for phospholipids, and
polannng and fluorescence microsco

In the course of therr work, they found that both Sudan IV and
Sudan Black stuuned minute dncrete fat droplets which were eccanon-
ally and iregularly distributed among the striations. These droplets
were much more numerous in some fibers than in others, and were
almaost 1nvanably located in the sotropic bands. The droplets were
ennly removed with acetone or alcohol at room temperature, Sedan
Black also stamed the crom-striatioms, but less mtensely than the fat
droplets, and the stainmg was much lem easily removed with fat sol
vents In addition the crom-stratons abio gave a poatrve reactlon for
phospholipids with the Smith Dietnich test.

The work of Beckett and Bourne (1958f) unng Sudan Black



DX HUTOCITEMISTRY OF SKELETAL MUSCLE 313

staining has confirmed most of thexe previous observations. In normal
human muscle fat was present in droplets of a very vanable nze. These
were mostly dstributed at random but there were a few ntuated at the
poles of nuclel. In nddition, the cron-triatons were staned but with
a lesser intennty as has been previowly observed by Dempscy ¢f of
(1946) The so-called ncurokeratin network of the perpheral nerves
also contained Sudanophilic matenal

As far as we could judge there was no change in the amount of fat
within the muscle fibers of any of the samples taken from cases of
mscular of neuromuscular disorders, but smince the fat content of
normal muscle is so very vanable one cannot be certain of the validity
of thase results.

1X. SUMMARY

1 In human skeletal muscle the sucanic dehydrogenase activity 1
vanable, depending partly upon the anatomical mte of the muscle
In lar and lar disorders, there 15 a tendency for thu
actvity to decrease, probably as an end remult of other metabolic
dusorganzatron within the muscle fiber

In animal muscle, there is probably less variability in normal
suctinie dehydrogenase fevels,

2 The histochemical technique for cytochrome oxidase 1 far from
satnfactory but 1t scema possible that in human muscle the degree
of cytochrome oxidase actraty 1 not directly related to that for
sucame dehydrogenase

3 There is a considerable overlap in substrate speaifiaity between the
broad hotochermen) clasnficntion of enterases into mmple esterascs,
lipascs, and chohnesterases.

It seerm, that wath rare eaceptions, all of these esterases are totally
whibited by acctone a fixative which 1 frequently used in procedures
for demonstraung smple esterases and Lipases. However unng fresh
frozen sections, 1t has been pomible to detect these enzymes 1n muscle
fibers and in motor end plates.

4 Cholinesterase (1 ¢ escrine senmtive esterase) is present 1o motor
end platey, in other structures of bancally smilar comtruction and
als0 1n the muscle fibers themselver.

In vertcbrates other than man the speaialred structures contanung
cholinesterase comprse (a) motor end plates of a umform type for a
Enen sprerey, 1h) structures, probably stretch receptorny, at musculo
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tendmous junctions, and (c) end plates at the poles of muscle spindles.

In man the vancty of cholinesterase-contaming structures 1s much
greater and some of these structures may represent stretch receptors
utuated at places other than the mlnculo-tcnd.motu_]u.ucnuns.

In the course of muscular and neuromuscular disordens, there ap-
peans to be little change in the amount of cholinesterase present 1n any
of the definite structures 10 human muscle but there may be some
structural disorgamzatton. The amount of cholinesterase within the
musele fibers themselves appeans to merease 1n degenerating fiber.
In contrast to thls, the motor cnd plates appear to survive, possibly
1ntact, and to retain their cholinesterase actvity even when the struc
tural changes within the muscle fiber have been severe.

5 Alkaline phosphatase 13 pormally situated in the endothela of
blood vemels of mammalian muscle, but may occanonally appear n
the muscle fiber substance and 1n reticular like fibers 1n cases of human
muscular and neuromuscular disorders.

6 Acd phosphatase 1s present 1n highest concentration in peripheral
nerves, 1n adipose tisue and also m granules ntuated at the poles of
the nnclex both of connective tisue and of the muscle fibers themselves,
A dightly lower corcentration is present in nucler, particularly those
of the connective tisue and blood vesse! walls, There 1y some enxyme
activity in the muscle fibers thermelves and in the smooth muscle of
blood vemels

In lar and neur lar disorders acid phosphstase ls
present both 1n inflammatory cells apd akso 1n capllianes which invade
the muscle fibern

7 In normal human muncle, 3-nucleotidase actrvity as studied 1n
acetone-fixed sections, 13 absent or is hmited to penpheral nerves and
to walls of arteries and veins. In normal rat muscle, an essentially
srmlar distribution 1 found In some cases of muscular and neuro-
muscular drsorders, the enryme 1 present 1n large amounts 1n muscle
fibers which are undergoing necrosis, 1n all types of inflammatory
cells, and also in the walls of capillanes which 1nvade muscle fibers
The degree of increase of ensyme activity 1 not correlated with the
chmeal duagnons.

8 At an alkaline pH most other organic phosphates give a noo-
specific alkaline phosphatase reaction 1 acetone-fixed materal It
necessary to employ frah frozen sections 1n order to demonstrate
ATPase Sausfactory methods for the demonstration of for instance
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ADPase and creanne phosphatase, do not seem to have been worked
out yet.

9) Proten bound sulthydryl and amno groups have a simlar
dutnbution 1 muscular tissue, 1¢. they are mamly located in the
myofibrils of of the stnated muscle fibers and i the smooth muscle
cells of blood vessels. In additon sulfhydryl groups (or duulfide
groups, according to vanous authors) are present in penpheral nerve
fibers. The concentration of these groups 1 muscular tissuc does not
change 1n any of the muscular or neuromuscular disorders o far
studied, even when there have been severe structural changes.

10 Omdative-Schiff techniques probably demomtrate glycogen 1n
switably fixed paraffin embedded muscle, although there 1 some dus
pute on this pont, due to the vanable effect of diastase on the stained
matenal. The amount of glycogen present 1n fibers does not appear to
change 1n muscular or neuromuscular doorders

In gelatne sechons, these techmiques do not d ate glycogen
but disclase the presence of a strongly stamning matenal in the form of
droplets which may be a Lipid of some sort.

11 The fat content of human muscle 15 vanable in the extreme, and
there appean to be no change in lar or Jar disorders.

APPENDIX
Recrxt Shies om Dnstraphic Muscle

Bourne and Galarz (1959 8, b) and Golarz and Bourne (in press) have carried out
an extenmve histochemical study of I
bursan muscalar

that referred to earlier by Beckett and Bourne (1937 38) in whuch they noted that 1be
conmeetne temse (endoarymem) m muscalar dystrophy sctnvely dephospbon lated
sdenomme § mono-phosphate. Bourne and Golarz wned as substrates a wade variety of
mportance” these included ghacose-1 and ghacose-6 phosphates,
Phosy bexose d phosphate and phospheglycenc ackd, hwh

scuvely hydrolyzed wll the hagh enery pbosphatey w th the excepuon of
phophate which was only asthil  bydrotyred, ()fll:-ero-cnzy-mn,n\:oﬂa“:ul;
Thdatal phosphates, were unaffected, but m five out of ten Gaes the 1hamine
PTopbowphate was very scinely hydrolyzed by the comnectne tiwue The most
conetant drphophory fatmeg actn i was for TP\ and partieularly for DP\
\m}rrhrm-hrh‘ndmlcrﬂl-udmmd)wqﬁxmkdmmm
sccumulaton of phosphatase capable of bn drolyring all the sybstrates Loted aboe
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on what appeared to b the surface of the sarcolemma. Sach an accumulation of
phocphatases wa1 not found In normal buman muck.

The posible sqmificance of all these renilts was drscussed by Bourne and Golarx
(1959a) in an articke m Nature {1959) They came to the conclusion that there were
three posblc interpretation of therr findingy.

1) Although these bolically important phosph ds are rynthest
bymmdclhrrem-ybcmclc-hgtmmrmllmcubdnmmu:bu\’lumm
leaks away from the retina in the retinene cycle. Replacament of tha lakage by
tranxport from the vascular and hymphatic system if there u inadequate synthews by
1he mumcle (tself would be pren ented by connectiee thwue contalanrg the appropoate

2) The fundamental defect may uill be in the membrane of the muscle fiber and
the diffumon of phosphate estery out into the rurrounding mileu may result m
adaptrve symtham of enrymes to hytdralyze them fn the connective e,

3) That the cxcesnve production of these hydrolytic carymes by the connective
xoe Jeads to therr duffuson to, adsorption on 16, and eventinl penctration of the
rncle fiber membrane resultmg In complete blocking of the norum) metabolirm
of the fiber

Of thexe alicmatives “2™ requrres further fmvestigation and of =1” and “3® the
latter mppears to be more 1n keepmg with current views of musclke mectaboliam al-
though the penetration of the sarcolemma by hydrolyte enxymes has not been

phosphatases

ar g fact lated with the tarcol i d; phic muscle fibers and it does

not stem Improbable that these corym=s would affect the imctioning and bly

th umwﬂhnqnwdmhemcdemltmybcdutmrmmi:‘:t

E\‘:ruhrdyﬂruphyhpnmnﬂymlhccndmymnlbﬂdunmlh:m\m]c
o

Ta. 1 Human muscle Normal {fixed n arctone) Substrate adenciine triphos-
phate (ATP) pH 9.0 Negatne reaction,

Fro, 2. Human muscle \ormal (fixed hn acetone) Substrate dmphosphopyridme
mackeotide pH 9.0. Negathee reaction.

Fio 3. Human mnrcke. Dystrophic Sabuirate glucosc-6-phasphate. pH 9.0,
Reacton only hn aapillaries, P

Fro. 4 Human rauscle. Dystrophsc. Substrate fry ~6-phasplx pH 90,
Renction only m some of eapallarics,
Fio. 5 Human muscde Dy . ! bosphate (A

TP)

Pl 90 Intense podtne reaction 1n all elemems of pralferating connectne tisue.
Muscle fibers nogative (heattable ATPase prelifrmnieg

Fx. 6. Human musle Dysrophic Sub denosine diphospbate (ADP)
P90 Reaction slmilar to ATP

o 7 Humen muxie Dyroptc Sub diphospho-py

FX) pH 90 1 temse reacuon 1n all clem ot of
Muxcle fibers negative proiferang

Fra. & Human muscle. D, ph by riphor nucleotude
TP\} pH 90 Intems. reaction m all elements of connective tmeve Muscle fibery
acgateve

4 1

conneciive tme
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L {INTRODUCTION

The greater part of the human body i compoted of muscle e and
imperfect working of this tisue causes the most severe and disastrous
effect on the day to-day life of the patient, yet we know less about the
pathology of the muscles than about that of any other organs. However
there appean to be a growing interest in the subject, for withun the last
few yean several monographs have appeared (Adams ¢f of., 1953
Greenficld «f /., 1957 Walton and Adams, 1958) which supplement
carher work (Erb 1891 Fick, 1900 Durante 1902 Steinert, 1909



322 ¥ D BOIANQUET P M DANIXL AND H. B PARRY

Marinesco, 1910 Jendrasik, 1911, Meyenburg 1929 Wohlfahrt and
Wohlfart, 1935 Slauck, 1936), though our knowledge of this obscure
field still remains slight, A namber of studies, though concerned more
with the clinical features than with the pathological changes in myo-
pathy should be consulted by all thote mterested in the subyect
(Mcryon 1852 1864 Duchenne, 1868, 1872 Gowers, 1879 1902
Erb, 1884 1894 Batten 1910a, b Spuller 1913 Bing, 1926 Rouquis,
1931 Curschmann, 1936 Hurwitz, 1936 Sjdvall, 1996 Wilson, 1940
Bell, 1943 1947 Shank «# &/ 1944 Lecvison, 1951, Welander 1951
Becker 1958 Schoen and Tischendorf, 1954 Walton and Nattras,
1954 Bouman, 1955)

Genetic studies have thrown connderable light on the problem of
myopathy espeaally thate of Tyler in Amenica (Tyler and Wintrobe,
1950 Tyler and Stephens, 1950 1951 Stephens and Tyler 1951
Tyler 1951 1954} and Stevenson m Ireland (Stevenson, 1953 1955
Stevenson ot al , 1955)

In thn paper “myopathy™ 11 uwsed to describe any disease which b
prumary to muscle and not of neural origin. Knowledge of the pathol
ogy of muscle s at present elementary and it is pomble that varlow
conditions which now appear to be primary muscle diseases will be
found to be dary to discase clscwhere

IL. YARINTIES OF CHANGE IN PATHOLOGICAL MUSCLE
A, Cuarars or Muscre Fiexns

Normal skelctal muscle fibers are polyhedral 1 cros section and
\lppclr of relatively equal diameter They have penpherally situated
subsarcolemmal nuclei The extringdc ocular muscles, however havein
general small and rounded muscle fibers with some central nocle
occanonal fibers of large diameter are present (Cooper @ o 1955)
Occasional small muscle fibers, which have no pathologlcal dgmficence
aroscen in all muscles they arc the extracapsular party of the intrafusal
muscle fibers of the muscle spundles (see Chapter XI Vol 1 by Cooper
on muscle spindles)
- Abnormal muscle fibers are usually rounded in crom section and may
be cither larger (hypertrophied) or smaller (atrophied) than normal,
They may sho show a vanety of changes 1 the cytoplasm while the
nucla may be increased in number or tnwual in appearance or cen
trally placed withun the smuscle fiber An abnormally great variaton In
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the caliber of the muscle fibers together wath obviowly atrophied
fibers 13 usually the most strikmg change in a severely discased muscle,
and the dntribution of such fibern may give the clue to the diseasea—
Atrophying mmuscle fibers may smply lose substance so that they appear
a3 merely thin pormal fibers (Fig 2) or the cytoplam may show
degencrative changes, such as breaking up into short segments The
cytoplasm may dsappear from the sarcol ‘mbc.whid:isld’t[
empty apd shrunken except for 2 row of nucles, The sarcolemma mayi
cdisappear 1o that 1solated nucler or small mases of nucle: alone remam.

Hypertrophy of the muscle fibers It len eary to recognize with cer
tunty than atrophy since normal muscle fibers may appear enlarged
d adjacent ones arc atrophied when all the fibers n 2 field are
enlarged, hypertrophy may alo be dufficalt to recognize Genoinely
cnlarged fibers may be otherwise normal, as 1n compensatory hyper
trophy and some dystrophics, but enlargement of muscle fibers is often
only part of 2 degenerative change a3 for example when a segment of
a muscle fiber 11 swollen and the sarcoplaim is glassy and without
striations (Fig 20) Such swollen fibers commonly fragment, forming
at first solated scgments, wath an empty sarcolemmal sheath stretched
between them, (Fig 13) and then later becoming irregular masses of
sarcoplasm (Fig 17) with aither peripheral nucld or nuclar in thar
substance.

Measurement of muncle fiber diameter requires accurate transverse
sections. Ay muscle fiber nzas vary greatly wath age, nutntional status
(Hammond 1932) and in different skeletal muscles, 1t 13 essenual to
know the normal variauon in fiber nze, for the particular muscle,
before interpreting any changes as being pathological. Data on normal
human fiber mzes are scanty but some information s available
(Halban, 1894 Fanstan o of., 1955 Sisons, 1955 Greenficld of of.,
1957) In muscles concerned with delicate movements e g the lum
bncals, the fiber sizes are small 18u (Felnstem ef ol., 1955) while 1n
large muscles concerned with coane movements, e.g tibals anteror ¢
the fibers are large 56p (Fansten ef l., 1955) However the range of
sze 1 connderable, for Greenfield et al. (1957) in speamens of vastus |
lateralis from normal volunteers, found a range of fiber nzes from 25 to
90w We would regard any conaderable number of fibers of over
100 as beyond the range of normal.

In the present state of knowledge the actual measurement of muscle
fibers, particularly in tropsy matenal, 1s of imited value
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The cytoplasm of muscle fibers may undergo a namber of patho-
logical changes. The stnattons may be lost - and the cytoplasm may
become hyahne (Fig 20) The crtoplrum may thow fine granules
(grlnullrd:gtnmlé_on, Fig 16) or larger floccules (occiilar degenera
tion Figs. 18, 20) beconung at the same time intensely eorinophilic.
Vacuclation may oceur, a-peuaﬂy 1 much nvoﬂm fibers, Floceufar
degeneranon may be 1eg 1 and u d by an ingrowth
of nuclel, some of which are sarcolemmal nude: and some 1nvadmg
phagocyter. Portions of the sarcolemmal tubes may thus come to be
filled with nuelel and the remains of sarcoplasm (Figs. 14 21)

A pathological basophilia of the cytoplasm (sometimes difficult to
dutlnguush from artifactual staining) abo occurs. Isolated necrotic
muscle fibers are often mtensely basophilic, staiming purple throughout
with hematoxylm. A milder degree of basophilia 1t seen 1n thin regener
atwg fibens (Fig 19) and 1n the multinucdeated sarcoplasmal mames
(“muscle buds™) contalning numbers of veslcular nuclef which are also
found 1n regepcrating muscle, although it 13 not certamn that the pres-
ence of these “muscle buds™ always denotes regencration.

-AD increase, or at least an apparent merease, 1 the namber of
sarcolemmal nucld 13 scen In almost every abnormal muoscle and o
commonly the fint change discernable. The nocler tend to be more
rounded and vencular than normal and prominent nucleoh may
appear (Fig 16) The nuda may form peripheral chaim (Fig 15)
but often they mvade the sarcoplamm, becoming centrally placed, i
rows or long chains, especially in dystrophia myotomca (Figs. 8-11)

\Ccum.l}y placed nuclei m adult muscles, other than the extrinsc eye
muscley, are usually aboormal. Nucle: of sbnormal muscle fibery may
be pyknotic and densely stalmng Large. clumps of darkly staming
nucle1 may be seen 1n and among atrophuc fibers (Figs. 2 6}

unmsual appearances seen m muscle fibers are nnged fibery
and spist fibers, Ringed fibers (“nngbinden” orrpn'dmnnl:u)cm—
mt of muscle fibers enarcled by crom-strated
finger 15 encarcled by & ring, lymg witlun the sarcalenunal sheath, Tbe
arrangement of these crossstrated encirching fibrils » thought to be
spiral Greentield f af (1937) Their ugificance 13 unknown but they
sy increase wath age, though we have seen them 1n muscles, incloding
the eye muncles (Damel 1946} of normal people of all ages. Herden-
!nlu (1918} Lhougin that they were spectfically amoclated with
but though 1n this duscase, they cannot

ly prua ary



X. MYOPATHY 325

be regarded as diagnostic (Wohlfart, 1951) Longitudinal sphtting of
muscle fibers 15 scen only 1n pathological muscles the complete muscle
fber and the sarcolemma spht, and m longitudinal secuon, the actual
drvision of a fiber may be seen, as 1n cardiac muscle. In crom section,
the appearnnce 1 of two fibers Iying within a sngle endomyosial sheath,

B Caaxors o tite InrersrrmiaL Tiwor

The nterstitial tasue shows changes in many vaneties of muscle
disease. The changes, like those in the muscle fiber are not speafic
for amy particular discase but appear rather to reflect the rapudity or
chroniaity of the change in the muscle nmue. Intestinal fat w mm
creased 1 most cases of prolonged muscle wastng but it 13 most
marked 1 the Duchenne type of muscular dystrophy (Fig. 1 2) and
1n thyrotouc myopathy Normal muscle contmns virtually no fat
between the muscle fibers (Chapter 2) but as muscle fibers are lost
rows of fat cells may be found scparating the remaining fibers. Thus
nolated groups of fibers surrounded by collagen (thickened endomy
num) are found lyi0g 1n adipose tssue which occupies the ute of the
onginal muscle (Fig 1) In this adipose tissue he the structures which
have not degencrated the blood venels, nenes and muscle spindles.

Collagen also is ncreased in almost all chronic myopathies. The
relative amount of adipose and fibrous ussue vanes from case tocase but
in general collagen 1s the main consutuent increased after prolonged
dencrvation and also in the very chronie Landoury Dejenne type of
muscular dystrophy fibrous nssue may form the main bulk of what was
amuscle and the onginal vascular bed, nerves, and muscle spindles hie
embedded 1n collagen (Figx, 3-6) It was formerly thought that muscle
fibers were actually transformed 1nto either fat or collagen, but this
View 1 not now accepted and though the process s not fully undenstood
1t s generally belteved that there 1 replacement rather than meta
plaua. The well marked fibrows capsule of normal muscle spindles and
the small intrafusal muscle fibers, whih often have central nucle
have been crroneously desenbed and illustrated as pathological
structures (Ingram and Stewan, 1934 Bevans, 1945)

An increase of celb 1n the mtenutial nssue (Fige. 12, 19) may be
found 1n any acuve mincle ducase In most cxsex, mononuclear cells
predominate  while phagocytes, lymphocytes, plasma eells, and
fibroblasts, as well as free sarcolemmal nucled from diumtegrated fibers
may all be prescnt. Both neutrophilic and counophilic polymorpho-
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nuclear cells may be present, but they arc seldom the predominatmg
cell 1t should be mentioned however that & noticeable number of
polymarphonudiear cells may be present even mn a dystrophic muscle of
many yean stan

The endothehal nucles of the capillaries are often enlarged and may
on occasion be difficult to distieguish from sarcolemmal nucler. A
cellular reaction may be found in an actively degeneranng muscle in
muscular dystrophy yet, in gencrnl, the infiltration 13 greater n
polymyoutrs. It 1 to be noted that a quite marked cellular reaction
may abo be present in a muscle after rapid denervation (as after
pohomyelitn) and even 11 the muscles of bedridden patients.

Lymphorrhages are focal eollections of small round cells (fympbo-
cytes) Iying between muscle fibers which appear normal, and are seen
clamcally in myasthenia gravas, but they may also be found in poly
myontls, theumatmd conditrons, and 1n the ocular muscles in &
ophthalmic ophthalmoplegia, where the foa of round cells can reach
an cpormous uze.

C. ARTIFACTUAL APPEARANCES

Variation 1 the staming of fibers may canse connderable difficulty
1n sections of muscle tusue. Whether artifactnal or due to gemdne
differcnces 1 the fibers, the following vanations are found in sections
of normal muscle. The staining may simnlate cither basophilia or
eonnophilia and, furthermore the same fibers may show an abnormal
staining 1n several sectfons. The artifuctual pature of the staming u
fairly eanly recognized 1f it occurs in a block of fibers ar perhaps at onc
nde of the section When, however scattered fibers staln abnormally
they may be difficult to asess and the only safe rule i to ignoce all
vanations 1n stuning unless there are other unequivocal pathological
changes. Thu abo applics to an apparent loss of cron striatwoms, 2
common finding 1n normal muscle fibers, and one which should pot be
accepted without other and certam, evidence of abnormality Tisue
which has been fixed m cxtreme contraction, or too rapudly (notably
with semuc sexd or alcohol) ray show fragmentation of the myofibrils
mnto wrregular darkly stuming bands (Nageotte s contracton bands)
or 1nto longer segments with condensed contractron bands at the ends.
Bad cathog and hnttle material may also cause muoltiple fragmenta
non bat thy i usnally obvious. Longitudinal splithng within the
rarcol | sheath v Iation, and shrinkage of the fibers away from
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the endomynum are difficnlt to arsess as they often accompany patho-
logical changes (Figs. 11 14) dmghthcymoﬂmlmﬁcmahndlhmﬂd
therefore be discounted. The scattered dropping out of fibers, sometimes
seen in tramsverse sectiom, may umulate carly fatty infilration.

IIL DISTINCTION BETWEEN NEUROPATHIC AND
MYOPATHIC CHANGES IN MUSCLE

Degeneraton of a motor nerve 1, a3 is well known, followed by
degenerauon of the muscle fibers supplied (Fig 7) It 1 therefore
necessary in all casa of muscular wasting to dishngwsh between
Jesions which are of neuropathic origin and those which are myopathic.
This may be simple or very difficult.

The hutological charactenisics of & naopathc muscle lenon are
dependent upon the fact that only those muscle fibers atrophy which .
have lost thar nerve supply and sccondly that compared with
myopathic conditions, the lemon 11 a relatively pure atrophy with
httle other change, Thus the typical hustologreal finding 13 groups of
small muscle fibers lying benide normal nzed ones. Thisfs bestseenina
transverse section where the atrophic fibers appear as small seattered
groups (1 e. motor umits) or there may be larger groups conusting of
whole fascrcull (Fig 7) or aguin an entire muscle may be atrophied ay
after poliomyelitn. The atrophy n generally quite obvious, the affected
muscle fibers often beng only 5 or 10y across with an nerease 1n
nucler while the unaffected fibers apart from sometimes bemng
rounded, show po abnormality the stamning reaction of all fibers 13
unually normal. The nucler of the small fibers lie close together on
account of the shrinkage of the cytoplasm. When degeneration 1 far
enough advanced, nucler wathin & sarcolemmal sheath wathout any
sarcoplasm  and free sarcolemmal nucler are present among the
atrophuc fibers these nucles tend to be byperchromate. The unaffected
muscle fibers remain pormal, apart from a tendency to become round |,
ed and ponibly to develop some compensatory hypertrophy Lattle
Lnown as to the extent of thus hypertrophy  but it is seldom stnking and
varies a good deal from case to e In tume, the collagen around
groups of atrophied muscle fibers increates, and may 1n fact demarcate\
“ulands™ of such fibers this 11 1n contrast to myopathuc lesions where
the collagen tends to encase each indivadual fiber

In longtudinal sectron groups of kong very thun muscle fibers, and
alio fibers represented only by a nucleated sarcolemmal sheath are
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found bende normal fibers. Short segments of fibers whuch have frag
mented arc alo scen, often with cross stnations sl preserved, and
sometimes capped at the ends with hyperchromatic nncler The number
of nuclex 1n the degencrating bundles of muscle fibers appears to be
greatly incrensed, and there are frequently clumps of massed nucla on
and between the fibers. 1t 1 uncertain whether this apparent increase
11 due entirely to the appraximation of nucled from los of the nter
vening sarcoplasm. There 1 remarkably hittle mterstitial mfiltration
with cella, except occanionally when a large amount of muscle tiwue n
degenerating An merease of adipose tissue, although often present, i
scldom conspicnour, Degenerating muscle fibers may have central
nucle, but swollen segments, floccular degeneration and phagocytons
of the muscle fibers, though they may be present, are rare.

This u the characterstic picture of a muscle with a partial dener
vation of some standing The time taken for a diagnosable kesion to
develop varies much, but i at least several weels, and often, in towly
progressive duscares many months, Adams ¢ af (1953) after experl
mental nerve section 10 ammals, found an increase of nucler wathm 3
weeks and just viuble atrophy 10 a month, but with nnexplamed
vanaton m the rate of degeneration even within a sungle muscle. In
humans, after acute denervation, there may be obvious degeneratton m
4-6 weeks, but in chronfc diseases, 1t may not be discernable until fong
after chinical weakness 1 apparent (9 months or more) No ugns of
regeneration of muscle fibers occur after complete nerve sectlon.

Penipheral nerves included i a muscle blopsy may ahow evidence of
degeneration such as fibroms and lows of mychnated fibers fat stauning
of frozen sections may show myehin sheaths breaking down In the more
acute cases, and gilver may show deg; ting axons. Jntra
vital stuning of nerve fibers with methylene blue may akso demonstrate
abnormal nerve fibers and end plates (Coers and Woolf; 1959) In
practice however only a minonty of routme biopmes afford thu
information partly because nerves to muscles are muxed (motor and
sensory) and partly because hutological changes must be unequivocal
t0 be significant. Greenfield s ¢ (1957) 1 & serles of 121 blopses
found ngmficant changes in the nerves of only 2. We have found the
presence of obvioutly normal nerve tranks more valusble 1o excluding
a neurwl lemon than the converse

In & myopatiec lewton the dutinction between normal and abnormal
muscle fibers 1 much less sharp, as, in contrast with a partially
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denervated muscle, each muscle fiber s affected as a mogle umt
although the whole muscle s abnormal. Therefore atrophuc fibers
are not found 1n localized groups as afier denervanion but muscle
fibers of all nizes may be intermuxed while few fibers are normal Often
many or all of the musde fibers are rounded m cros section and
enlargement of fibers 13 often conspicuous (Fig 8) ths enlargement,
ather absolute or relauve, frequently permsts untl a {ate stage 1n the
discase Degenerntive changes other than atrophy are more common 1n
myopathic than i neuropathic muscles. the muscle fibers show changes
in stamng reacton and loss of crom stnatons more frequently
Floccular degeneration of part of a fiber and phagocytoss of the
sarcoplasm with segmental duruption of the fiber are seen more often,
partcularly 1n the more acute myopattues. In any actwvely progresing
lenion anintenttial nfiltration of cells may be found, while anincrease
1 endomynal collagen and infiltration of fat between the ndrvidual
fibers i a mare characterstic feature of a myopathy than a neuropathy
These are the dutinginthing features in tymeal, fairly well advanced
casey of denervatuon and myopathy but there are many modifying
factors which may make 1t difficult or impomible to distinguih be
tween the twoina particularbropsy g when the condition 1 too far
advanced or notadvanced enough The earliest change after denerva
©on 1 an apparent increase in the number of sarcolemmal nucles which
at thu stage are more vesicular thanusual this change is not speafic and
may be seen 1n any abnormal muscle. In the final stages of both a neurn-
pathic atrophy and a myopathy a few muscle fibers only may remain,
surrounded by collagen or adipose tusue 1t may not be dear by which
procen the lesion onginated The charactenstic pattern of neural atro-
phy 1 not present afler complete denervation, as all the fibers show
rounding and shnokage and, furthermore a few scattered fibers may
remain larger than the others for a connderable tme Segmental degen
eration may be present in a neuropathy as well as 1 a myopathy
It must be emphaunzed that the hustological changes in muscle fibers
are not speafic to a parncular euology and that the hustological
appearance often thowt hitle correlation wath the chinveal state. Age
pormal vanauons, and disuse must all be conndered and 1t should be
remembered that actve degeneraton may be found 1n muscle from
patents who have been 1n bed awhile
It 1 therefore obvioms that a potrve diagnons can only be made in.
& propertion of musde biopues. Thi preportion 15 nereased if the
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muzcle sclected shows well marked atrophy climically if a good slzed
speaamen 1s taken 1n such a way that accurate tramverse and longitu-
dinal sections may be made, and also by careful proceming

1Y THE MUSCULAR DYSTROPHIES

Musculardystrophyis the name given to 2 number of syndromes which
haveone feature 1n common A progreanve weaknes of the voluntary
(and sometimes cardiac) musclas, without evidence of mflammation 1n
the muscles or of involvement of the nervous system. The muscular
dystrophies are extremely chronic, isually progressing stowly for many
yeary, and the patients aften have a family history of nmilar dmease.

It 1 pot clear whether muscular dystrophy 1s really one disease, as
Erb (1891 1894) thought when he gave the name dystrophia musculans
progresva, or * number of related ducases However mnce the clmi-
cally different syndromes scem to be comstantly inhented (see Secton
I) 1t appears that there are some genuine differences. Unfortunstely a
number of casex are met with which do not fit clearly mto the clasue
types but show some features of cach.

The cause of muscular dystrophy of any type is quute unknown, bat
the diseases arc thought to be ementially “degenerative” and powsibly
due to inborn erron of metabolum or endocrine dusturbances. Moch
work has been dozte on the bxochemieal aspects of these conditions, but
thrs has thrown Little hight on the pathological changes in the muscles.
An increase 1n creatine excretion and a decresse m creatnire ex
cretion 1 regularly fonnd  but th abnormality oceurs in any condition
10 which muscle tisue v being broken down,

Adams et o/ (1953) suggest that the lack of evidence of regeneration
! 18 the fundamental charactersstic of muscular dystrophues. Walton and
Adams (1936) however copsider that regeneration of muscle fibers may
oocur Littlework has beendoneon theinnervation of dysirophic muscles.

A. Ducaxwne Type or MuscuLar Dystroriry
Duchenne type of muscular dystrophy charactenstically begins 1
boys under 5 years of age, beang inherited as a sex linked recernve
(Tyler 1950 Stevensom, 1953) The muscles of the pelvic girdle and
Synomyms  peudolypertrophic p-rl-‘yth. Duchenno (msu); preudoliyper
trophic muscular thood, Tykr

and Wintrobe (1950 Dud’enncryp:rl}id}ymwmm)h!
bonyu.-vrmou(ws!) u.d..-.m;mmﬁndf.mm.:m,.cumdyww

A:hxmn-l (1953)




X. MYOPATITY 331

the quadnceps fermorss are wually mvolved fist wiule enlargement of
the calf muscles 1 very characterntic. The condition 13 almest 1nvan
ably progrewve and meost cases dic of intercurrent ducase (usaally
pulmonary infection a3 a result of weakness of the respiratory muscles)
before they are 20 The facial muscles may or may not be involved

The lustological appearances vary greatly depending on the stage
that the dicase has reached and the degree of involvement of the
particular muscle exammed. Examination of many muscles obtamed
at autopsy gives the only adequate iden of the extent of the discase, and
of the severity of the pathological changes in the muscles thus, biopsy
speamens may be mnleading

A muicle taken from an early case may show httle change beyond
rounding of the muscle fibers and a slight increase sn the sarcolemmal
nucler There may however be occanonal fibers of small diameter and
ako a few fibers of abnormally large diameter over 100y, but other
wise normal. The causc of the enlargement of the whole muscle 13 not
clear unce often 3o few of the individual muscle fibers are enlarged but
there may already be an increase 1n the amount, of the intersutial fat
Small focal areas of necrons may be seen 1 a muscle fiber but this s
only an occanonal finding

When the terminal stage of the discase has been reached and at
necropyy the thin 1 removed an astonshing nght mects the eyes The
bulk of the musculature of the body sometimes without much loss of
nze, appean to have been sculptured in fat. The architecture of the
vanous muscles is quite clear but of ordinary brown muscle tisue,
bardly a trace s scen. The intercostal muscles, the diaphragm the!
tongue and muscles of masticauon, the extnnsic eye muscles, and
pethap the lumbncals of hands and feet alone probably resemble
normal muscles, though they are very pale

Microscopically a cross section of one of these muscles shows that
the muscle tisue has dissppeared to an astounding degree. Only
occasional rounded muscle fibers are seen (Fig 1) some of which may
be unusally large and others small Whole microscopsc fields may
have to be searched before a single muscle fiber 1 found in the expanses
of fibro-fatty tmue mn which the muscle spindles stand out clearly
for the mtrafusal muscle fibers of these organs seem to be relatively
well preserved, although we Lnow Uttle of ther functional state or
menauon

Clearly there are very many intermediate states to be scen between
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the stage 1n the disease when there 13 a Little nmple rounding of mus
cle fibers with shight variations i fiber nze and the terminal stage
of the disease when virtually no muscle fibers are to be scen.

B Faco-scaruro-rvMrraL Tyrre or Muscurar Dystroray

The omct of thus vanety of muscular dystrophy 1 usually later than
it 15 in that described above as the Duchenne type, though it may be
diagnosed at any age Males and females are about equally affected
Tyler connders that the discasc Iy inhented as 2 umple somatic
Medelian dominant (Tyler 1951) others believe that a family hutory
1 not invanable. Weaknems and wasting of the shoulder girdle,

Fro. 3. Fars pulo-h 1 muscular dy phy: from 15, with famil
L T e LA T
are seon. (Transverse brachy,
e ooty Ao e
md\mmm:umuhgmmwwmm
bacepn bracku, 1roa hematowy lin and van Gueson, sugnmn?ﬁo? e
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often the carhest feature of the duease, followed by involvement of the
muscles of facial expresion though Batten (1910a) paints out that
these latter may be affected 2t birth. There 15 seldom cnlargement of
the affected muscles in the faco-scapulo-humeral type of dystrophy

which thus differs markedly from the Duchenne type, where hyper

trophy of the leg muscles is common and where the dmease 1 virtually
confined to males (endrely confined to boys according to Stevenson,
1953) The inheritance is very different (Tyler 1951}

Facoscapulo-humeral muscular dystrophy 11 an astonlhingly
chronic discase. Landouxy and Dejenne (1885b) described an autopsy
on a case whose symptoms began, 1n the face, at the age of 3 years and
who died of phthins at the age of 24 at a relatively early stage of the
muscle disesse The central and penipheral nervons systems were normal.
They described a ample atrophy of muscle fibers which retmned thar
striations and showed no wncredse 1n nucler. The connective tisuc was
mcreased and there was some 1ncrease in fat. In 1886, these authon
reported another autopsy (scapulo-humeral type) in a man of 66, wbo
had suffered from the dusease for over farty years, There was an otact
nervous system with atrophy of the Hmb-girdle muscles. However 1o
this case, they reported a marked | ofthe I I nucld and
hypertrophy of muscle fibers in certain muscles. In the very atrophred
muscles, they fonnd an increase of interstital fat wathout much sclero-
sis. The third clasgcal case upon whom n autopsy was performed was
2 patient described by Landoury and Dejenne in 1884 and 1885s, who
did not die until 1902 aged 45 having been studied by these acute
observers for nearly 30 years. Landoury and Lortat Jacob (1909)
performed & very careful dissection of this case. They found that the
muscles of the Limbs were much atrophied, pale, yellow-gray i colar
and very fibrosed. Some were mere rigid cords. The musces of the
thenar eminence were degenerated and resembled tendoms, although
the hypothenar and lumbrieal muscles were not so badly degenerated.
The muscles of the neck and trunk were also much atrophied The
supra and infraspinatl and subscapulares appeared pormal in color
Only a trace of the facial muscles was found.

Histologically they found that, 1n the case of the most severcly
affected muscles, they could not be sure that striatrons were present,
the muscle fibers appearing granalar with only doubtful stristions. In
lem severely affected muscles, they found proliferation of nuda m
chainy. The interstitial fibrous hsme was much increased and they
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thought the muscle fibers were compressed. There was much adipose
tssue In the wnsterstices. The central nervouns system and peripheral
perves did not show degeneration, We have been unable to find any
other autopsy reports 1n the Literature in which a systemate study of
the muscles has been made, although Denny Brown performed an
autopsy on & case (p )| ) and d some of the
muscles. This case 13 referred to m Adams o al. (1958)

In general, 1n thus disease the stological appearances show the
changes of myopathy That 15 to say, the atrophic muscle fibers are
scattered at random, or if they are in groups, these are uregular 1 con
trast to & neural degeneration. Muscle fibers of large diameter some of
\hkhmn]mppmentcxccptmthcvcryhnnxgaoﬂhcdiw:s:;/

are even more uregularly scattered All the muscle fibers tend to be,
rounded when seen in cross section (Figr. 3 4 and 6) The intentl
collagen increases around indivrdual muscle fibers until, in tme, maost
of the shnunken muscle mass 1 replaced by connective tisue 1n which
the remamnmg muscle fibers lie dther ungly (Fig 5) or in small groups
(Fig 6) THis maw of connective tasue contains also the vascular bed of
the replaced muscle, the nerve trunky, and the muscle spindles, now
Very promunent owing to the dsappearance of so many extrafusal
muscle fibers (Fige. 3 5 and 6}

The great mcrease in the collagenous tissue has been stremsed because
inlhnTEyp_c_ofmmﬂudy:truphylthvdychamncrnuLInthn
condition, there iy always some, and often much Increase In the adipose
lunuco(vf{lﬂ‘cct:d muscles, but the extreme degree of fatty change
such a3 1 seen 1n the Duchenme type of dystrophy 1s not so striking a
feature of this disease.

The earliest evadence of the diseasc 1s a rounding of the muscle fibers
and irregulanty of caliber wath bittle 1f any increase in interstitial
usue. Both large and small fibers are seen at an early stage. The large
muscle fibers (over 100p) may be homogenous and nwollen over short
dutances of thar length. These are presumably undergoing some form
of degeneration. However fibers of well over 100x diameter are seen
which are well atriated and apart from their increased girth show no
abnormality The sigruficance of these large pormal loolang mmcle
fibers 11 not clear but 1t seems pomible that, for some tuze, & work
hvpertrophy mght occur m some fibers of a muscle which 13 mucH
med.Scmcrvdfodofntcm&m)bcmmwmcmmdcﬁben.md
an increass of sarcolemmal nucles 1n others granular degeneration
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and phagocytom (Figs. 3 21) abo occur durmg the early stages of the
disease, and during thus phase there may be some interstitlal infiltraton
with cells, including polymorphs, These changes are found m any
actlvely degenerating muscle and In dystrophic muscle may be present
many years after the omset of the dmease. The differential diagnoss
from mild polymyositls may be difficult. The vemels and nerves in
these cases show no pathological change, as far as {y known, other than
those recondary to lots of muscle fibers.

C. DysrroraIA MyOTONIGA®?

The characterntic feature of thu duscaso 1 muscular weaknes
accompanied by myotonia. The onset 13 scen most commonly in
adolescence or eagly adult life, but )t may be at xay lgc. The d.bcue o
usually inherited a3 a d
both sexes (Mass, 1937 Ravin and Waring 1939 Tbom.uen, 1548)
Weakness and myotonta are followed, after a varying period of years,
by atrophy of the affected muscles.

This diseasc differs from the other muscular dystrophies in a number
of wayx, It s genetically dutinct. The age of onset tends to be Iater and
it seems probable that a number of distal myopathies of late onsct arc
in fact cxamples of this disease. The distal muscles, particularly of the
hands and forearms, are affected fint, together with those of the face
{ptoss bang ) and the ster Ids later there may
be dysphagia and dysarthria, which are rare in other dystrophies. Myo-
tomua usnally precedes the weaknen thongh it may be overlooked. Maas
and Paterson (1947) belleve dystrophia myotonlca to be a generatzed
drsease certainly it is accompanied by endocnine disorders. Premature
baldnes and testicular atrophy occur in a high proportian of cases.
Thyroid or pituitary deficiency Is suggested by a low basal metabolre
rate and enophthalmos, while a low blood sugar curve 1 occasonally
found. Blood cholesterol has been mormal where recorded. General
asthenia, suggesting adrenal deficlency is the rule, but scrum sodium
and potamum level has been normal in the fow cases in which 1t has
been recorded. Hypoparathyroidmm, once suggested as a canse of the
Jduusc,hnnotbcenmbmmﬁncdmdbbodalanmumrmﬂ-

ons s often present. Premature cataract i very frequent
[nearly 90%, of Thomasen s (1948) cases] as was first noted by Green-
field (1911) Thus may be found as the only abnormal feature In the
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relatives of a patient suffenng from the overt dsease. Hormonal studies
have not contributed much so far though Liversedge and Newman
{1956) have found that cortsone and corticotropin reduce the duration
of the myotonia. Gonadotropic hormones are decreated when there 1
clinical gonadal atrophy Creatinuna 1s usually slight, corresponding
to the low rate of muscular atrophy

\Myotonis, a hallmark of the duease, 1s usually found 1n the hands and
forearm, though it may also be present in muscles which are notweakor
wasted for instance, it 13 common 1n the tongue, which is rarely wasted.
Myotonia is made wone by cold or fangue and may n fact only be
eliated alter cooling The electromyogram 1 charactertic, consisting
of prolonged bursts of potentials during and after a single contracoons
Atrophy may be long delayed however in time the weak muscles
beeome atrophied and are then paler macroscopically than normal
muscles,

Microscopically the changes, once established, are ententrally those
of other chronic myopathies, that u to 1ay rounding of the muscle
fibers {n crom section with atrophy of fibers ungly or in groups, in
cither case forming an irregular pattern when seen 1 crom section
(Figr. 8, 9) In addihon to the small atrophied fibers, large fibers
{100 10 150410 diameter) may be present, and indeed may be common
mn the carly stages. These may appear normal apart from their fize or
may have central nucla (Fig 8) Any of the vanous types of muscle
fiber degeneration may be present, but in 1o chronic a discase atrophy
with empty 1arcolemmal tubes 13 usually more promunent than acute
degeneration. Splitung of muscle fibers 11 aid to be rare (Adams ef of,,
1953) but we have seen 1t 1n several cases and Wohlfart (1951) speaks
as though 1t s common In fact, he desenbes (and illustrates) capil
lanes apparently wathin the muscle fibers as a result of spliting There
1 a generalzed increase 1n cellulanty but on the whole, interstitial
mfiltration of cells s slight The degree of increase of collagen and fat
corresponds with the amount of muscle fiber atrophy and until the
atrophy mscvere theintersunial o\ ergrow thisonly moderate 1n amount,
A great excen of {at between the muscle fibers 1 seldom seen exceptan
the final stages of a severe atrophy

\ strilung feature hutologically and ene much stresed by wntens
on the subject s the presence of long rows of central nuder (Figs. 10
11} within the muscle fibers {Adue and Greenfield, 1923) These nucle
are more rounded than usual and often contan promunent nucleoly
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Such rows of nucler n otherwise normal looking muscle fibers have
been called disgnostic (Adams e o/ 1953) This view should be
accepted with caution, particularly 1n biopsy speaimens, as rows of
central nucles of comslderable length may be found in other conditons
but it 1 true that really long chains (10 20 or more) of central nucle
are often a stnkng feature in dystrophia myotonice and that they may
abso be present in chimeally nnaffected muscles in cases of thus disease
The penipheral muscle nuclet may also be arranged in chains, but this
is not unwsual 1n other conditoms (Fig 15) \Wohlfart (1951) has ob-
served that a thick penipheral layer of clear sarcoplasm without myo-
fibmihs is present in many musdle fibers, due to loss of myofibnls without
a corresponding shrinkage of the sarcoplasm, and belicves that this s
charactenstic of the disease. He also agrees with others (e.g Haden-
hamn 1918} that “ninglunden” are common, though he is careful to
pount out that these may be found 1n normal musdles.

Ovwang to the extreme sensitrvity of the muscle to mechamcal stimu
lation, bwpsy material, unless 1t 13 allowed to lose i contraculnty
before fixatton ofien showy fmgmentation and contraction bands and
thm the posimlity of arufacts must be conmndered A number of

0. 7 Motor neurone dacase Typrcal neural atrophy Note that the atrophec
rensiele fibems are n Large groups and that the Intact fibers 1n center appear almast
sormal, (T ection, t iron b tm and van Guoon.
Megrbcation x B0)

Tho, 8, Dystrophla mryotomca i man aged 34 with family hutory The rouscle
Gbers are rounded, with cenimal mucken, and there s unumually severe fibroais,
(Tranm erve section, perooews longus, oo hematoxylin and van Gieson. Magni-
ficaton: » 350)

T10.9 Dystrophia mryotonica m rman, aged 66, with family history Note uneven
wre and rounding of musche fibers, with central poclel but bo filwoss, (Transvene
wection, tangue bematavy i and eoin Magrufication  80.)

ﬁup:c:h:),m myotonkca o man aged 66. Strgle moscle fiber showing
muly, um of muscle nucke. (Longitudinal secion, tongue hema I and
. Magnification 330 ) o
R kb LAt b A oo

( scction brachil, bematonylin and
Aagnification 350 o

T, 12 Palymyontn in man aged 61 dying 6 werls from onset of docase
umm:ﬁn,mmmdmm-,mmdmﬁmqu
srual ltranon. | Longitudinal secion, pectorals mmor hematoxylm
mrmshmﬁntm 63 il and

¥ 13 Polvnoutm same asc a3 Frg 12. Sy ere scute degeneraton. Segmental
*cllme and fraqmentation of muscle fiber (Looaitudmal sectson, pectorals munor
bematoxylen and eoun. \{ gmbcaton 350 }
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autopacs have been performed on patients with dystrophua myotomea
by Adte and Greenficld, 1923 (who give & very good and full account
of the pathological changes in the muscles) Rouquds, 1931 Biel
schowaky ¢ al., 1933 Black and Ravin 1947 Wohlfart, 1951 and
others. Dystrophuc changes in the myocardium have not been reported.
The endocrine organs have been studied by some authors (Black and
Ravin 1947 Thomasen, 1948)

D Mryoroma CoNgeEntTA

This rare congenital and hereditary disense was first descnbed by
Thomsen (1876) who humsclf suffered from 1t. It is 1 most cases non-
progressive and the mmuscles remain strong  creatine and creatinine
cxcretion are normal. Myotonia 13 widespread and & myotonc electro-
myogram 15 obtained from many muscles. Some authors (Maas and
Paterson, 1939 1950) consider that this discase 15 & variant of dystro
phia myotomca. Paramyotoma (Eulenburg 1886) in which the
myotona {s only observable after chilling appesrs to be only a vanant
of Thomsen s discase (Thomasen 1948)

Lattle work has been done on the pathology of Thomen s dneasc.
The myotonlc muscles are enlarged and strong the lower Limbs charac
terntically showing most change, but the whole musculature may be
hypertrophied Histologically the chief abnormal finding (in biopsy
matenal) has been enlarged muscle fibers, with a diameter often well
over 100y Therc may alyo be some tendency to rounding n cross
section and a few central nucles (Wohlfart, 1951 Greenfleld o al,
1957) Post morterns have been reported by Erb (1886) and Dejerine
and Sottas (1895)

E. Oraer Muscurar DystRoPHIES

1 Oculer Dystrophy

Thus condition has been described by kuloh and Nevm (1951) and
the Lterature fully reviewed. The ducase appean to be confined, at
least m the early stages, to the extrinne ocular muscles and perbaps the
orbiculans ocult. There 15 saud to be great variatron w the axe of the
muscle fibers with some hypertrophued fibers and a vaniable amount of
fat and connective timue between the muscle fibers the perves are

Synonym Thomeen s dicase, nryotonus hereditaria.
Synonyma Progresive dystrophy of the extertal ocular munsckes,
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pormal The syndrome may be a varrant of the Landoury Dejenine
type of muscular dystrophy

However interpretation of biopsies from eye muscles requires care
for normally the muscle fibers vany greatly 1n nze, are rounded and
often have central nucler (Cooper and Damel 1949 Cooper ¢f af
1955)

2. Dystrephy of Late Onaat

A number of cases of muscular dystrophy of late onset which are
difficult to clamfy have been reported. Nevin (1936) and W elander
(1951) have reviewed the pathology of these cases.

Welander (1951) studied 249 cases of a conditon which she ealled
dustal late hereditary myopathy The age of onset vaned from 20 to
77 years. \Muscle biopnes were obtained from 26 patents and autop-
nes were performed on 3 who had shown symptors for from 9 1o 16
years., The histological picture seen was typical of a pnmarny m)trpath)l
with, 1n carly cases, rounding and vanation 1n size of muscle fibers and
ncrease of sarrolemmal nucles with some central nucles. Later there
was great increase 1n the intersatial fibrous and fatty tissue

Barnes (1932) was able to find details of 263 descendants of a man
born 1n about 1749 who died 1n 1836 and who suffered from a form of
myopathy in the latter part of his ife The discase in this family was
aluays of latc omset. As young adults, those later to be affected were
unusually strong and tended to excel at games. Many achieved a nipe
old age The muscles fint affected were uually the proumal mb
mucles, in contrast with Welander s (1951) cases 1n which the dustal
himb muscles were most commonly aflected Unbapply muscle for
htological examination was obtained from only one member of this
remarkable family The illustrations show the changes charactenstc
of any muscular dvitrophy rounded swollen muscle fibery, excess of
nucler and in one field excen of intersutial fat and fibrous tissue. No
©idence was seen of phagoevtons or lyimphocyuc infiltraton.

Although the number of cascs of late myopathy reported 15 com
paramely small a connderable number of muscle lopnes reach the
pthologut, from cases presenung as musele diseases annne in middle
aged and elderly paucnts Some of these are neural degencrauons
which are climcally atvpical Of those which are true myopathies
neither the chinieal nor pathologieal clasnfication 18 vet certun nor do
the two cotnade Clinrcallh  after sepanation of those subsequently
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found to have caranoms, there are a group of distal myopathies and
a group with a proxumnal syndrome. Exther of thexe may or may nothave
a family history of muscle discasc, and may run a longer or shorter
course. Pathologically some cases are hotologically smlar to a
“myositss,” while a few are both chnically and pathologically smilar
to the dystrophies of young people.

¥ MYOPATHIES OF INFANTS
A. Auvoroa CovoeENTA

Thus discase has more names than pathology It here uwsed to ngnt
fy a congemtal or infantile disease of muscles, a5 opposed to W erdnig
Hoflman s disease which Is an mfantile spanal muscular atrophy 1o
whuch the muscle changes are secondary to these m the motor nerves.
The two condisons have been much confused but there now appeans
no doubt that there 1 both a spnal muscular atrophy (W erdnm-
Hoffinan s diseasc) and an infantle myvpathy (for discusnon of thu,
sce the clmical sectron of thy book) Werdnig Hoffman s dumscase s
progresuve and fatal, whereas, as the name bemgn congenital myo-
pathy suggests, 1n truc amyotonia congemta there is a tendency to
recover There are therefore extremely few necropsy reports on cases
of myopathy Le. true amyotorua congenita. Spaller (1905) Coundl
msn and Dunn (IS11) Lerebouillet and Baudown (1909) and
Menger (1931) have reported such cases, as has also Turner (1949)
Tumner reported the post mortem fmdings 1n a case which was uou-
sual 1n showing lar wastmg Histok 1 ton revealed
only slight changes mn the lews affected muscles, but in the more severcly
atrophied ones, there were scattered foct of necrous and 1mvanoa of
nucla, while some fibers otheiwise normsal had chmm of central
nucler, Dr Greenfield reported these changes ay those of a chronic
myopathy

Biopnes have usually shown no abnormality according to Valton
(1937) although others have found small muscle fibers 1n biopues from
“fabby babies,” but some at least of these arc no doubt cxses of
Werdmg Hoflman s dsease. At present, there #t no dagnoste pathol-
ogy for this condion.

Coers and Pelc (1954) and Woolf and Till (1955) unng mtravital

o dnesso benign congeninal

myopathy
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stanmg of nerve fibers with methylene blue 1n muscle bropsies, hnve
ruggested that the motor end plates may be immature for the age of
the mfant, which 1 interesting as others have suggested that the lesion
s prumarily a delay in development of the muscle

B Co~orarAL \OXPROORESSIVE \MYOPATHY

A form of amyotoma cong:mu has been deseribed by Shy ond
\Magee {1956) as a new congs yopathy In thus
familial duease the proximal muscles cf!hc limbs were most severely
irvohved and wasting was not promunent. The pathological changes in
the muscles are most stniang and appear to be diagnostic. The muscle
fibers have a central core of fibrik, runmng almaost the whole length.
Fibrils in thrs central core bave a stnkng difference 1in staming reactron
from the penpheral fibnk with Gomon tnchrome, the peripheral
fibrils stain red, while the central core stains blue The corealsognesa
more strongly pontive peniodic acd-Schuff reaction than the peripheral
fibrils. Some very large muscle fibers, up to 240p 10 diameter were
found, and these had a special tendency to show central nuda in
chaint. There was a moderate increase in mntersuval fat, but no
increase in collagen. The nerves appeared normal.

C. Arnimocryrosts Murniriex CovaeNiTa

As its name suggests, this disease connsts of congenntal deformities of
the imbs wath ngidity of the yoints. It appears that thes state may be
due to at least two pathological conditions, one a discase of the nervous
nsem, the other a primany dworder of the muscles Adams of of
(1993) m humans, and Whittem (1957) 1n calves, found evidence of
neural dnease, and a myopathic change was seen by Gilmour (1946)
More recently Banler ¢t o (1957) found severe myopathic changes
1n two infants, so that the dncase may chearly also be due to a conger
tal myopathy

VL POLYMYOSITIS AND RELATED CONDITIONS

Pohvmyomtis » the name now generally accepted for another
wiopathic dueate of muscle see the chimeal secuon of thus book,
Chapter \1 Vol 3 bn Herson, and st does not here refer to the

Synonyrm  \moplina congemita muluple congemtal anicular rpdites
m advitropbaca oornita deformare m od od rophia fortals deformar congerutal
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rayonts caused by bactena, viruses, or parantes. There 1 general
agreement that dermatqmyontis 11 a vanant of thy dmcase with a
skin eruption. The skin lewon may indeed overnthadow the muscle
disease, but pnmary degeneration of skeletal muscle appears to be a
basde part of the pathology and the condition is therefore a true myo-
pathy whose ctiology 11 quite unknown. In this account, we have coo-
fined the use of the term polymyositis to the pure mnscle doease and to
dermatomyosits. The menopawal dystrophy of Shy and McEachern
(1951) and some of the myopathies of late onset appear to fall within
this group and have the charactenstic pathology It must, however be
emphanized that the name 13 muleadmg as the disease 15 not pnmanly
inflammatory Acute cases, running a fatal course of a few months, or
even weeks, may have myoglob 1, but myoglut 12 may occur
in any very severe muscle degeneratron and of 1tself does not alter the
diagnoss. A number of cases have been amociated with malignant
disease Thu and other pathological and chimcal features have been

Fra. 14. Acute p thowing d fon of musche fibern. In the
mmu.mndeﬁbcrmdm.cuuph.mm (Transverse sectlon, pecto-
rals majr b iy ) 150)

Fio. 15 Acute s fbers, The central dark

mayor hematoxyln and cosin. Magnificanon x 350.)
Fra. 16. Acute poly swelling and lon, Muscle fiber
mLhelcﬁlboulgnmahrdqmu-ndm,thﬂwthcngbth—wdcuh:nm:H.
(Longitudmal section, pectoraln minoe Lron hematoxylin and van Gieson, Magni-

Fra. 17 mwmmmm@mq completr: low
Th minor fron ytm and a2
Gizon. Magnification xS.';O.)

Fi IBAcuu: te umlnmmﬁhn
« 10 1 pdym-yui M\lm?ﬂﬁ'ﬁ; i

350,

Fro. 19 Acute polymycaltls mmﬂmmﬂmmmﬂr-
mor ytes and a thin, ﬁba(dxﬂ)
(Longinxdmal section, L3 major h Ao and eon. N
350.)

Fra. 20. Chromc polymyueitm mmnchsa.nmdumn.ho-iqhy-hm
degeoeranon (-l:vrc) ~and flocealar degencration aod [J:n(uc;‘lyc;n (bclow).
(L 1 and cosln. M x )

Fia 21 F-c-o—-apul.o- rmmcular mme ceve as Fige 3 and 4
Actlve phagocytosts in fiber of muscle which had recent cllnical deterfors-
tion. (Loogrtudioal secthon vastus medialh, b and corln. Magmb

> 350,
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reviewed by Dowling (1955) and are fully treated by Walton and
Adams (1958) in therr monograph on the subject.

Affected muscles are macroscopically pale and they may be o
strilang gray wiute in color or have arcumscribed areas of pallor
which are often slightly swollen, or agun pale flecks sre sometimes
present throughout the muscle 1n the moat acute cases there may be
small hemorrhages. Any muscle can be affected, but the trunk, reck,
and proximal mb muscles are usually most severely involved the
resprratory muscles, tongue, and muscles of deglutizon also sometrmes
have lesions

Hutologically the muscles show an acute myopathy The mart
stnking changes are a degencration of the muscle fibers, which are
rounded vary markedly mn nte, show genuine changes m staming
reaction, and have greatly increased numbers of nncles (Figr. 12, 13 and
14) Fibers may be necrotic throughout their length, but segmental
degencration 15 very typical, short lengths of fiber belng swolkn
apd without striations (hyaline or clondy degencration) (Fig 20}
Fragmentanon, ofien with areas of empty sarcolemmal sheath stretch
ed between the fragmented ends of sarcoplasm 15 seen (Fig 13)

| Floccular degeneration (Fig 18) is comsmon, and segments m which

| the sarcolemmual sheath 1s filled with nucler (Fig 14) may be numeroam.

“Thcﬁndi.ngoft.huc last two changes is 1n fact almoat & necosmty for

| making 2 diagnoss. In the interstizal tresue bie both free sarcolemmal
nucler and many types of cell (Figs 12 19) — macrophages, plasma
cells, lymphocytes, and a vanable number of polymorphy including
cosinophils The infiltrated cells may be present diffusely throughout
the tioue or i collections between the muscle fibers and around
vessels, Large collections of lymphocytes may be found, and cunousty
enongh these are more often seen in the lesy degenerated areas of
muscle, The muscle fibers are of all sizes some are obviomly swollen
(up to 200 m diameter) but many arc shrunken and some bavmg
lost all thar cytoplasm, are represented only by chamny of nucle
Mixed with the degenerating fibers are thun regeneraning fibers (Fig
19) basopbilic and contmming vemeular nudlei, and sarcoplasmal
guant cells (muscle buds) which are also probably regencradng fibers-
Good {llustratrons of these various changes will be foond in Kinney
and Maher (1940) and Walton and Adams (1958)

\fwscle spmdles may be involved 1n the general degeneration. Blood
vesels and nerves are normal (reports of neuromyens have ot been
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substantated) Infiltration with fat 13 not a feature There may be
some fibrowns, but we have not found 1t to be very marked even 1n
chronic cases.

This over all picture is very charactensic when present. Unfortu
nately the histology m extremely vanable. Not all the muscles are
affected 1n any one case and cven a mngle muscle may bave areas
which are normal and areas of the severest damage. There may be
httle evidence of interstihal reaction or of regeneration and the muscle
fibers may show only hyaline change and a mild increase in nuclern
Again, there may be only collections of round cells between normat
fibers. Netther of these last two appearances are diagnostic and the

interstitial nodular myoutis” 13 more charactenstic of other cond:
tons such a3 rheumatoid arthrids and myasthenia gravis.

The heart may show small foc of myocardial degeneration with
lympbocytic infiltration, or a patchy fibrons. The kidney tubules, m
those cases with myoglobinuria, may contain myoglobin. In dermato-~
mryonts, the skin shows atrophy of the epidermis with thickening and
condensation of the underlying collagen, sometmes with vascular
proliferation and focal infiltration with eells.

The more chrome caves of polymyonuts cannot always be distin-
guished from muscular dystrophy (1n which inadentally skin changes
have many times been reported) In our experience increase in collagen
hasnot been very great 1n polymyoatis and gevere fibrons would faver
2 dugnons of dystrophy  Muscle fibers with segments of acute necrom
and intersyiual infiltration may be found i muscular dystrophy
(Fig 21) but in dystrophy there 11 usually less acate degencration and
nO regeneration.

Some authors do not distinguish between polymyontis and sclero-
derm, conudering them both to be vancues of the group of condittons
which have been called “collagen duseases.” In scleroderma however
visceral lesons are the rule (Dowhing 1955) parucularly atrophy of
the plaun muscle of the gastrowntestinal tract and arterial lesions
apeaally affecung the Lidneve. This 1 not 50 in typical polymyonts
A review of the literature on the pathologcal changes 1n scleroderma
will be found 1n Dowling (1955) who also considers that the skin lestons
' the ™o conditions are different. The muscle changes in scleroderma
may no doubt sometimes be 1dentical with those 1n polvmyonus, but in
our admittedh Limited expenence the muscle lenons 1n scleroderma
have been more purely degenerative than in polymyonts, with httle
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cellular reaction and no muscle buds present. Furthermare, the hesto-
logical appearances of polymyontus may be produced expenmentally fn
a pumber of unrelated wayy, e.g by powsons, and are probably stmply
the picture of any acute muscle degeneration. Therefore it would
scem to us best to casufy the conditions separately for the present.
Polymyonty, at least, appears to be a primary muscle fiber degener
ation and not a degeneration secondary to disease of the interstitial
collagen 30 that there seems bittle reason to call it a “collagen doense.

Yik MUSCLE DISEASFES ASSOCIATED WITH SYSTEMIC
AND METABOLIC DISORDERS

AL MyoPATAY AOGATED WITht MALIGNANT DiEAse

Pavents suffenng from caranoma frequently develop muscular
weakness and when the cimcal ngm are severe enough to suggest
muscle disease, these cases form, chinically part of the heterogeneoas
group of *late myopathier.” Denny Brown (1948) Hemson 2. {1954)
and Heathficld and Willlams (1954) have reported somcewhat i
defimte pathological changes There 13 alto an undoubted assocrabon
of deymatontyosits and caranoma (Domzahld and Morgan, 1955
Walton and Adams, 1958) The changes found in malignant discax
usually comsist of nmple atrophy of muscle fibers and an meresse m
nucler, Sometimes a more acute degeneration of muscle fibers with
some cellular infiltratron is seen, resembling 2 mild polymyositis.

Caranomatous nenropathy 13 well recogmzed and we believe that
the muscle lesions scen may be partly accounted for by = scattered
ncura] degeneration.

Litde s known of the changes produced 1n human muscle by
prolonged bed rest, h and senility but that consmderable
changes occur in the muscles of such cases s certun Until we know
more of these matters, the sigmficance of the changes seen in the
muscles of patients with cardroma must remain 1n doubt.

B Prrropic Pararyus
The attacks of paralyns, from which the diseasc i1 named, are
accompamed in most cases by a fall in serum poamum, associated
with a decrease 10 unnary excretion of potassum (Le a2 retention of
potassum 1n the body as a whole) The relatronship to potasuum
metabolism s not, bowever a ample one, a3 serym potasnum may ot
be lowered duning attacks (Tyler ot o/, 1951} and may even be ratsed
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(Bull eral 1953) Conn etal (1957) have shown that sodium retention
may be the preciputating factor Whether penodic paralyns should be
considered a3 one ducase or several the pathology s the same 1n all

and vacuoles are formed within the muscle fibers (Goldflam, 1897

Tyler f el, 1951 Conn ¢t al 1957) The fibers may be distended by
droplets which reemble 10 lesser degree those seen 1 von Gierkes
disease, they do not, however contun glycogen.

C. GLycoorxn STORAGE DisEAsE

A conditton which may cause difficulty in diagnosy beecause of 1ts
remarkable climcal similanty to amyotoma congemta is a form of
glycogen storage disease 1n which there 13 profound muscular weakness
due to mfiltratdon of the skeletal muscle fibers with glycogen The
diagnons can be made readily by muscle biopsy but wathout the aid of
thy device, 1t may be imposnble to differentiate between the two
diseares Humphreys and hato (1934) illustrated the pathological
changes of the striated muscle fibers in this form of von Gerke s disease.
The muscles invotved show marked pallor and hutalogically the muscle
fibers show a cunous form of vacuolation In an advanced case, the
vacuoles, which are filled with glycogen replace all the sarcoplasm in
the fiber 30 that only a swollen sarcolemmal sheath 13 scen In the
Jesser degrees of nvolvement there may mercly be small vacuoles,
filled wath glycogen, in the middle of the muscle fibers. The remaining
nuclet in badly affected fibers may be pyknotic Gunther (1939) found
that a case diagnosed clinkcally as one of amyotoma congemta, had
depoution of glycogen in vacuoles 1n the skeletal museles. Dy Sant
Agnesc e of (1950) found that when glyrogen storage diense affects
the heart, the sheletal muscles are also often affected Rnvitetal (1953)
10 an nteresting paper on three infants (ublings) all wath a flacad
wealness of the sheletal muscles, describe the post mortem findings on
™o of the children and dlustrate the pathologrcal changes in the
muscle fibers. Clhinrcally the three children resembled cases of amyo-
towa congenita, and these authon stress the necesuty for muscle
biopn, 10 the diagnoms of the muscular atrophies of infaney

D PoryARTERMS \oODOSA

Polvartentus nodosa 11 not primanls a muscle disease but 11 included
here nince the muscles are probably more commonly involved than
“Wnoaym Penartents nodow.
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any other tsue and muscle biopnes from suspected cases are often
presented for diagnoms. The diagnostic finding s arterios of an ntra
muscalar arteriole The vessel wall and perivascular space are 1nfil-
trated by acute and chromc inflammatory cells Fibninold necross may
be demonstrable and there may be thrombosis. The effects upoa the
muscle are esentially duc to 1schemia which causes either a durect
degeneration of muscle fibers or a secondary degencration owing to
the 1nvolvement of nerves. Multiple small infarcty are found, wth
hyahne eosinophilic muscle fibers and also groups of small atrophic
muscle fibers resulting from neural atrophy Later the dead fibers are
removed and a patchy fibroxs of the muscle 18 seen. Pertvascular o
interstitial collections of cells may be the only finding but thu aloneis
not diagnostic,

E. Trvrom Durass

1 Hyperthrotdism

Muscular weakness, wasting and fascicular twatchmgs occur com-
monly 1n thyrotoxicoss and this muscular weakness may precede other
symptoms thongh 1t 15 not necesarily propornonal to the basal
metabolic rate, If the Jar symp are pr d enough,
they may comstitute s myopathy (chrome thyroteme myopathy)
The pathology has been hittle studied but as long ago as 1838, Asks-
paxy reported an infilration of fat between the muscle fibers and
atrophy of the fibers themselves. Adams of ol. (1953) found the same
changes and we have seen & muscle biopey which shoved a hustological
picnmvcrynmﬂlrmlhdrlﬂumnwmmukedtnmcmﬁt
1 interesting  as subcutaneous fat i3 reduced 1 thyrotoxicons. The
condition 15 known as chrome thyrotomc myopathy to distnguhh it
from acute thyrotowc myopathy a very rare chmical syndrome of
which the pathology s not known.

2 Hypethrrerdiom

Enlarged muscles with slow movements may be found 1n hypo-
thyrordism both in adults and children In myxedematous sdults, the
conditron is called Hoffman ¢ Syndrome (Thomasen, 1948) and in
cretrn, Debré and Semelaigne s Syndrome (1935) In creting, enlarge-
ment of the tongue 15 a usial feature. In spite of the chimeal enlargement
of the muscles, ittle 5 known of the pathology hypd'th-hY"“hc
muscle fibers has not been adequately substantiated.
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F ExorrrraLdac OPHTTIALMOPLEGIA®

The pathology of this conditon 10 which exophthalmos 11 accom-
panied by paralyss of the external ocular muscles, has been studied by
Burch (1929) Nafinger (1933) Bramn and Turnbull (1938) and
Mulvany (1944) The pathological features are macroscopic enlarge-
ment sometmes very marked, of the external ocular musclas which
are pale and firm, while microscopically the muscle fibers show a non
speafic atrophy in which focal degenerative changes arc mild En
larged fibers may be present (Bran and Turnbull, 1938) The main
changes arc in the interstital tissue and conmist of edema severe
fibross m the later stages, and a vanable degree of lymphocytic in
filtrabon. These cellular infiltranons may be mamve (Burch 1929)

The macroscopic enlargement of the muscles appeans to be due to
edema a3 1t is not accounted for by hypertrophy of the fibers. The
disease 11 related to 1ncreased activity of the thyroid but thyrotoxicons
b 1ot & necemary accompamment. It 1 thought to be due to over
actmity of the pituitary producing an excens of thyrotrophic hormone

Viil. MYASTHENIA GRAVIS

It was belicved for a conmderable period of ime that the sole hutolo-
gical changes to be found 1n the stnated muscles of cases with myas-
thenia gravis were the so-called “lymphorrhages.” That this i ot the
case was shown clearly by Ruossell (1933) though much earlier
Buzzard (1905 1910) had noted that in additon to “lymphorrhages,”
there were alight degenerative changes n the muscle fibers in this
discase, though well marked atrophy of muscles was rare.

Ruseell (1953) descnbed a necross of muscle fibers, with swelling
of the fibes and comnophilia of the sarcoplasm followed by the
deelopment of an inflammatory exudate 1n and around the fiber In
cxamples of muscle lenons where lymphorrhages were most prominent
3 progremve atrophy of muscle fibers was seen the nucler often be
coming central In other speetmens there was ample atrophy of aingle
muusche fibers and groups of fibers Walton and Adams (1958) think
that there 13 a nmilanty between the pathological changes desenbed by
Rusecll (1953) and those found in cases of polymyositis. Rowland ef «f
(1956) review some 26 post mortem reports on cases of myasthema

WoonyTre  Pro h conhthatl
xophthatmos, thyrotrorhic
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gravis and Woolf ¢ @/ (1956) describe changes in the mtramescular
nerve endings in one case.

It would scem that most of the pathological changes seen 1n the
muscle fibers 1n cases of myasthenma gravis are the noaspecific rezchon
of these fibers to some myury or metabolic disturbance 2t present
unkpown.

IX. MYOGLOBINURIA

Myoglobunurm occurs esther as a spontancous, paroxysmal discasx
or “symptomatically” as a result of the rapid destructron of 2 large
quantity of mncle, from any cause. Biirck (1949) descnibes the vanous
conditrons 1n which myoglobmuna 15 fourd. In the “crush syndrome,
myvglobinuna follows extensne tranma to muscle and leads to anuma
(Bywaters, 1944) and a drmilar condition may result from extepsie
nfarction of muscle (Bywaters and Stead 1945} Tt 1s well known that
myoglobmuna may be seen m severe dermatomyosits and that it
occurs occanonally mn cases of muscular dystrophy (Acheon and
MeAlpme, 1953) Idwpathe paroxysmal myoglobinuna 15 2 rare
condition m man 1t s somctimes familial. In Gamany outhbreaks of

3mal myoglobuinuna (Haff discase) thought to be due to eating
passoned fish, have occurred and the condition has been reviewed by
Ganthber (1940) Paroxysmal nmyoglobinuria 15 a well known condition
1n horses, developing after good feedmg and nnusual exertion march
“bemogiobununa™ 1n man may possibly be a related condinon. The
pathology of idiopathic paroxysmal myoglobinuma has been Ltde
studied bat Schaar of ol. (1949) performed a necropsy on a casc and
Elek and Andersen (1953) reported a muscle bropsy and discused the
literature. The pathofogical changes appear to comsist of acute de-
generation and necros of the musele fibers, followed by regeneratne
changes, 30 that 1t much resembles polymyonts,

X, HYOPATHY IN ANIMALS

Degeneraton of the skeleta! muscles in animaly is not rare. The
common muscular degencranons, however are acqmred conditions
related to dictenic and emvironmental factors. In the vetenpary
Literatare these are described as “muscular dystrophies,” though they
bear no bl to the cond known as far dystrophy
10 the human, The ammal myopathies which do resemble muscular
dvstrophies m the human are exceedingh rare,
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Michelson «f af. (1955) have described, as dystroplua muosculans, a
hereditary primary myopathy 1n the house mouse, which has many of
the features of a human muscular dystrophy The ducase develops
carly in Iife, beginning In the hindhimbs and running a slowly pro-
gromve course to mvolve the trunk and forchmbs. At necropsy the
nervous system has been found to be normal while the histological
appearance of the muscles is strikingly nmular to that seen n & human
muscular dystrophy There 13 rounding and atrophy of muscle fibers,
which have some central nudles, no evidence of regeneration, and an
mcrease of fibrows interstitial tusue, The {llestrations in this paper
might well be taken from a human case.

Onc example of a muscular dystrophy in ammals has been ex
tennvely studsed. This i1 the congenital myotonia of goats which was
fully described by Kolb m 1938 he contdered that the condition was
emcntially the same a3 myotonia congemita (Thomsens disease)
Unfortunately the pathological changes in these ls were not
fully studied, but the fllustrations sthow rounding of muscle fibers and
central nuclel, suggesave of a dystrophy A ber of physological
studies have been made on these myotome goats by Brown and Harvey
(1939) who concluded that the myotoma was m cvery way mmilar to
myotonda mn man and that the primary dysfunction was in the muscle
fiber

Innes (1951) m a paper 10 which he reviews what Httle 13 known of
myopathies 1n ammals, detcribes a case of ponsible muscular dystrophy
affecting the gastrocnemu of a dog 1n which the hustological changeas
were typleal of a true muscular dystrophy 1n man. Ziegler (1929)
dexcribed a somewhat smilar condition in & dog with generalzed
ducase. Bomanquet ef ol (1956) have described a myopathy occurnng
sporadically in adult sheep under good nutmuonal conditions. The
condition appears to be fairly common, as they found 45 cases. Affected
muxcls were dutributed all over the body and hustologleally the
changes rescmbled a polymyonts, though the chroniaty of the condl
ton and the pomiality of an 1nhented factor are thought to be more
suggestrve of a dystrophy

It was pomted out earlier that one of several etloogical factors may
wduce the condition of arthrogrypons multiplex congeruta mn the
buman. Ttus s probably true 1n animals also, for Whittem (1937) has
tuggested that in calves it has a neurogenic enology while one form of
the conditon in sheep 18 thought to be myogeme (Middleton, 1934)
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Paralytie myoglobnuria aof horses 18 2 well-known conditim, It 22
paroxyymal diseasc which follows severe exerion after rar, At e
ropsy, thcmludumnlmplnkincolormd batologically show
acute hyshne degeneration a1 necrons of muscle fibers (Carbrtes,
1931, Afinett, 1935) Myoglobinuna 1 abo known to ocour m variom
aumak suffering from severe “dystrophy * where 1t h apparestly
secondary to the muscle degencration and comparahle with “Syup-
tomatie” myoglobtauna i human polynryadtis, Myogiobouna whdh
follows transportation or drrving may however postibly be relted o
the paroxysmal disease of borses. The pathology 1n alf thete condibes
15 that of & nonspecific acute degeneratron of mucle.

A number of animal diseases are described 1 the lteratore o
“muscular dystropmes™ but these do ot resemble, axther patbolog-
cally or clinlcally the human mnscular dystrophues, beng pathokge
cally more like human polymyoditn, and Aktrdm (1948) in ot o

tius term. Frauchiger and Fankbauser (1957} goso far as mnywiz:t.;

thetr oplolon, in no speces 1 there any discas comparable

human myopathies and dystrophies. Many descphons of szims!
mryopathdes suffer from having no adequate pathological examnauoc
The so-called “muscular dystrophics™ of arumals have bem rencwcd
by Blaxter and McGill (1955) and Hartley and Dodd (1957} wbo
pount out that many have a nutnitional bans. The putnbonal #spect

of muscle disease s covered by Mason m this volume.

Rerrmevces
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Paratynic myoglobmnmma of horses 5 a well known condinon. Itsa
paroxysmal drease which follows severe exertion after rest. At nec
ropsy the muscies are salmon pmk in color and histologically show
acute hyalme degeneranon and necrons of muscle fibers (Carlstrom,
1931 Minett, 1935) \yoglobmuna 13 als0 known to occur in vanous
anmals suffering from severe “dystrophy ™ where 1t 11 apparently
secondarny to the minde degeneration and comparable with  “symp-
tomatic™ myoglobinura n human polymyonts. Myoglobinuna which
follows transportatson or dnvmng may however possibly be related to
the paroxysmal disease of horses. The pathology 1n all these conditions
15 that of a nomspeafic acute degeneration of moscle.

A number of ammal diseases are described in the Literature as
“muscnlar dystrophes™ bulthc!cdonntmcmbl:,mhapathﬂbm—
cally or dimeally the Imman far d
cally melih-hummpo!ymyonnx,mdAknﬂm(lg-}E) in fact mscs
thxs term, Franchiger and Fankbanser (1957) go so far as to say that,1n
their opumon, in no speaies s there any diseasc comparable with the
human myopatines and dystrophies. Many d:n:npuom of ammal
mvopatines sffer from having no ad
The so-called “muscnlar dystrophies™ " of animals have been reviewed
by Blaxter and McGill (1955) and Hartley and Dodd (1957) who
pount out that many have a nutntional bans. The nutnuonal aspect
of mucle disease 13 covered by \Mason m thrs volume.
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Paralytic mryoglobmuna of hartes i a well known condition. It sa
paroxyrmal dicase which follows severe exertion after rest. At nec
ropsy the mnscles are salmon pink m color and histologically show
acute hyalme degeneration and necross of muscle fibers (Cardstram,
1931 Minett, 1935) Myoglobunuma 1 abso koown to oceur in varioes
ammals saffermg from severe *dystrophy ” where 1t » apparently
sccondary to the muscle degeneration and comparable wnth  “symp-
tomatc”™ myoglobinpna 10 human polymyontrs, Myoglobtnura winch
follows transportation or driving may hosever possibly be related to
the paroxysmal diseasc of horees. The pathology m all these conditrons
1 that of a nonspeafic scute degenerapon of muscle,

A number of animal ducasey are deseribed m the hterature as
*“muscular dystrophies” but these do not resemble, ather pathologr-
cally or clintcally the human muscular dystrophies, bemg patholog
cally more like human palymyesitis, and Alstrdm (1948) 1n fact uses
ths term. Franchiger and Fankhauser (1957) go so far as to say that,mn
therr opuon, m 1o species 13 there any discase comparable with the
homan myopatiies and dystrophics. Many descriptions of animal
myopathies suffer from having no adequate pathological exammanon.
The so-called “nruscular dystrophies” of ammaly have been reviewed
by Blaxter and McGill (1935) and Hartley and Dodd (1937) who
pouwnt ont that many have a notnttonal basis. The nutntional aspect
of muscle disease 13 covered by Mason m this volume,
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Paralytic myoglobinuria of horset 13 2 well known condition, Ttis a
paroxysmal disease which follows scvere exernon after rest. At nec
ropsy the muscles are salmon-pank m color and hutologically show
acute hyaline degeneration and necrons of muscle fibens {Carlsirben,
1931 Minctt, 1935) Myoglobinuria 13 also known to occur m vanom
ammabs suffermg from severe “dystrophy " where 1t 13 apparently
scrondary to the mucle degeneration and comparable with  “symp-
tomatic” myoglobmuna in human polymyontls. Myoglobununa wiich
follows transportation or driving may however posibly be related to
the paroxyxmal duscase of horses, The pathology 1n all thete condibons
1 that of a nonspeafic acute degeneration of muscle.

A number of animal discases are described n the literature a1
“muscular dystrophies” but these do not resemble, ather patholog-
cally or clinically the human muscnlar dystrophues, being pathologr-
cally more like human polymyontis, and Alstrém (1948) in fact wes
thus term. Frauchiger and Fankhauser (1957) go so far as to say that, in
their opinion, m 1o species 13 there any discase comparable with the
human myopathies and dystrophics Many descriptions of anmal
myopathies emffer from having no adequate pathological examination.
The so-cafled “muscular dystrophies™ of ammals have been reviewed
by Blaxter and McGill (1955) and Hartley and Dodd (1957) who
pomt out that many have a numtional bans The nutritonal aspect
of muscle dncasc is covered by Mayon in thus volume.
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CHAPTER “I

Chnical Aspects of some Discases of Muscle

Ronab A, Hexsox
1 Introduction
11 Same General Chinieal Features
1T The Muscular
A
B The Clunifh of Muscular Dyztropby
C. Clinical Fea
D. Mosculsr
E The of Muscular Dystrophy
F The Treatment of
G. Revovery fram Muscular Dystrophy
TV The Amyotonis Congenita Syndrome
A In
B. Cardbeation

Dermatomyosits snd Polyoryosith

3

from a global pant of view there can be no doubt that infectson,
traoma, and arculatery dnturbances are responsible for a high pro-
potton of muscnlar dsorders. Acute and chronic pyogensc inflam
matons are common in the tropies, though rare 1 more temperate
zoner. Infestatiom wath parastes arc also mainly tropieal or sub-
tropecal in thewr dstnbuuon though such conditions are by o means
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beyond the cxperience of thote who practice 1n cooler elimes. Trau
mange lenons, due m the man to direct physical injury, are probably
even mare Iach conditions, g lly the frmt of
dqmmmcnmﬂudhu)qfomamjmmddhﬁﬁty
Cachexia due 10 new growth or other serions systemic disease 1
anoclated with generalized muscular atrophy while localized wasting
and weaknes occur In muncles around Injured or discased jounts. It b
2 matier of almost untvenal expenence thatinactivity frank dssuse, and
increanng age lead to muscular enferblement and atrophy Lastly any
conditon interfenng with the fanctons of the lower motor neuron
may produce muscular paralyns and wasting These simple facts have
been reaited to bring into proportion theae more esoteric condibons,
such a1 muscular dystrophy, periodic paralym, and the myasthemas,
which generally spring to mund when the subyect of diseases of muscle
s

Tams I
CrLassrcaTon oF Doxasts or Musorss

Congrnital defects
Mustular dysroplies
Inflammatory disesses
A Specific
B. Non specific i

Tomw myopathy (Fooul muscle nocroses in acute and chronk: infectionn)
\ mscutar discases v

- Lopos eryth Lerod 5 id artheiti, eic.

pa thh Duarder
n,op.'&'y-nmwﬂm
Mectabolic duorden
Glycogen uvorage doexse
Aoceflantous nrophles
Dbcne.lmmxy notritonl defidoncy atrophy rerulting from mabgmant and

Dmrdcnu{uduhﬂnyundm
The mywstheruas, periodic paratyils, otber doorders of potassinm metabollam

Tumons
Neur) atrophia




X1 CLINICAL ASPECTS OF SOME DDEASES OF MUIGLE 361

Table I repreaacnts an admttedly incomplete attempt to clasufy
duseases of muscle The list s not intended to be comprehensve. It has
been compiled on an eticlogical bans where the camses are known
otherwise & clinicopathological scheme has been employed. The

Tame I1

Axaryins or Cases or Moxcrx Durase, \ eToLoGreaL
Drraxruor Trx Loxpox Homrerrac., 1948-1957

Drsease Number of cuss

Mmcular dystropbacs
Duchenne

-
—unsra

[
|

myopathy
(yasthenta gravy) @
Alyopathy amochated with cardinoma
ugﬁndunmmnudummnmw
Puiodicpn}y\h(-ﬂhmdwnhmbvmmfi)
Orher disorders of h metabolsm

a Wﬂmammmm tyndrome cause undetermimed, 1

=

-
EYLE)

Total patients 200

Caxes of vascular disease, trauma, neural atrophy and miscellancom atrophic
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approach 1 esennally o practical one. For example, a group of
ctllancous atrophics have been arbatrarily placed together The
muscular dystrophy has been reserved for patients with progre
muscolar disease of genetic ongin. Myopathy 13 used 1 1ts prr
scmae, ditease of muscle, only Tahle 11 thows the datnbuator
dlagnons of cases of muscle diseases seen in the Neurological Dej
ment of The London Hospital and in personal practice, during
past § years. This Table is given nmply a1 an indication of the pen
experience on which this chapter 1s based 1t reflects the mteresti o
phyncans to the department, and this 1 seen partculardy 1
rather large number of cases of exophthalmic ophthal \! Dix
ofmmdcnocounwdtorlmthanl%cfpadmumdunngth:
Yean.

There 1 obviowmaly no need for discusmson of the more com
muscular affectrona which have been mentoned Many of them
well understood and treatment 1 effective. Nor shall we com
mucle dysfunction resulting from neurclogical duorden, save
few contexts. The conditioms described form a rather heterogen
group which are ather of particular climeal or theorctical interes
m which recent advances in Jnowledge bave ocauwrred. In me
these complaint, the muscular system i3 diffusely affected, sometim
a result of a primary myopathy sometimes as o mamfestation
more generalzed discase procem.

1L SOMU GENERAL CLINICAL FRATURES

Muscular development vanes among healthy mndividunhs accon
to age wex, race, and other factors, The general state of health
nutntion are reflected 1n the condition of the muscles. Further muw
soon waste and become weak if they are not used. Some dlinical
penence o therefore necemary to enable the physicran to de
whether muscular atrophy 1 due to neuromuscular duense or to s
more general or banal cause  For example, the evalnaton of muc
wasting and weakness m the elderly or infirm may be difficult

The symptoms of the forms of muscle disease under connderation
largely vanations on a theme of muscular weaknen. In the musc
dystrophues, and certain other important myopathies, the weakne
commonly predommant 1n the hmb gudles and wrunk, the soca
proumal muscnlar syndrome Muscular atrophy due to disease of
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lower motor neuron, on the other hand generally begins in the dustal
muscle groaps, as for example 1n motor neuron disease and peripheral
neuropathy There are exceptions in both types of case. Poliomyelitis
may of course, produce any pattern of neursl muscular atrophy
Certanly subacute or chronic proxumal muscular atrophy leads to the
1mtia] suspicion that the condition 11 myopathic.

The relattomship between the degree of atrophy and weakness vanes
m different muscular affections. Where there o widespread wasting 1n
an ambulant patient with mahignant disease or some chronic infective
procem, without a speafic neural lenon, general reduction 1n power 13
found but in the earlicr stages, at least, power 13 often surpramgly
good, conndermg the degree of atrophy The relatomhip between
muscle bulk and power 1 complicated mn the muscular dystrophues by
the occurrence of pscudohypertrophy Thu unfortunate term denotes
mumcle enlargement without increased power or more popularly
with actual weaknen. Pscudohypertrophy 15 seen in 1ty extreme form
in a child dying from the Duchennc type of muscular dystrophy To
the eye, the contours of the muscles arc well mantained, or even
exaggerated, but they are uncsually soft to palpaton. Post mortem
eammation shows the affected muscles to be largely or even enurely
replaced by fat and connective tissuc, In the carlrer stages of the disease,
however the enlarged muscles arc firm to the touch and often lems
weakened than those which are visdbly atrophic. In some forms of
musculsr dystrophy enlarged muscles have increased power clhinieally
a truc hypertrophy However muscle bropsy 1 such a case may reveal
severe degenerative changes, and certainly these apparently hyper
trophic muscles usually grow weak with the passage of time. Untul the
Pathology of pescudohypertrophy and hypertrophy m more fully
understood 1t would be better to abandon the terms and speak of
muscnlar enlargement, with normal, inereased, or dimunished power
1 the case may be.

Tio b & convenient pont at which to define myotonia and myas-
thenm, two classical symptorns of some muscle diseases. Myotoma is a
conditon 1n which the affected muscles conunue to contract after
voluntary contraction has ceased It occurs in response to mechameally
tumulated contraction, as by perammon or electrical sumulation
Voluntary contraction rtself may be slowed down. Myotonia 1 usually
Wone in states of cold or fatigue. It may be dimumshed by repeated
movement of the affected muscles, though this 1y not always the case.
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C. CrovroaL FraTures

1 Gowrsl

The patient with muscular dystrophy presents with complants
stemming from muscle weakness, though the term weaknes » rardy
mentloned by the patients or parent. Thos, parents may say thet a
child has never been able to walk, that hus gait i clumsy or that he
tends to fall withoat canse. Speafic defects may be mentioned, for
example, difficulty 1n nsmg from a chair in mounting stain, or 1n
Lifting the arms. Dragging of the legs may be noted. A spinal deformmty
may be the reason for cansultation Not surpruingly cluldren with
muscular dystrophy are sometimes referred to an orthopedic surgeon. In
adults, the range of complaints 18 wider but the underlymng pattern i the
same. The weakness usually results from affection of the hmb girdies and
trunk, The onset 15 inndion, and diagrosis i usually obvious by the tme
the patient comes for examination. Examnination will show muscular
wasting and weakness, commonly the prommal muscular syndrome,
with or without muscle enlargement. The tendon reflexes are generally
reduced 1n the affected parts. There are no ngns of s nervous lesion.
Skeletal deformutles, for cxample increased lumbar kordesls or sproal
kyphosh, may be present. A detailed review of the climeal aspects of
the muscular dystrophies has been made by Walton and Nattram (1954)
and their paper contains an extermve bibliography The onigunal ac
counts by early workers are referred to elsewhere 1n the text.

2 Duchars Type (Smonym Poeudotypertraphic mascler dystrophy)
’Ibhfurmo(muscuhrdynmphywndmu{bcdbyDuchcnnc(lm
but he did not recognize that the paralyshs was myogemic. Although
muncular enlargement (psendohypertrophy) frequently occurs in ths
variety the term pacudohypertrophic muscular dystrophy 1 best
avoided as a similar ;ncrease 1n muscle bulk occurs in other forms, and
it 15 not invariably present 1 patienty who otherwne appear to belong
to thny group (Stevemson, 1953 Walton and Natras, 1954) Tha b
generally an affection of young children, occnrring almost exclusively
m males. It 13 mherited as a sex linked recemve. The onset may be
remarked by parents in the first year of bfe, and before the age of four
1n one half of all cases (Walton and Nattrass, 1954) Occasfonally the
onsct may be as late as the third decade. The muscular weakness sod
wasting begin symmetrically in muscles of the pelvic girdle and thight,
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espeaally the ilropwoas, quadriceps gluteus maximus, and sacrospinahs,
The child walls with a waddling gait and has difficulty in chmbing
stairs or nnng from a chair Ifasked to nse from the ground he “climbs
up humself™ m characterntc fashion. The antcrior tibual group and
peroaei are involved later The calf muscles, hasustrings, and abductors
of the thighs are relatively spared, and thss accounts for the muscular
contractures which are liable to develop After a tume, the shoulder
girdles and upper trunk muscles become affected and later stll the
arms and forearms. The calf muscles are commonly enlarged and firm
Rarely thus enlargement ks shared by the quadnceps, hamstrings,
gluter, deltoid, or other muscles in the shoulder girdle and wpper bmb
Asalready noted, the enlarged calf muscles retam thelr power remark
ably well in comparson with other muscle groups. Nattrass (1957) con
Grms this view The enlargement may disappear later or the muscles
may become less firm to the touch.

Thiscomplaintisinexorably and, fora muscular dystrophy ratherrap-
idly progresave. Contractures appear immobility leads to severe asteo~
porons and gross skeletal deformities. Remmsnons or perniods of arrest do
notoccur Death results from inamtion or respiratory infection, usually
in sdotescence. A few patients survive into the third or fourth decade,
in a state of helpletiness. The course 18 nmilar 1n older patcnts.

3 Facw-Scapule-Humeral Type

This vanety was first described by Landouxy and D&dnne (1884)
Ithas been regarded by some as the most distinctive vanety of muscular
dystrophy Onset is commonly carly 1n the second decade, but 1t may
be cardfier or later It 1s rarely pomible to determune the prease length
of the hutory in this inndions complant. Males and females are
affected. The muscles of the face arc involved at an early stage The
lips tend to be everted, formuing the so-called tapir mouth. The patient
cannot whistle. Attempts to smile produce a sneer due to weakness of
the rygomatcr. Later eye closure and wrinkling of the brow become
enfeebled The presenting symptoms, however are referable to the
atrophic palsy of the shoulder girdle, arms and trunk. Spinan, rbom-
bords, serratus antenor pectoraln major deltord, biceps, and tnceps
are affected carly the scapulo-humeral muscles in fact. The dusturb
ance may be asymmetneal Trunk weakness 15 usnally prominent, and
thus leads to an exaggerated lordotic stance, The complaint 1 slowly
progresnve, though there may be long penods of arrest, After a few
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D Muscurar Dystropry avp Myoroma

The chnical features of myotonia have been previouly describel
Myotonia n commonly amoasted with muscular dystrophy f e
condrtion known a3 dystrophia myotonica, but 1t also occun In age
tonla congenita, & much rarer complamt, and m hereditary par
myotonla. The relabonship between thesc three complaints bas bea
widely ducumed Maas and Paterson (1939 1950), wniting from wde
experience, hold the view that thes three syndromes are afl mas
fatiomt of the same duease process. Others hold an opposite opia
(eg Adams ¢ o 1953 Bell, 1947)

L Muader Diatrophy with Mpotonsa (Synexyms Dystrophse Afpeiem,

Mpotoma Atrophica)

In thh hereditary drease, muscular dvstrophy is linked with z7e-
tona and other dvsirophic duorders, such as cataract and goosdd
atrophy Asa rule, cataract s the only abrormallty present for mverl
generations, and then in one generaton, the whale dystrophe &
turbance appears. The myotonic dystrophy may be repeted B
fllowing generations, appearmg at an earlier age, Ths 1 the bt
nom:mnofnnﬁnpannn,whmhunhothby!he
earlier appearance of cataract 1n preceding generatiom.

Dystrophua myotonica occurs 1n both males and females, Theonxts
commonty between the ages of 15 and 40 but it may oca in G
bood. Recogrution of the condition may be delayed until okd
useally becawse the patient has avosded consultation, though ST
toms have been present for many years. ‘The characterutic featoras &7
the myotonia, which 1 usually Limited to the hand, forearm, 84

common feature bcmgducmmyo(onhmtbtm ,mmcb.‘l‘bt
g
dwc‘“"‘“ﬂlybcmadcunghtﬁmnthc :ﬂ
presaonicn facies, bollowed temples and cheeks, drooprg &7
dnen. Moscuter enlargement 1 rare, Disturbances of atnovent™
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ular conduchion are present i some pauents (Evams, 1944) The
condition Is progressive, leading to severe duability, generally within
20 years, The patient usually succumbs in late mddle age.

The myotoma 15 mereased by necstigmune and diminished by qui-
nine and procaine amide. Brown and Harveys (1939) work suggeat
that the disorder s pnmanly muscolar

2. Myotoma Congemta (Syxsmym Thomsen s Diseast)

Thys condition was described by Thomsen (1876) who humself
suffered from the disease. The myotonua 13 probably congemital and is
usually observed in childhood Males and females are affected The
mwmnu, whid\ roay be gtncnlh.td or localized, » modatcd with

and i d power
There ks no muscular wutmg and the reflexes are norma! The banc
symptom b an interference with movement through tonic muscular
spasm. An atternpt at a forceful movement from rest, or a change
from a state of easy activity to strong muscular contracton produces
painlen camp of the muscle group wvolved. The patient is truly
“muscle bound * Emotional duturbance cold, or fatgue tend to
bnng on the myotonia. The patient 13 able to “loosen up ™ 0 to speak,
by 2 senes of laborions movementy of the affected part. During the
spasm the muncles are promunent to the eye and hard to the touch
Life 18 not shortened. Some paticnts with myotona congenita develop
muscalar wasting and weakness carlier or later 1n life, and this is oneof
the facts which has led some to supposc that the condition is nmply
arother manifestation of the dystroplua myotonica syndrome The
scventy of the myotonia tends to decreasc as the patient grows older

3 Hereditary Parampotoma
In thisform of myotonua, the symptom only occurs on exposure tocold

4 ADotome Acqunte
This term has been used to descnibe cases of myotoata coming on n
adult bfe, 1n the absence of o family hustory of the syraptom,

E. Tue Drrrenerriar Disoxoss or Muscurar Dyvsrrorry

“The dugnoshs of muscular dystrophy rests on the omset, usually at
o carly age, of symmetnical muscular wasting with a distribution
which cannot be explaned in terms of the wmnervation of muscles”
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(Brain, 1955) A family history of nmilar llness 19 helpful. The presence
hypertrophy” i path Ihfficulty may anse when
theomcthmm&ncymdzbnpmblemhdimu-cdmthcmonou
the d In older patl the di. »

unﬂyn:ybythcﬁmcmd;alhdputh
Differentation from motor neuren disease camses no dafficulty the age
of onet, p of fascicnl reflex chasget, and tempo of the
pasalysh form obviow ponts of difference. Rare cases of very chrome
spinal motor neuron degencration can usually be dutinguished by the
presence of fasaculabon, Some patents with longuanding myasthenia
gmvy {q v) develop connderable muscular arophy and the distine
ton here pmst be made on the basis of the response 1o the myechon of
chrome

ine sulfste or edroph chlonde
foxmofpmphcnlncumpuhy nndpcrmmlmophymum:ﬂy
mentoned & requiring d son but the dmimilarities in exch
instance will he apparent.

Recently, emphasis has been placed on the need to distinguwh
polymyontis (q v) from muscular dystrophy Both are conditons of
which the cause » unkmown  both commonly present with the proxmat
muscutar syndrome. The natural hutones, and particularly the tempi,
of these illnetsar are vo different, a3 the chnical sccounty show that
confusion is unlikely to arlse However the use of muscle brapsy in the
investiganon of muscular dystrophy hay brought difficulties in it
train. The histopathological eritenx for the dusgnosts of polymyositis
mclude the demomstraton of focal muscle necrows, with leucocytic
infileration, and besophibc fibery with centrally placed veddeular
nucler and prominent nuclecl], which have been interpreted as pounts
of regeneration. In our experience, these changes have been found in
the muscles of patients who were clinrcally cdlamic example of familial
muscular dystropby and particolasly in two memben of onc family
with muscular enlargement™  jncreated power This is presamably
a reflection of the fact that © Hrts to 0} in which mus-
cular tuue can respond to - ™ than
an indicaton of any ! thee conditlons,
Incidentally the intenmty .
related to the acuteness of 4
* mryontis should be ¢

s raped fn thers
onset, parti
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children, the omsct of a rapld, apparently dystrophic, procens sheuld
be viewed with suspicion, especially of the victim is a garl. Other pounts
will become apparent when the subject of polymyonts 13 considered

The diagnons of the myotoruc dsorders it mmple. Mistakes may
conceivably be made in patents with dystroplua myotonica in whom
the 1 i mt 1

¥
F Tue Treamaxt of MuscuLar DysmrorPRY

Many forros of treatment have been tned, and these have been
surveyed recently by Walton and Nattram (1954) and Nattrass (1957)
1t 13 notoriowly difficult to aness the cffects of treatment in chronic
complaints which may be characterzed by perrods of spontancous
atrast. It can be smid that there 13 no treatment which may be relied
upon to retard the progress of muscular dystrophy Treatment 18
cntrely symptomatic and supportive.

Merritt (1932) reported unfavourably on the use of adrenocortico-
troprc hormone and cortisone. I have used cortisone in the treatment
of five cases, four of facio-scapulo-humeral dystrophy aged 16 17 20,
and 42, and one of a bmb girdle type of late onset, aged 40 All were
familial casms. Cortisone was used becawse muscle bopsy showed
changes which could be interpreted as “inflammatory * It was felt at
that ume that these changes mught mdicate an active phase of the
dystropluc process. The two older patients clum improvement and
have been talong cortiwone for some 3 years In neather case does formal
examination reveal any clear increase in power of any muscle or muscle
group but performance has improved. Thus a woman, aged 42 with
facio-scapulo-humeral dystrophy was able to get upstars for the first
ume in 3 yeart on returning home after stacting treatment and a man
aged 40 with a hmb-girdle dystrophy was enabled to carry on his
busnalunpmrycookwhcuhchndbccnon!hcpmmo{'rmﬂng
because of his weaknen. Both these panents protested volubly when
attempty were made to wathdraw the cortisone after & short course of
treatment, and they remain wowilling ta forego 1t. None of the three
young patients, includmng the son of the woman who benefited, ex
penienced any improvement whatsocver On these resulty, it has been
decided not to use cortisone again, espeaally 1 view of the problem
of addiction.

Althoughs there is no treatment which can aid the weaknens of
dyitrophia myotonica, the myotorda can be reduced by the admm
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istration of qumnme or procaine amude It fs smid that procame amde
may cawe blood dyscrana

G Recovery raou MuscuLar Dysteoray

Occanonal cases of complete, or almost complete, recovery from
muscular dystrophy have been reported (e.g Erb 1908) Nattrs
(1954) has reviewed the situation. In reporting eight personal cases ke
concloded that two were probably examples of bengn congeaxal
hypotomia (q v ) and that the remaining smx were really suffering from
polymyonts. Whether this 1 the explanation remmns to be s
Certanly recovery as opposed to arrest, of muscular dystrophy ol
always be approached critically

IV THE AMYOTONIA CONGENITA SYNDROMI

A, InTrODUCTION

Thctu-mlmyumnhmngmluhubcm:pphtdmlm&dmd
mucular wesknew and hypotoma occurrmg in early infancy Som
after Oppenham s (1900) firt deseniption of the chmeal poturt, ¥
became clear that the complaint was a syndrome, and not 2 nowlogal
entity Theponuonhuboendznﬁcdinrwcntyunbflb*:?‘?md
Sandifer (1954) Brandt (1950) and Walton (1956, 1957, b} T
features of the clinical picture are extreme flaccidity and mucslt
weaknes wh:hmgmmnynorcdmtbcﬁmfnvwvdﬂmmd”d
Lfe. The child is 0 Lunp a4 almost to slip through the bands, itmay b
PhccdmcxmmdxmrypmmPomtyufmwmtulPPm"”d
rometimes the mother may have notced a fechleness of mtramten™
fetal movements. The diagnons has to be made from several
cxwes, and these fall convemently into three groaps (Walton, 19575)

B CramrioaTion
! l'a';ﬂﬂ' Spinel Musaler Atrophy (Srewgm Werdng-Hofsort!

'Ihhi:nformoflnbu-lorhcmcd]dcgenmumludlnsmm:
fve muscalar wasing weakners, and hypotonia. In on¢ half of
zn'mcmm“hmlummuppanvaymm
the remainder it occurs by the end of the first year of Life. Destt
cnmet in almost all patients wathin the first 4 years of life. Suroval 24
Wmmdmfmlmgupm@hubcmrwdﬁd-mm
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nony s made on the counse, respiratory and bulbarinvolvement, presence
of fasaculaton, and lows of reflexer. Electromyography and muscle
blopay are helpful. This duease accounts for two-thirds of ail cases of
the syndrome. No treatment ©v effective.

2. Spmplomatic Hypotemia

A wide range of duorders of nfancy may came hypotonta thesc
include affectrons of muscles, cerebral lesions, penpheral ncuropathy
and nutntonal and skeletal conditions. The recogmton of these, and of
bergn congenital hypotonia, is fully ducussed m the papers mentioned
above,

S Bmgx Congemtal Hypotoma

Thss accounts for the smallest group of cares (about 15%) but as
arther partial or complete recovery 13 the rule it 1s rather important to
differentiate these cases from those of mfantile spmal atrophy The
prospects of full recovery appear to depend upon the degree of mus-
cular wasting present at the outset, those with lems muscle weakness are
more likely to become entirely normal, When recovery 1 incomplete
mild or moderate persistent atrophy and weakness are found 1n the
Limb girdles and trunk. The cause 13 thought to be a bemgn congenital
muscular dystrophy (Turner 1940 1949) but the question » not
finally settled. Electromyography and mucle biopsy are again helpful
in diagnom.

The diagnons of the “floppy infant,” as Sandifer (1954) has stated
the problem, may be extremely difficult at the outset only time may
reveal the cause wath certalnty

¥V INFLAMMATORY CONDITIONS

There 11 no need to discms pyogenic or granulomatous nfecuom of
muscle here nor does toxic myopathy amociated wath acute or chrome
infectfons duease fall wittun the scope of thu chapter However a
form of virus infection wll be menponed

Infection wuth Coxsackie Viruses Thns 1s the best example of a virus
wfeeton in which muscle involvernent is a domnant feature. The
dimcal manifestations include (1) Epiderme myalgia (Synonyras
Bornholm Dusease, Pleurodynia) It is now clear that the cinseal
Plttumofcp:dunkmynlgmmybcauscdby(hmddcTypcB
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utration of quinine or procaine amde. It i3 said that procane arde
may cause hlood dyscrama.

G Rrcovery reoxt Muauraw Dyerroray

G ! cases of plete, or almost plete, recovery from
muscular dystrophy have been reported (e.g Erb, 1908) Nattam
(1954) has reviewed the mtuation. In reporting eight persanal cases be
concluded that two were probably examples of benign congemtal
hypotoma (q v ) and that the remalning six were really suffening from
polymyontis. Whether this 15 the explanation remains to be s
Certainly recovery as opposed to arrest, of muscular dystrophry should
always be approached cntically

I¥ THE AMYOTONIA CONGENITA SYNDROMI
A. INTRODUOTION

The term amyotoma congemta has been applied to a condition of
muscular wesknes and hypotonia occurring in eardy mnfancy Soon
after Oppenheim s (1900) first dacniption of the chinfcal pcture, it
became clear that the complaint was a syndrome, and not 2 nosologieal
eotity The pontlon has been clartfied in recent yeass by the papers of
Ssndifer (1954) Brandt (1950) and Walton (1956 1957a, b) The
features of the chinfcal picture are extreme flacadity and muscular
weaknen, which arc gencrally noted in the first few weeks or months of
life. The child s s0 Lnp as almost to slip through the hands 1t may be
phwdinatranrdmuypmm:u.chrtyofmentuappu:ﬂl.md
sometimes the mother may have noticed a fecbleness of intrauterme
fetal movements. The diagnots has to be made from several possible
canses, and these fall convemently into three groups (Walton, 1957b)

B. CrassricaTon

| Infoxids Spoel Musuler Atphy (Syaoqrm Werdng-Hufmers s

Duseass)

This 15 a form of anterior hom cell degeneration leading to progres-
ve lar wasting, weakness, and hyy In one half of all
cares, the condition 15 present at birth, or appears very shortly after
In the remainder 1t occurs by the end of the first year of life. Death
ensues 1n almost all patienss wathin the first 4 years of life. Survivalin 8
severely crippled state for longer periods has been recorded. The dizg
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nows s made on the course, resprratory and bulbarinvolvement, presence
of fasaculation, and loss of reflexes. Electromyography and muscle
biopsy are helpful. This ducase accounts for two-thirds of all cases of
tbe syndrome. No treatment 13 effective.

2 Symptomatic Hypotoma

A wide range of disorders of nfancy may causc hypotoma these
mdude affections of mumcles, cerebral lexnons, peripheral neuropathy
and nutntional and skeletal condiions. The recogmtion of these, and of
benign congenitat hyp u folly d d m the papens mentioned
above.

3 Bougs Congoutal Hypetoma

This accoumts for the rmallest group of cases (about 15%) but ma
ather partial or complete recovery 13 the rule 1t 1 rather important to
differentiate these cates from those of mfantile spinal atrophy The
prospects of full recovery appear to depend upon the degree of mus-
cular wasting present at the outsct, those wath lens muscle weakness are
more likely to become entirely normal. When recovery » incomplete
mild or moderate pernstent atrophy and weakness are found 1n the
imb gardles and trunk. The cause is thought to be a berugn congenitat
muscolar dystrophy (Turner 1940 1949) but the question b not
finaily settled. Rlectromyography and muoscle biopsy arc again helpful
in dugnom.

The dugnoss of the “floppy 1nfant,” as Sandufer {1954) has stated
the problem, may be extremely difficult at the outset, only time may
reveal the cause with certainty

¥ INFLAMMATORY CONDITIONS

There 11 no need to discuns pyog or granuk fe of
muscle here nor does toxic myopathy asscated with acute or chrome
wnfectroms diease fall wathin the scope of this chapter However a
form of virus mfection will be mentioned

Infectien wath Coxvechie Vinss Thus 1 the best example of a varus
mfection i which muscle imvolvement 1 s dominant featare. The
climeal mamifestanons include (1) Epiderme myalga (Synonyrs
Bomholm Dusense, Pleurodyma) It 1s now dear that the chinweal
Picture of epidemxc myalgla may be caused by Comsaclie Type B
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Virus infection. The features of the illness include ntense pam m the
chest, abdomen, ncck, shoulders, or back, and fever The affected
muscles are tender and the pains are warse on movement. (2) Mcnm-
gits. Th o a redatively mild g with a predomt y
lymphocytc response m the cerebrospinal fluid. Chmcally

infechons must be distingubthed from pleunsy acute abdommal
conditions, poliomyehtis, and other forms of menmgtis. The ciagnosiss
made on the iolatton of the virny, wnally from the stoate. It 18 also
necessary to demonstrate a nung titer of neutrahizing antibody against
the stram polated mnce these virures, like those of the poliomyehts
group may behave as harmless intestmal parautes. Recovery from the
mfecton B complete.

VL TRAUMATIC AND YASCULAR DISORDERS

Axtenor Tihal Sywdreme (Symoxym Trnoowatw Aecrons of Prethal
Afusles) Ths complaint o an example of the way 1n which me-
chanical, or traumatic, and vascular factors may combine to pro-
duce mmcle disorder The conditron known ay “shin-splints® s suffered
by many athletex. In the carly dayy of tramning the pretibual musclas
become tender swollen, and panful. There may be some muscalar
weakness. The affliction is commanly slight and subsides wathout
treatment. It 13 likely that unaccustomed exereuse leads to the produc
tion of an excess of metabalites, and thence to s trannent muscle
edema. Recently the antenor tibual syndrome has been described, and
this appeans to be a more serious degree of the same pathological
procem. Commonly severe pain, swelhng and paratyns arbse in the
pretibial muscles when a relanvely untrained person undertakes ex
ceptional phymieal exerton for example, repeatedly kiclang a heavy
wet ball 1n an anocation football match, or runming across muddy
ploughland 1n a cross-country race. The overlying 1kin may be red-
dened and edematous. The symptoms subude 1n the course of a few days,
but there may be permanent mucular weaknes, or cven paralysis. It
appears that the L llmg within the confines of the antenor
tibial compartment revults m such an increase of premure that schemic
necrosis of mmcle ensues. Treatment 1n severe cases contists in the
urgent surgical decompresnon of the muxcles by dividing the con
tarung fascra. At operation the swollen muscles can be seen to bulge
through the inonfon. If treatment s not succensful the muoscles are
partially or completly replaced by fibrous tinue,
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¥iL. MUSCULAR CHANGES IN COLLAGEN-YASCULAR DISEASE

Muscular lenons are commonly found m this group of disorden. In
polyartents nodosa, the arteries within muscle are frequently imvolved,
and muscle hopsy 15 consequently of value 1n the establshment of
chagnosts. Muscular weaknens, however is secondary to neuntic
lensons, the fnnt of jmpheaton of the amall artenes accompanying
perves. Focal aggregations of leucocytes are scen in the muscles of
patents with rheumatmd arthnus, rh tic fever d i d
lupas erythematosus, and scleroderma. Chmeally muscular weakness
apart from the weakness secondary to arthropathy, 13 a promunent
symptom in rare cases of theumnatoid arthrits. The muscular lenons of
lupts erythematosus are not wsually productive of weakness, save 1n
those exceptional cases which termmate with a pacture of dermato-
myontis, The muscde weaknem of scleroderma 1 partly due to the
effects of cutaneous, vascular and arthropathic lesions, and partly to
pnmary muscle mvolvement. Although the extremities and face are
mawly affected in scleroderma, weaknens of the bulbar musculature 1
0ot uncommon. It is believed that some cases of dermatomyosits and
polymyontis belong to this group of collagen-vascular diseases (Natt
ran, 1956)

YiIL DERMATOMYOSITIS AND POLY MYOSITIS
A. InTrRODUCTION

Dermatomyontis 13 a syndrome which has been familiar to physd
cans for many years. Both clinically and pathologically it has links
with d d lupus eryth sderoderma, and other mem
bers of the collagen vascular group but its cause remains unknown
Although the lenons predomunate 1n the skin and muscles, the viscera,
are affected in some cases. It 13 pot yet certan that dermatorayotita
forms & clmicopathological entity Many cases present an canly
recognizable clinfeal picture, accompanied by chamactenstic patholog
kel changes in the muscles but the climeopathological correlation 13
bot imariable. In smte of 1ts name, the condition 18 not infective, and
current opinion is that 1t is not inflammatory although histological
Caminahon commonly reveals a leucocytic infiltration of the muscles
The term polymycsns has been used to describe cases of the syndrome
10 which slun changes are shight or absent, It 14 probably too late to
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Virus infection. The features of the fiiness include intemse pain in the
chest, abdomen, neck, shoulders, or back, and fever The affected
musclex are tender and the pams are worse on movement. (2) Menin-
gl Thh & a relagvely mild with a dominantt
lymphocyttmpomcinthcmhrmpmﬂﬁlﬂd.mnlaﬂy Carackle

must be d hed from plenrty acute abdomunal
condstons, pofomyelith, and other forma of meningits, The diagnoss
made on the irolation of the virus, unally from the stools, It {r abso
necessary to demonstrate & riang titer of ncutralinng antibody agatnst
the stran usolated, nnce these viruses, hike those of the pohomyehts
group may behave ay harmless intestinal parasites. Recovery from the
infection Is complete.

YL TRAUMATIC AND VASCULAR DISORDERS

Antener Tihal Syndrsme (Smompm Traexmate Neeroas of Prtibud
Aluscles) This complaint 1 sn example of the way In which me-
chamcal, or traumatie, and vascular factors may combine to pro-
duce muscle disorder The condition known as “shin-sphno” b suffered
by many athletex. In the early days of training, the pretbial musclas
become tender swollen, and panful. There may be some muscuiar
weakness, The affiction s commonly slight and subsides without
treatment. ¢t o likely that unaccustomed exercise leads to the produe-
ton of an excess of metabolites, and thence (o a trannent mode
edema. Recently the anterniar tibial syndrome hat been dacribed, and
thiy appeart o be a more serious degree of the same pathological
process. Commonly severc pain, swelling and paralysis ardec In the
pretibaal museles when & redatrvely untraned person undertakes ex-
cepuoasl physical exertson for example, repeatedly Keking & heavy
wet ball in an asodaton football match, or runming across muddy
ploughland in & crom-country race The overlying akin may be red
dened and edematon, The symptoms subside in the course of a few days,
but there may be permanent muscular wesknen, or even paralysix. It
appears that the muscular swellmg withm the confines of the saterior
tibal compartment results in such an increase of premure that ischemic
necrosis of muscle enmues. Treatment in sovere cases consiats In the
urgent surgical decompresnon of the muscles by dividing the con
taining fascia. At operation the swollen muscles can be seen to bulge
through the incasion I treatment 13 not succesdul the moacles arc
partially or completely replaced by fibrous tinue
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¥1l. MUSCULAR CHANGES |N COLLAGEN-VYASCULAR DISEASK

\uscular lenons are commonly found 1o this groap of disorden. In
polyarteritis nodosa, the arteries within muscle are frequently imvolved,
and muscle bropry is consequently of value In the cstablishment of
duagnons. Muscular weakness, however, is swcondary to neuritlc
kesions, the fruit of implcation of the small artenes accompanying
perves. Focal aggregations of leucocytes are seen in the muscles of
patents with rheumatoid arthnts, rheumatic fever, dimeminated
lupus erythematosus, and scleroderma. Chcally muscular wenkness
apart from the weakness secondary to arthropathy 15 a promunent
symptom in rare cases of thcumatoid arthntus, The muscular lenons of
lupus erythematosus are not usually productive of weaknens, save in
those exceptional cases which terminate wath a picture of dermato-
myosith. The muscle weakness of scleroderma is partly due to the
effects of cutaneous, vascular and arthropathic lesions, and partly to
pnmary muscle involvement. Although the extrermities and face are
manly affected in scleroderma, weakmess of the bulbar musculature 18
not uncommon It 18 believed that some cases of dermatomyosits and
polymyositls belong to this group of collagen-vascular diseases (Natt
ran, 1956)

Vil DERMATOMYOSITIS AND POLYMYOSITIS
A. IntrobucTION

Dermatomyomtis is a syndrome which has been familiar to physi
Qams for many years. Both clinically and pathologcally it has links
with d inated lupus eryth scleroderma, and other mem
berx of the callagen vascular group but its cause remains unknown
Although the lenons predominate 1n the skin and muscles, the viscera
are affected in some cases. It 15 not yet certain that dermatomyositis
forms a clinicopathological entity Many cases present an eanly
recognizable cimical preture, accompanted by characteristic patholog
ical changes in the muscles, but the chnicopatholomcal correlaton is
rot invanable In spite of s name the condition is not infective, and
current opinion is that it 1 not inflammatory although histologieal
examination commonly reveals a leucocytic infiltration of the muscles
The term polymyuositis has been used to describe cases of the syndrome
iuththndnngua.r:lhgh(ornbsmL It is probably too late to
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YIL MUSCULAR CHANGES !N COLLAGEN-VASCULAR DISEASE

Muscular lesions are commeonly found m thus group of disordens In
polyartentis nodosa, the artenes within muscle are frequently involved
and muwscle bopsy 1 comsequently of value in the establuhment of
duagnons. Muscular weakness, however I sccondary to neuritic
lenops, the frnt of implication of the amall artenes accompanying
nerves. Focal aggregations of leucocytes are seen in the muscles of
patients with rheumatond arthnts rh de fever, d inated
lupws erythematosus, and scleroderma, Clineally muscular weakness
apart from the weaknen sccondary to arthropathy is a prominent
symptom 1n rare cases of theumatold arthntls, The muscular lesions of
lupus erythematosus are not usually productive of weaknen, save in
those exceptional cases which termunate with a picture of dermato-
myostis. The mincle weaknen of scleroderma Is partly due to the
effects of cutancous, vascular and arthropathic lesrons, and partly to
pnmary muscle involvement. Although the extremities and face are
mainly affected in scleroderma, weaknen of the bulbar musculature 13
ot uncommon. It is believed that some cases of dermatomyosits and
polymyostis belong to thus group of collagen vascular duseases (Natt
s, 1936)

VIiL. DERMATOMYOSITIS AND POLYHMYOSITIS
A, InTRODUOTION

Dermatomyontis 1 a syndrome which has been famillar to physi
clans for many years. Both chinically and pathologically it has Lnks
with dineminated lupus erytt scleroderma, and other mem
ben of the collagen vascular group but its cause remaint unknown.
Altbough the lesions predominate in the skin and muscles, the viscera
are affected in some cases. It 13 not yet certain that dermatomyositls
forms & clnicopathological entity Many emses present an eamly
recognizable chinical prcture, panied by ch utic patholog
1cal changes in the muscles, but the clinicopathological correlation is
Dot invanable. In spite of its name the condition 18 not mfective, and
Current opinion ts that 1t is not inflammatory although hustological
examination commonly reveals a leucocytic infiltration of the muscles
mt&mpoiymyudd;hmbcmmcdtodum’bcumoﬁhctyndmme
'8 which skin changes are shight or absent. It 1 probably too late to







XI. CLINICAL ASPECTS OF $OME DISEASES OF MUICLY. 877

YIL MUSCULAR CHANGES IN COLLAGEN-YASCULAR DISEASE

Muscular leslons are commonly found m this group of duorders In
polyartents nodosa, the artenes within muscle are frequently involved,
and muscle biopsy Is comsequently of value o the establuhment of
diagnom. Muscular weakness however 1 wcondary to neuntic
lesaoms, the frut of wmplication of the small artenes accompanymg
nerves, Focal aggregations of leucocytes are scen 1n the muscles of
patients with rheumatod arthnts, rheumatic fever digermnated
lupas eryth and scleroderma, Climeally lar weaknexs,
apart from the weaknem secondary to arthropathy is a promunent
symptom 1n rare cases of theumatoid arthntis, The muscular lenons of
lopux erythematosus are not usually productive of weaknesy, save 1n
those exceptwonal cases which terminate with a picture of dermato-
myostn. The muscle weakness of scleroderma 1 partly due to the
effects of cutaneous, vascular, and arthropathic lesions, and partly to
prumary muscle involvement. Although the extrermties and face are
manly affected in scleroderma, weakness of the bulbar musculature
pot uncommon. It 15 believed that some cases of dermatomyositis and
polymyontis belong to thus group of collagen vascular discases (Natt
ras, 1936)

Yii. DERMATOMYOSITIS AND POLYMYOSITIS
A. InTRODUCTION

Der yontis 11 & synd which has been familiar to phyn
cans for many years. Both clinrcally and pathologically 1t has links
with diseminated lupus erythematoyus, scleroderma and other mem
bers of the collagen vascular group but 1ts cause remans unknown.
Although the lenons predominate in the skin and muscles, the viscera
are affected 1n some cases. It 13 not yet certuun that dermatomyonng
forms a clinicopathological ennty Many cases present an canly
recognizable clinical picture, accompanied by characteristic patholog
1cal changey in the museles, but the chmcopathologreal correlaton is
ot vanable, In spite of 1ts name, the condition 13 not infective, and
current opinjon is that 1t i pot inflammatory although histologeal
amination commonly reveals a lencocytic Infiltration of the muscles,
The term polymyomts has been used to describe cases of the syndrome
1o which slin changes arc alight or absent. It is probably too late to
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!obeocrtnmofthedngnmubdorebcgmmngmunanSomcpaﬁcnu
respond at once and can be releated from medication after a few weeks,
without relapse occurnng over some yeans of obecrvation. Our ex
penence hay been that the counc of the fulmunanng vanety 1s not
influenced by therapy In the present state of knowledge, cortisone, or
prednisone, should certainly be tred 1n proven cases of all typer,
Otherwnse supportive measures, phynotherapy and the treatment of
infections as they arise are all that can be provided for the patient s
comfort.

7 Cirvasc Poipmronas

This diagnons may be aptly applied to the more chronic forms of the
syndronte wiuch has been described above. In practice, the diagnons
can only be made after a full appraisa! of all the chinical and pathol
ogical evidence avaulable,

IX. MYOPATHY ASSOCIATED WITH DISEASE OF THE THYROID GLAND

Vaniows muscle disorders are amoaated with thyrotaxicons, in
cluding phthatmic ophthalmoplegia, acute and chronie thyrotoxc
myopathy myasthema gravs, and periodic paralyns. These duorders
may co-cxist 1n the same patient for example a few of our cases of
exophthalmic ophthalmoplegia alio have myasthenta gravis or chronle
thyrotoxic myopathy Muscular symptoms also occur in hypothy
roldsm The whole subject of muscular disorders and thyroid duease
has been reviewed by Milltkan and Hames (1953)

A. Moxcurar Dpsoxprra v Hyrrrtrovrommu

1 Exephthalm Opithalmeplegin

Thus is the commonest myopathy amocuated with thyroid disease
(Bnu.n and Tumbull, 1938) The relatomhip 1 indirect, and the

p rmay d p with or without thyrotoxcom.

Severe msa are encountered apea-lly in patients who have recently
been treated surgically or with anti thyrord preparations, for thyro-
toxfcoms the mterval between treatment and onset of the myopathy
s commonly a few weeks, but this i1 not always so. Exophthalmie
ophthalmopl may accomp scvere thyrotoxcosis, but this 1
r:n.hcr uncommon fn our material The symptoms are due to an edema
of the orbaal tissucs and external ocular muscles. The muscles may be
greatly swollen. Microscoprcally a lymphocyne Infilration » scen.
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In the later stages, the muscles tend to become shrunken and fibrosed
These changes cannot be due to the thyroid intoxcation, even when
thus 18 present, they have been ascribed to the actmity of the thyrod
sumulating hormone (TSH) of the antenor prtwitary gland.

As the name imphes, the symptoms are exophthalmos and paralysis
of the external ocular muscles, wath resultant diplopta. The exophthal
mos vanes greatly 1 seventy 1t may be gross, wath chemons and ex
treme edema of the lids In such cases eye closure may be precluded, so
that there 13 grave danger of corncal ulceration and wlumate pan
ophthalmutis. Papilledema may develop, going on to optic atrophy
The degree of exophthalmos and scventy of muscle weaknen are
wually related, but not invariably The muscular weakness commonly
imvolves the abductors and clevaton of the globe finst, diplopia bang
produced in the appropnmate planex. Eventually total external
ophthalmoplegia may supervenc. The jlines 18 subacute, the hatory
bemng meamured in weeks rather than months. The exophthalmos is
accompanied by much Jocal ducomfort in most patents.

Treatment of these patents i difficult. Finstly if there s thyroid
mtoacation 1t must be treated Secondly attempts are often made to
try to diminish the producton of TSH in the pituitary gland by X ray
mradiation of the gland or the adminstration of estrogens or thyrod
extract. These measures sometimes appear to be helpful Thirdly
local measurey are directed towards the preservation of nght if sight s
threatened by reason of increasing exophthalmes, orbital d pres
fon b required, and tamorrhaphy may be useful as an intenm
measure to prevent comneal ulceration. Inability to close the eyelidsis a
dear indication for early surgical treatment of this sort. Irradiation of
the orbats has been tned with the idea of reduaing the edema, but 1t
has not been very succenful in our hands. Orally admunustered corti
tonesineffective Altogether treatment nduisappomting butitshould be
porble to save sight m all cases. The prognons for full recovery s bad
some rendual degree of cxophthalmos and ophthalmoplegia is the rule
Once the complant 15 mactive varous operatons can be performed
on the external ocular muscles to overcome rendual diplopra.

2. Thrrotane Myopathy
Totaxie pauents commonty complain of some degree of general

mutcular weakness or fatiguabality but more speafic muscular
dirturbances occur
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tustological changes i the muscles have so far proved to be incomtant
and nonspeaific. The duorder of function 1 presumably etber at the
motor end plate or i the muscle, or at both eltes it u thought to be
blochemical, Croft (1957) hay described the abnormal reaction of some
of these pattents to the we of muscle relaxanty. So far, beochemical
studses have not revealed any clues as wo the cause of the condition.
Bourne and Beckett (q v ) have investigated the status of certain muscle
enzymes m some of our cases.

Whalton (1956) regards these casts as cxamples of palymyonits.
Chnseally  there are differences between the two syndromes and
pathologically we have as yet found no cvidence of an inflammatocy
mcnonmlbemmdammncd_lnthcarcunumncu,them
comunttal term miyopathy o prefernbl ¥ yaan
xmpoﬂa.ntuuxnfﬂ:epm.nmalmmhrtyndmmc,md.moura
perience, & relatvely common one The diagnosis may only be con-
firmed after Jong observatan.

Xi. DISOADERS OF EXCITATION AND CONTRACTILITY
A, Tor MyArraxias

While myasthena 1 fy a symptom of myasth gravis,
the phenomenen is encountered in other diserse states. For example,
myasthentc weaknen which may respond to the exhibition of neo-

hay bren described w carcinomatous myopathy Densy
Brown (1947) drew attention to the oceurrence of syndromes with
myasthenic features in persons suffenng from prolonged dsetary
deficiencles The symptons might respend to dietetic treatment ar, 12
onegroup to neostigmine (Katy, 1946) Donng World War 1T vanous
tobxceo-chewing inhabitanss of the Cap Finssterre peninsula developed
miyasthense symptoms which were relieved by neastlgmine (Couloajou
and Salaun, 1952) When normal supphics of tobacro became syailable
after the war the Hloen duappesred. Thy form of myasthenls was
thought to be due to the effects of contanunation of tobaceo with
Clasindiam perfringess Myasthenic weakness has afso been reportedinder
matomyasitis and polymyoslth, although the poation here is confused
by the fact that Stortcbecker (1953) has deseribed histological changes
in pavents with apparently mrcompﬂaltcd mynsthenia gravis which
are indntingunhable from those described in polymyosits. Lastly
rare patk:nu with climeal pictures resembling either muscular dys-
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rophy or bemgn congenital myopathy have been reported as showmg
a postive rospomse to neostgmine (Rowland and Eskenan, 1956
Walton ¢t al., 1956)

B MyasTHENIA GRAVIS

Myasthenia 11 a chromc condition wath a tendency to remusmon and
relapse. The myasthenia may be accompanied by permanent muscular
atrophy and weakness, cipecally in longstanding cases. Current
opimon mchines to the view that myastherua gravis s not a dnease
ennty The cawe, or cawes, remam unkmown. The syndrome occuns
most commonly between the ages of 20 and 50 but onset may be at any
age Females are more affected than males. A thymic tumor i present
in about 109, of cases the amociation wath thyrotoxcons has already
been mentioned. The myasthema is due to some disorder of conduction
at the neuromuscular junction 1n voluntary muscle several explana
tions have been advanced as to the nature of the lenon, but the problem
remaing pnresolved Histological examination of the muscles, however
thows pathalogical changes (Russell 1953 Stortebecker 1953) and this
u not surprmng i vicw of the permanent weakness which may occur
These pathologrcal changes also affect the myocardium Rusell (1953)
emphanzes that none of the changes are specific to mryasthenia gravis
in ber matenal there was a fair correlation between the extent of the
histological changes and the degree of weaknen. Electromyography
alo affords evidence of a muscular ledon (Simpson  1956)

The muscular fatiguability 1t unually noted first in the external
ocular muncles, where 1t results in ptoss and diplopea. Sometimes the
bulbar muscles are affected imtally in which case dysarthna and
dysphaga are the presenting symptoms. If the process 1
the upper linbs tend to be more involved than the lower The facial
muscles are frequently affected. Whatever the symptoms, they charac
temstically appear towards the end of the day dmappeanng after a
night s raat. Eventually permanent weakness develops, and wasting
may become mamifest. In such cases, fasciculation may be scen. Myas-
themuc crises occur 1n some patents, there beang a rapd onset of wide-
spread muscular involvement, with grave danger to Lfe from respira
tory failure and bulbar paralysis. Exceptionally permanent muscular
weaknen may be the domnant feature from the cutset, so that the
Fatent is thought to have an atypical form of muscular dyrtrophy

The course of myasthenia gravis s vanable, The condition may be
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affected alone. In one personal case, all four limbs were involved, but
fmvariably the left more than nght. Muscle tone is reduced or loat,
according to the seventy of the attack, and the tendon reflexes are lost
or abolshed. The patient with a severe attack presents a dramatic
picture, lying motionless upon his bed. Sensation is unaffected. The
somatic weakness may lead to difficulty m mctuntion or defecation,
although smooth muscle is spared. If the attack iy anoaated with &
low serum potasnum, changes are found m the electrocardrogram,
Emsodes vary in seventy and duration 1n the sme patient. Commoaly,
recovery I complete in a few hours, but sometimes several days elapse
before there is full restoration of power Death has been recorded 1n an
attack, but this 13 excenively rare. Permanent muscular atrophy and
weaknen form an nnusual but well recognized complication  the site
of the lenon is 1n the muscle {telf, as might be expected.

Penodic paralysis must be differentiated from hysterfa. In severe
attacks, the distinction is eary the abolitlon of tendon reflexes and lon
of muscular response to electrzcal simul: are helpful point. When the
weakness is mild, the problem becomes more difficult, even when the
diagnosis of penodic paralyss has been previomly made In mscep-
tible persons, attacks may be induced by the admmutration of imsulin
and glucose, adrenalin, or fluorohydrocortsone

b Tht Relatronship of Petassium to the Paralyns Biernond and Damcla
(1934) noted that the serum potamum was lowered in patients with
faraflial penodic paralysis later Altken «f . (1937) both confirmed
the and showed that attacks could be ter d by giving p
chlonide. However 1t has been shown repeatedly that duneg attacks
there 11 a marked positive potasnum balance, the urinary potassium
cxcretion falling to very low levels as the concentration 1n the plasma
falls (Allott and MecArdle, 1938, and others) It is beheved that the
potanium moves from the extracellular fluid into the cells (Allott and
McArdle 1938 Danowski tal. 1948) While it theoretically porsible
that a prior potasnum depletion by losses from the renal or gastrow-
tesunal tracts may take place, it is highty unfikely that this could be an
fmportant factor m the cauration of the attacks (McArdle, 1956) Itis
well recognized that in exper lly produced hypokalemia in
bormal subjects, the serum potamrum may be reduced to levels below
thote associated with paralyxis mn the familal syndrome without the

of weaknens. Forthermare, there 13 ample evidence that in
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other hypokalemc states, severe potasnum depletion o required before
paralysis occurs (Milne # al,, 1952 and others) All these observations
make it clear that the problem of the familial syndrome with lowered
scrum potasium 13 not & umple one of potasum depleton. Inciden-
tally, there 33 0o exact relatianship between the level of the serum
potasnum and the severnty of the attack.

Tyler #t al. (1951) reported a family in whom attacks of penodic
paralyxls occurred without any significant change m the serum potas-
sium. The attacks did not respond to the admnhstration of potzssinm
salts. Other workers have had umilar experiences. Sporadic cases of
this type are also encountered.

¢. Theorus as is Consatron. McArdle (1956) has reviewed the problem
of causation in the familial syndrome with low serum potasum. He
recalls that smnce Jocalaed attacks can be induced 1n sosceptible
persons withont lowering of the serum potasnom, the muscles them
sclves mut be at fanlt. Tho supports the view that the fall 1o the serum
potasuum 18 oaly one factor in the prodoction of paralysls some other
defect 1n conduction of the impuke along the mimscle fiber must abso be
present. McArdle suggests that a duturbance of membrane permea
bility conld conceivably result in peniodic paralysu by interfening with
ather active of pamve transport of potarium, On the other band, the
absormal shuft of potassium into the cells rught be dae to an error of
carbohydrate metabolnm. There 13 some evidence of increased
carbobhydrate tolerance m penodic paralyms, indicating overactive
glucose storage, and the potasnnm migration and paralysls might be
sccondary mamfestations of this (MacGregor and Shaper 1957)
Allott and McArdle (1938) have previously suggested that there might
be some dusturbance of the enxyme systems concerned in carbohydrate
metabolam at the hexose phosphate level. Conn « &l (1957) have
broken new ground in the mvestigation of the problem. From ther
observations on two patlents wrth the familial low terum potassium
syndrome, they report masuve retention of sodiom and icressed
urinary excretion of aldosterone before attacky of paralysis. Recovery
was anociated with sodium diuresss. The sodium content of muscle
way increased. They also obscrved the vacuolation of muscle fiben
reported in biopsy speamens by Tyler o al. (1951) 10 thelr series of
patients with normal serum patamom, Conn and hiy co-worken
suggest that an abnormally high concentration of sodium within the
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muscle 11 partly responsible for the paralyns this concentration s due
to the actvity of & sodium retmning corticord. They claim that a Jow
sochum dret 18 of prophylactic value, (learly knowledge of the funda
mental dusorders concerned 1n the production of the syndrome 18
defective.

4. Prognosis axd Treatment The attacks tend to become slighter and
vltimately to disappear 1n later Lfe. Prophylactic treatment conusts 1in
avoding things likely to preaipitate an attack, such as over-exertion,
exposure to cold, and excesnve carbohydrate intake. The posnble value
of a low sodium diet hay been d. In attacks ed with
low serum p i 10g of p chlonde thould be given by
mouth at the outset. When attacks are frequent, daily supplements of
potamum chlonde may be given. In rarc cases with respiratory
failure, speaal methody of artficial respiration may be required

2. Muscle Dusorders Assocated with Other Disturbances of Polassuom

Metabslion

Instances of muscular weakness have been reported 1 several
drease states in asocation with a low serum potamum Hyperkalemia
n also produce a widespread flaccdd paralyns which may be reverted
by appropnate treatment.

« Hrpekal Excesuve p lom s ed 1n some forms
of nephritis and ip the de Tonl Fancom syndrome. Renal loss of
Potamum with sodium retention takes place as one of the bodys
Tespames to surgical operations. In hypokalermua due to these or other
mechanmms, electrocardiographic changes form the commonest index
of a muscular lenon muscular weakness 18 rarely a promunent feature
of the clinical picture, but examples of periodic or more permanent
Paralyms are seen, especally in renal failure with loss of potamum.
Rlpfdrmma]nflhepuﬂymunchxcvcdbyth:udmlnummaof
Potarnum chlonde, but ths munt be caunowsly carned out, parncularly
In patents with renal disease,

b Prxery Aldssteromism Conn (1953) has drawn attention to the Joss
o potastium and retennon of sodium which follows excesnve produc
ton of aldosteronc m the adrenal cortex, usually in amsociation wath an
adrenal cortical turnor A patent of Milne ¢f «f (1957) vath such a
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tumor suffered attacks of penodic paralysds at 3-montk mtervah for
9 years. The episodes lasted from 2 to 20 days. Between the attacks,
there was no mascular weaknes. The sermm potastium was low during
episodes, when the electrocardiogram showed the changes asiociated
with potarnum defiacncy Potssnum supplements reheved the symp-
toms. The differentul dagnons of potasnum lomng nephritn and
primary aldosteromm can be extremely difficnlt.

¢ Hypertelomae. Potaspum mtomcation occurs in salt losing nephntls,
acute renal cortical ischemia (a3 1n the crnsh syndrome, mmsmatched
blood tramfimons, or after abortion) and m adrenal failure. The
dcctma.rdbgnm bwomalbuarmdumcmmxpammumnu.
O g urually due to renal disexse, canses
d;ncrlpldunu!ufaﬁacudpxnl)mwhichmzybcofucmdingtyp&ln
these patients, the tendon reflexes are lost, and respiraiory failure and
bulbar palsy may supervene. The mnscles respond to electrical or even
mechanical stmulation, Death resalts from cardiac arrest. Commonly
however patients thow nothing more than general muscnlar enfeehle-
ment, perhaps with reduction of reflexes indeed, death from carduac
arrest oceurs without the appearance of remarkable moscle wealmers,
From the practical aspect, the following points cmerge- (1) hyperkalema
due to renal disease must be considered a rare camte of acnte flaced
paralysis (2) adrenal fajlure may present with muscular weakness as 2

symp Tr comsists 1n restoring the electrolyte
bahncebymcthod:nppmp:uwtotbcundeﬂymgdxwpm

3 Prmadic Peralysu Assocated muth Thynetanicens
Brain (1955) states that symptoms indsinguuhable from those of
pan}ytbhntbcenrmcdinnkwpuﬁmuhmmn
with thyTotoxicosns, he has kad one ple. The symp pp
after thyraudectomy

Srudiet on the histochemistry of muscle m most of the above dscases
are descnbed in Chapter I Volume I
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CHAPTER XII

Genetic Aspects of Muscular and
Neuromuscular Discases
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The last 50 years have seen great advances in our understanding of
the complenities of human mhentance. Among the many human dx
€t which can be directly attnibuted to genetic influence are several
disorders of the muscular and neuromuscular systems 1n many ather
umilar conditons, there is some evidence that inhented characters
bave a less powerful but nevertheles ngmificant effect upon the devel
Opment of the diease process. Before describing the mode of inhent
ance of indhadual diseases, however 1t 1 important to connder some
€eeral principles of human genetcy.
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1L, SOMR PRINCIPLES OF HUMAN GENETICS

The science of human genetis s concerned with the "mnborn
charactesstics of man and with the quahties which distinguuh man
from other species and one human indrvidual from another Its study
embracar not only a contdderation of the means of tramsmistlon of
inherited characterntics from one generatton to the next but also seeks
to determine the way m which these characters produce therr effect,
Whereas some congemtal abnormahities are clearly inherited 20 too
are many diseases which develop late in hfe we therefore need to
recognize not only the relatianship between the mhenited character
and drscase, but also the natare of the dynamic procen, partly prenatal
and partly postnatal, through which it acts. The practical value of sach
information iy clear the example of dusbetes bas shown that 2 dhorder
in which genenc mfluences are important can neverthelesm be treated
effectively Many hereditary ducases whuch are at present incorable
may be controlled in the future, once it proves possible to correct by
biochemical or other means the mechansm by which the inhented
character produces its effect upon the human organnm.

Although omn, with ho infimrtely diverse genetic comstituton and
eovir t, and his rand: 1 in general an unstisfactory
lubjoctf&rgmeucxmdy Itudtcnpom’blctotdcctgrmrpofbrwd}y
smular constitution and environment, or marnages, which happen to
be appropnate 1o the particular problem under connderation, While
the mngle family 13 usmally too small & unit to give statatically vabd
data, pocling of wformaton obtained from a aumber of nmilar
families may be adequate. By szch meany, it may be posible to deter
mine with reasonable accuracy the mode of mhentance of a particulss
duscase, while surveys of Iarge numbers of cases of the disease may reveal
tbe incidence and effect of the condition in 2 partrcular population.
Information of thu nature is invaluable rot only to the public health
worker bat alo to the individual chnidan who may be ealled upon to
advise & patent concermng the advisabihity of marnage or procreabon.

A. Gexarrc CoNSTITUTTON OF THE INDIVIDUAL

1t has Joog been belicved that the nuclew of every celf in the buman

body contains 48 chromosomes fn 24 pairs. However the recent care-

ful chromosome count earrted out by Tjie and Levan (1956) and by
Ford and Hamerton (193%6) au cells In thue eultare indicates that In
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fact there are only 46 (23 pain) The fertilized ovum or xygote con-
tams 23 chromosomes denved from the male gamete (spermatozoon)
and 23 from the female gamete (ovum) 1t subsequently divides by
mutosts so that each parr of chromosomes m every cell of the human
body consists of one denived from the father and one from the mother
In 22 of these purs of chromasomes, each member 1 nmilar to the
other- in the female, the same 1 truc of the 23rd pair, the tex chromo-
somes, which are conventronally dengnated XX In the male, how
ever, whote constituton 18 XY, one of the sex chromosomes (Y) =
much shorter than the other (X) The remaimng 22 parms, which play
DO part m sex determination, are called the autosomes.

The factors responsible for the tr of mhenited characters,
the gencs, arc arranged 1n linear order on the indnndual chromosomes.
As cach indmvadual possesses a par of sumilar chromosomes, and as each
chromosome has a senes of loca at which genes are nituated, 1t followa
that genes, too occur in paws each beng accompanied by a com
panion gene at the same Jocms of the bomologous chromosome. The
two partmer gencs are called allelomorphs or alleles. The total nomber
of genetic loct in man 15 unknown, but Stern (1949) grves reasons for
suggestmg that the figure 13 probably between 5 000 and 12,000

B. Gerac Acmion

In the phyncal sense genes are relatrvely stable i chemcal con-
stitmtion they control the processes of cellular metabolum and influence
development throngh chemical mteraction wath nengemc matenal
of the cell, It §s this type of actvty on the part of a gene which so
influences developmental processes that normal traits, congemtal
defects, or drseases are produced. However 1t should be remembered
that this process may be modified by environment. Although the
fndmdual s genctic constitution or genotype 1 determined and immu
table from the moment of concepton, his observed characterstics or
Phenotype may resmlt from modification of the genotype by environ-
mental processes. Vanations m the effect of a particular gene i dif
ferentindhadoals can be called vanability in speafiaty Penetrance, a
wamtical concept, 13 a measurement of the frequency with which the
effect of gene or genotype 13 mamfest 1n those who carry the gene or
EcDG in question. Expremivity 13 an anesyment of the degree or seventy
of the effects of the gene in & partcular mdiadual, While these are
lﬂmhmmnmclncﬁmmlgmcua,mnymkmprd‘crtomc
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mteraction of the alleles, thus certain heterozygous carmers of recewmve
genes can be identified by mmor clinieal or brochem:cal abnormalities,
The great majonty of genctically determined disenses arc caused by
genes belouging to simple allelic systems, and most of them are carned
on the autosomes and are therefore known as autosomal domnant or
autosomal receuve characters. There are, however a small but
mportant group of dsorders duc to secemuve genes wiuch lie upon the
differential (unpaired) porton of the X chromosome, Despite ther
recesvity these genes are mvanably expremed 1n the male as there i
no dommant allele to suppresns their effects 1n the female, who bas two
\ chromosomes, however the condition is only evident m the homo-
zygote. This type of gene, as 1t 13 tranmmtted on a sex-determuning
chromosome, 13 called a sex-linked recessve.

Before going on to dacribe the forms of wwhentance which are
encountered in human genetiey, 1t is important to mention brniefly
Linkage, which can somctimes explan the occurrence of multple
defects in a fammly and mutation, which may be the reason for the
appearance of a discase in a family 1n which 1t was previonsly unknown,

C. Loxace anp Crosuxo Over

Dunng the process of meus or cell divinon in the ovary or testis
a procers which results in the production of mature gametes, the
chromosomes denved from the mother and father of the indrvadual
concerned jo1n m pain and cach chromosome then becomes double. At
the stage an exchange of homologous segments of adjacent chromo-
somies, known as "croming over” may occur Suppowmg that morons
resalts in the production of four gamctes, each contaimng a single
chromosome  then one will probably contan a chromesome denved
from the father another will probably contamn a chromosome denved
fom the mother while the other two may contun chromosomes
which are hybnds, each containing a segment denved from the paternal
0d maternal chromosomes. Supposing two human genes are Jocated in
different chromosomes, they will be transmutted independently but if
they fie on the same chromosome they will be paned on together
unless croming over has occurred durmg formation of the gamete, If
they Lie very close together they may be 1aid to be Linked, and will
Eenerally crows over together Hence if two genetcally determined
defects occur m a faruly the frequency wath which the two occur 1n
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the condition from his mother a heterozygous carmer Characteristi
clly thercfore, sex-lmked dmorders are mamfest 1n males and trans-
mutted by females. As the camer female will pass on each of her }
chromosomes, only anc of which carmes the gene, to half of her sons
and daughters, balf of her sons will show the defect and half will be
normal, while half of her daughters will be carners, who can in tarn
pan on the condition, In other words, the rato of affected unaffected
males and of carnert normal females in such a sibshup will be 1 1

A certain number of very rare condittons are due to genes which
are camed on the paired portions of the X and Y chromosomes
(partal sex linkage) or on the very small differental portion of the Y
chromosome (Y linkage) but these are of ittle practical importance in
clindcal genetics.

4 Sex Limted Inkeritance

For reasons which are not fully understood, certain autosomal genes,
etther dominant or recesuve, are exprened only 1n one sex. The
mechanism of thus sex-imutation 13 far from clear- of practical impor
tance 13 the fact that a disease duc to a sex hmited gene which produces
fts effects only 1n males may be very difficult to disungunh from a sex
Lnked character

F Tue Mremoporocy of Hunun Genenics

Sunce the number of children 10 a ubship 1 often comparatvely
small, informanon denved from a mngle family » rarely sufficent
for accurate concluwions to be drawn concermng the mode of inhent
ance of & dmeasc or congemtal defect. Hence information from a
pumber of familics must be pooled before the findings can be stansu
cally valid. Whenever pomble, 1t 13 also important to discover all the
caxs of a particular dnease within a defined geographical regwon of
knawn total population. With such complete ascertamment of cases
it ¥ postible to calculate not only the incxdence of the duscase i the
population but also the gene frequency and posnbly the mutation
rate of the gene. However conclunons concerning the mode of
wberitance of any indnadual gene must be drawn from the study of
families or landreds 10 which the genc 13 occurnng while valuable

bon concerning the effects of the gene can alwo be denved
from detajled connideranon of twin pains which happen to occur
vathin these families.
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1 The Study of Fembes

Farulies are usually ascertamned fint by the discovery of affected
ndividuals, known as propont or probands. From these propesit or
1nitral cases it may then be possble to construct a family tree, including
details of all affected and unaffected individuals. Sometimes mforma
tion obtained concerming the parents and nbs of the proponti may be
adequate but often it is necessary to delve more decply An important
difficulty is the fact that omformity of a clmical picture in two indi
viduals does not necemarily imply that they are of identical genotype,
while canversely the same genotype may p-mduce diverse effects m
T ividush owlag to and other
factors. It is thus ymportant ot only to m.xdy ratios between affected
and unaffected individoals, in an attempt to define the mode of
inhentance of a character but 2lso to find some means of identfying
individual genotypes so that the reasons why a parncular gene may
affect onc indrvidual i a certain way and another differently may be
dednced. From thu type of study we may be able to ducover exo-
genow methods of modifying the effects of naxious genes. It cannot be
stressed too strongly that m studses of thls nature it 1# Important that
ascertminment should be complete f.e. all mcmbcn crfr.he family both
affected and mmaffected, should be Iy, not only by
all available chinical means but also utilinng lpp‘mpnl!c blochermeal
techmques wherever postlble. Not only do certain diseases present in 5o
mild a form that slightly affected individuals and their relatives may be
unaware that they are affected but in other instances heterozygous
carriers of a recestive gene may exhitat mmor recognizable effects of
the gene. The age of anset and duration of the ditease must always be
borne m mind in invesngations of this type for if the parent of an
affected indrvidual should die at an age earlier than that at which the
dusease gencrally develops, one may faliely amume that the dmease has
“skapped” a generanon.

It may also be valuable in certain families to exanune membery for
cvidence of other genetic traits whose mode of inhentance is fully
understood, as it may then be pomible to demonstrate linkage or
croming over between one of these genes apd that respomible for the
drease under consideration. Information of this nature will make 1t
possible to map out the Joc] of mdrvidual discase genes upon the human
chromosomes. Furthermore, such family studies can have the inciden-
tal effect of delinesting accurately the natural history of the disense and
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its relanomup to other disordens of nmilar clinical presentation some
conditions may be found to show the phenomenon of antiapation, 1n
which the disease appears at an earlier age and with increasing sever
1ty m succesyve generations. Information of thus type can be of great
value to the cliniclan,

In attempting to calculate ratios of affected to unaffected individuals
m order to deade upon the mechanism of inhentance of a particular
gene, it thould be remembered that families discovered 1n thus way
almost invanably comtitute a highly sclected group contalning a
preponderance of affected indrviduals. For instance, if the gene is a
recessive, there wall be many small families produced by the mating
of Ax and Aa which will contamn no affected ndividuals and will
not therefore be ascertained. In an attempt to overcome thus bras,
toveral statistical deviees are i use, of which the most popular is
Wanberg’s proband method wnth thn techmque, the propomn are
excluded from the calculaton and the rato of affected to unaf
fected individuals 13 based upon the observed incidence in the sibs of
the propomiti.

2 Teere Studies

Monczygotic twins are genotypically identcal, while dirygotic
twiny are no more alike than any pair of mbs. Duscordance, or mgnifi
cant difference in phenotype between a pair of monozygotic twing,
mtead of the expected concordance, may mean elther that the gene 1s
of variable expressivity or penetrance or that its effect has been modi
Sed by environmental factors. Hence the study of twin pains can give
umque upportunities for studying the penetrance of genes and the
mterachon of genetic factors and the environment. Unfortunately at
least 30 or 40 twin paurs of Like sex are necessary for adequate statisteal
coaclunons to be drawn so that the genotype under connderation
mmt of necenty be common. Ay most of the wnhented muscular and
Reuromuacular discases are comparntively rare, twin studies gave little
information of value 1n the duaidation of therr mhentance Hence this
sabect does not warrant detiled conuderation here 1t has recently
been reviewed by Waterhouse (1933)

Having mentoned some of the prinaples of human genctics and the
difficulties which abound in this field it will be convenient to connder

nruscular and neuromuscular diseases which can be

attributed wholly or 1n part to genetic factors.
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UL DISEASES OF MUSCLE

A. Prooremave Muscurar Dystroriry

The clasuficaton of the muscular dystrophies has been a matter of
dupute for many years, but the poation has been clanfied by compre-
bensrve studies carmied out 1n several parts of the world duning the last
few yeans. Clasucally this group of disorders has been divided into the
pscudohypertrophic (Duchenne, 1868 Gowen, 1879) pelvic gudle
atropluic  (Leyden 1876 MoObius, 1879) faclo-scapulo-humeral
(Landoury and Dejerine, 1864) juvenile scapulo-humeral (Ecb, 1884)
datal (Gowers, 1902), late-ife (Nevan, 1936) Barnes type (Barnes,
1932) and ocular (Hutchimson, 1879 Fuchs, 1890) forms. Of these the
dustal, ocular and Barnes types arc rare and indeed the latter has only
been dicovered 1n a mngle family” for the present, these three un
commean forms of muscular dystrophy must still be regarded as di
tmctive conttes and wall recerve scparate comideration below
Furthermore, 1t 13 now apparent that although true muscular dystrophy
may occauonally begin n late muddle age (Walton and Nattran,
1954) many cases of so-called late-life or “menopauial® muscular
dystrophy (Shy and McEachern, 1951) are suffering from & form of
polymyositis, 2 conditton which 15 not genetically determined and
which fs different both clinically and pathologically from the fnherited
forms of dystrophy

We are thus left to der the preudohypertrophic, pelvic girdle
atrophuc, facio~scapulo-h 1, and f i pulo-l | forms
into which the great majonity of cases of muscular dystrophy can
be clamfied. This purely dmicoanztomical clanification has led to
connderable confution concermng the mode of wmhentance of the
different varietres of the disease. Thus Ssvall (1936) and Milharat and
WOolff (1943) observed autosomal dominant, recessive and sex-linked
patterns of inhentance 1 dystrophy families, but were unable to
1dentify any nogle genctic mechanism as being invanable in any of the
clandc forms of the dusease, Sumilarly Bell (1948) in a monumental
survey of 1,228 published cascs and of another 113 gleaned from the
records of the Nanonal Hosprtal, Queen Square, divided the cases into
three principal groups which were

A. Preudohypertrophic all cases with muscular pseudohypertrophy
but without muscular involvernent.
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B Atrophic cases with muscular atrophy but without pseudohyper
trophy or facial involvement.

C. All cases with facal involvement.,

Although a sex hinked recesive mhentance wxs most common m
Group A, an autosomal recesive in Group B and an autosomal
dommant in Group C, examples of all three genetic patierms were
found in each of the climeal groupt. Bell (1943) therefore concluded
that the same main gene could give rse to any of the three chimenl
types and that 1n ths respect muscular dystrophy was a umque dusease.,

Subsequent workens (Tyler and Wintrobe, 1950 Stevenson, 1953
Becker 1953 Walton and Nattrass, 1954) have however cnticized
Bell s observatons, pointing out that any survey such as hers is hikely
1o perpetuate the errors which were present in many of the reports she
reviewed, and mdicating that & single chimeal feature, such as muscular
pseudohrypertrophy 13 an umatifactory entenon upon which to base
any clasification particularly since this phenomenon may occur tn all
forms of moscular dystrophy and even in other duseases such as
familual penodic paralyms (Tyler 1950)

Tyler and Wintrobe {1950) banng ther observations on a senes of
cases obeerved 1n Utah, subsequently expressed the view that most cases
cn be clamfied into two groups, namely the childhood and facro-
scapulo-humeral forms. The childhood form embraced the prendo-
hypertrophuc and atrophuc pelvifemoral cases beginning 1n childhood,
while the facto-scapulo-humeral group embraced not only the cases

to the clamnc descriptons of Landouxy and Dejerine
(1884) but also the juvenile scapulohumeral vanety The inhenitance of
the chuldhood type suggested transmusion by a sex-linked recessve
gene, while the facioscapulo-humeral vancty was almost invanably
11 autosomal dormnant character

Levoon (1951) who reviewed a large senes of cases in Denmark,
w0 clasified the preudohypertrophic and atrophic pehafemoral cases
together but unfortunately he did not tale account of the age of onset
of the duease in these cascs, 50 that m thu group he found examples
of sex-hinked recemve antosomal recessive and aatosomal dommant
fhentance. However he regarded the juvenile scapulohumeral and
fia0-scapulo-humeral vanenes 23 distmetive entties, finding that the
E’“"hmuallythecrprumonofnn autosomal recesnve the second of
2 autmomal dominant gene.

Stevenson (1933) reporung hus findings m 5! families 1n Northern
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Ireland, and subsequeatly 1n a further 8 (Stevenson, 1935) cuncluded,
like Tyler and Wintrobe, that cases could be drvided 10to two mam
groups. The first vanety whuch he entitled *Duchenne type rapdly
progresave muscular dystrophy of young boys,” was inhenited as 2
sex linked recessive character while the second, “autosomal hmb-
girdle musclar dystrophy * which embraced cases of later omset,
with or without affected faces, and beginming 1n either the shoulder or
pelvic girdle, mcluded exsamples of both autosomal recemve and
autosomal dommant ihentance.

From a study of 259 cases of museular dystrophy ascertained n the
Fraburg area of Germany duning the years 1904-1941 of which 159
were examined personally Becker (1953) concluded that the disexse
occurred i two prinapal dimcal forms. These were finst the ahoulder
girdle or dacending form and sccondly the pelvic gindle or ascending
form. The two varicties seemed to be cloucally and geneteally distinct.
The\'u-ymﬂdducmdmgfmm,whjchoﬁcnmvolwdthcﬁhce,w
usually inherited as an 1 domt though a large
number of uolated cases occurred. In the pelvic girdle or ascending
form, two subgronps could be dutnguished. The first subgronp was a
rapidly progresuve duorder of early onset and was usually due to &
scx hinked recesuve gene while the sccond was more benign of later
onset, and wsually 1dentifiable a3 an autosomal recessive character The
clasnficatron adopted by Hanbart (1954) was similar

While each of these more recent classifications 19 much more sats-
factory than the clamuc ane, Walton and Nattrass (1954) suggested
that none of them was entirely compatible with the findingy they ob-
served 1n a scries of 84 cases discovered 1n Northeast England. These
authors agreed that the Duchenne type dystrophy was inhenited a3 8
sex linked recessive character and that pseudohypertrophy though
most common 1w this form could occur m any form of muscular
dystrophy However the term “childhood” umcdbyTyi:rnndWim
trobe (1950} was abo sdactory as 1 typseal
cases of this type were of later omtet. Thus fact, combined with the very
occasional occurrence of this variety in girls, was suffickent to [nvabdate
Stevemson s (1958) dgid categorization of such cascs. They sgreed that
the remaining cases were mherited by an autosomal mechaniim bt
felt that the cases with affected faces, which were almaost invariably due
to a dominant gene, should be distngunhed from the imb-girdle cases
where the onset was in ather the pelvic or shoulder girdles and 1n
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which the inhentance was recesuve, In other words, the commonly
occunng cases of muscular dystrophy could be drvided mto three
groups which were chinically and genetically dustinct. These were the
Duchenne (sex-linked recemve) facioscapulo-humeral (autosomal
domnant) and hmb-girdle {sutosomal recessive) forms. It will be
scen that ths clasnfication agrees broadly wath those of Tyler and
Wintrobe (1950) Stevemson (1953) and Becker (1953) differing only
n detail.

| Ducheane Type Muscular Dystrophy

Thn form of muscular dystrophy accordmg to Walton and Mattrass
(1954), 13 characterrzed by (a) expresmon wsually in the male but
rarely in the female (b) onset usually 1n the fint 3 years of Lfe but
occznonally as late as the third decade (¢) transmuswion as a sex
Lnked recesve character (d) symmetncal involvement fmt of the
pelvic girdle muscles, later of the shoulder girdles (e} pseudohyper
trophy partcularly of the calf muscles, 1n about 80% of cases ([}
stcady and rapd progresmon leading usually toinability to walk within
10 years of the omset and subsequently produemg progremve deform
Ity with muscular contractures and skeletal distortion and atrophy
Death from inanition or respiratory infection occurs often in the second
decade, but nnce the widespread usc of antibtotics 1t has been delayed
in many cases unol middle Lfe.

Evidence 1n support of the hypothens that this form of the discase
© tansmitted as a sex linked recesuve character comes fint from
an exammation of characterntic pedigrees (Fig 1) Although many
volated cases of this type are scen, and in other families the disease
8 found in the males of a single mbshup only there are now a great
many families on record (Bell, 1943 Tyler and Stephens 1951
Stevenson 1953 1955 Becker 1953 Walton, 1955 1956a) in which
the dcase was manfest in males and trammtted by females through
several generations. Thus Tyler and Stephens (1951) found 61 cases 1n
33 familis 10 7 families, there was clear evidence that carner females
bad tramsmitted the gene to 31 of thar 58 male offspnng In 14
familie, the data were insufficent to determune whether the trait was
Pasted on by carner females, while in the remarming 12 families, Bsolated
€xet occurred In Walton s (1955) senes of 54 cases m 34 families 20
were nolated, 1n 8 famhes more than one boy was affected 10 a mngle
tibship while in 6 farmilies the disease had occurred 1n more than one
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generation, bang tramsmitted by females. In the latter series of cases,
if the 14 affected mdmviduals with no male sibs were excluded, the
nadence of 40 affected and 33 maffected males approached the ! |
ratio to be expected wath 2 sex hnked recesxrve gene. There seems to be
Iittle doubt that the penctrance and expresvity of this gene are com-
plete. No clear evidence of anticapation was found by Bell (1943) 1n
the families she reviewed.

Walton (1955) included 1n his series of cases two females who were
affected by the duease 1 tymcal form. As very few affected males with
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this condition reproduce, such an event would have to be explained by
the mating of a carrer female wath a male upon whose X chromotome a
mutation had occurred. It was estimated however (Walton, 1936a)
that the rano affected females affected males would be approximately
1 50,000 3o that affected females would be expected to be very rare
unlers the mutation rate of this gene were very much ligher 1n males
than m females. Haldane (1956) has given reasons for suggesting that
thi may indeed be the case. Hence the occurrence of occamonal
affected females docs not invahidate the sex linked recesive hypothens.

Q
Q

T iTﬂ%lil
fyvonunaiivsyinastolnviingsnsy)

Fro. 2. A pedigree (for key sce Fig 1) of the Duchenne
mﬁfg%dqmwnhmpkmtdmmhuﬂm(&mmlplﬁ

Another point of 1nterest is that Walton (1956a) found that an affected

female,” ocanrrng in a farmly wath many affected males, was also a
case of gonadal agenems (Turner’s syndrome) and nudlear sexing
studies indicated that “her™ chromosomal sex was male.

Additional support for the view that this form of muscular dystrophy
b duc to a sex Linked recessive gene comes from the observaton that
1t may occur m children of the same mother but of different fathers
(Milhorat and Wolff 1943 Walton, 1933) and from the fact that
Cromng over with red-green color blindness (Fig 2) has been reported
1n one family (Philip and Walton, 1956) Smuth (1956) confirmed that
in this fanuly the cromng over percentage was 25% and that the data
tupported sex linked inhentance of the muscular discase Despite the
impresave evndence in support of this view 1t must, however be
mentioned that Lamy and de Grouchy (1954) and Klocpfer and
Talley (1957) have reported families, belicved to be of this type 1n
which the condition affected both males and females, and the findings
were sugpestive of autasomal recesuve inhentance. Others would con
tider that despate the mmilanty of the chimecal findings 1n these cases to
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those of the Duchenne type, these families would more properly be
clasyfied in the Hmb-girdle group

The fact that 30 many bolated cages of this form of muscular dy-
trophy occur (Fig 3) would suggest that many arme as a resalt of
mutation m the mother or m the maternal grandfather Th view n
supported by the observations of Tyler and Stephens (1951) and
Stephens (1958) that in onc family the disease occurred in male
monozygotic twins while 7 other male sibs were normal Furthermore,
Vyalton (1955) found that m his 34 familles, only 6 of 65 maternal
undantmkwcre:.ﬂ'cctcdlngmdomcuhu‘:hmthmcdmc

mﬁf |

Fro. 3 A o of the Duchenne type trophy which wes almost
mln}ytbermhofmu!.hn(&m\h}m 1933) Far}qtopuiwme-:}‘b.l

propeait, while in thore dbebips of proposits contuning morte than one
male, with no case in previoms generations, only 10 male ¢bt of the
propoxin were affected, 20 bemng normal Thus wmcidence of 333 %
though lgher than the figures of 22.2 and 18.4%, respectvely reported
by Stevenson (1953) and by Tyler and Stephens (1951) falls well chort
of the expected 50% and gives addisons! weight to the asamption
that many of thee boys were the firtt reaiplents of A mutant gene.

a. Mutetiom Rate In view of the fect that very few affected males with
thu conditren reproduce, the method of Haldane (1933) for calcnlayng
the mutation rate would scem applicable He suggests that U= /,
(1 )z wheve U is the mutation rate per gene per generation, f s the
fertibty mte of affected males refative to that of males in the general
population, amd x 1 the freg of affected indhviduals, In this
untante f=0, U= /,x Using thus farmula, Tyler and Stephems
(1951) estimated the mutapon rate n Utah 10 be 9.5 x 107 while
Stevenson 3 (1953) esimate fbr Northern Ireland was Initially grven ar
between 4.5 and 6.5 x 107 but was later modsfied (Stevenson, 1955)
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to between 5 4 and 7.2 x 107 Walton (1955) caleulated that the rate
for Northeastern England was 4.3 x 107 These rates are some of the
highest yet recorded 1n human genetics.

2 Foas-Scapals-Himeral Muscular Dystroply

Walton and Nattrass (1954) concluded that the charactenstics of
thhs form of the disease were (a) expremon in either sex (b) omset at
any age from childhood unnl late 2dult bfe {¢) rammimon croally
a3 an sutosomal domunant character (d) abortive or muldly affected
cases are common  (¢) mvolvement first of the face and shoulder

Q

;
eyl

&

" Fio.4 A pedigree (for key 1) of facko-scapulo-humeral muscular dystrophy
%ﬂwmmmdm;nrzhdmw (&ompu\ls;hm, 1958)

b

girdle muscles wath subsequent spread to the pelvic girdle (f) muscular
Pprzudohypertrophy s very uncommon (g) progress of the ducase 13
Inndious with prolonged penods of arrest and most patients survive
and remain active to a normal age

In most reported families, thus form of the dusease has been inhented
&3 an gutosomal domunant character (Fig 4) (Bell 1943 Boyey et o
1948 Tyler and Stephens, 1950 Becker 1953 Walton 1955 1956a.)
Tt must be stressed that in this form of muscular dystrophy above all
othen, eaminaton of all available relatives s casennal 1n any genetic
ftudy ay the mildly affected or abortive cases may be totally unaware,
U are thelr relatives, that they are suffenng from the disease 1n a mild
form. Thus hearsay evidence can give a totally naccurate impression.
It v also important that examination should be carmed out by expe
fienced indriduoals, os 1 fadal weak for may be
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eanly mmsed. However 1t s apparent that Stevenson (1953) was sware
of these mtfalls, and m certan of bus families m Northern Ireland the
duease appeared to be due to an autosomal recessive gene.

The very large family reported by Tyler and Stephens (1930) grves
excellent apportumttes for studying the mhentance of thy condibon,
Of 1249 indrviduals in 6 generabons, 159 were affected, and all affected
mdrviduals had affected parents 1n no case had an unaffected wdi-
vidual paned on the discase to his offipring. Taking into account enly
those sththips aboat which accurate informanan was available, and
excluding all children less than 12 years of age, there were 130 afected

Fro. 5. A pedigree (for key sev Fig 1) of facio-scapalo-nmneral muscabsr dysrophy
sugyerting incomplete penetrance of the geno (from Y alton, 1915)

and 143 unaffected mdividuals, Hence in thiy family 1t bs apparent
that penetrance of the gene was complete. The expremman of the gene
varred however assome few individuals were severely affected many
mare very alightly indeed. It seemed tmprobable that environment
could have been rexponsible for this degree of varability and an efect
of modifyrng genes (porably the atlele) was a more plawsible came of
clinieal vanahiliy No evidence of antudpation was dscovered in thrs

A numilar modifying effect of the alleie nay have been respansible
far the apparent incomplete penctrance exhubited by the gene (Fig 5)
111 certup of the families reported by Wadtan (1835 1936a) Occancn
ally ao ndividusl nho was apparently unaffected bad paseed on the
disease onfortunately some such parents were not availabie for exam-
mnanon certun families abo showed apparent sex-hmitatioa (to
females) but yet the gene was clearly dominant in its effects (Fig 6)




XN. OENETIC ASPECTS OF MUICULAR AND NEUROMUICULAR DISEASES 415

It may be that similar modification of the effects of a domunant gene
was responnble for the impreson of recemvity gamned by Stevemson
(1953) 1n some of hrs famihies.

Attempts to demonstrate hinkage between the gene for ths condition
and those respomible for the blood groups, for the ability to taste
phenylthiocarbarmde, or for the secreton of A and B substances in the
saliva have been made by many workers (Tyler and Stephens, 1950
Walton, 1955 Race, 1955 Stevenson of al., 1955) but to date no con
vinang or even suggesuve evidence of hnkage has been obtaned

75
5117
'
Fra 6. A family of facloscapuloh 1 dywtropby in which there
*ppaarad to be sex-limtation (from Walton, 1953) For key to pedigree sce Fig 1

3 Lond-Grrdle Muscular Dystrophy

The featnres of this vanety of muscular dystrophy as defined by
Walton and Nattrass (1954) arc (a) expression in esther sex (b) onset
urually late in the first or 1n the second or thurd decades but oceanon
ally 1n muddle age (c) transmusion as an autosomal recessive char
acter* (d) prnimary mnvolvement of esther the shoulder girdle muscles
ot of the pelvic girdle wath spread to the other after a vanable perrod
(¢) muscular pscudohypertrophy 15 uncommeon (f) abortive cases are
meommon (g) vanable seventy and rate of progremon, intermediate
between those of the Duchenne and facio-scapulo-humeral forms
(b) most patients become sev erely dmabled 1n muddle bife and die before
the normal age

A great many cases of thus type are 1solated but often more than one
member of a sbshup b affected (Fig 7) without there having been any
s of the dicase 1n previows gencrauons (Bell, 1943 Stevenson
1933 Becker 1953 VWalton, 1955 1936a) Tlus pattern 1 of course
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canly mmed. However 1t ls apparent that Stevemson (1953) was aware
of these patfalls, and in certaun of hu families in Northern Ircland the
discase appeared to be due to an antmomal recesanve gene

The very large family reported by Tyler and Stephens (1950) gves
excellent opportumties for studylng the mnhentance of this condition.
Of 1249 indviduals 1n 6 generationy, 159 were affected and all affected
individuals had affected parents 1n no case had an unaffected indi
vidua! pased on the disease to his ofspnng Taking into account only
those nbehips about which accurate information was available, and
excluding all children less than 12 years of age, there were 130 affected

CLTETT T

Fia. 3 A perlagree (for key scc Fig. 1) of facio-scapalo-bumerul muscatar dystrophy
rggerting incomplete penetrance of the gonc (fram Walton, 1959)

and 143 unaflected mdviduals, Hence m thu family 1t 1 apparent
that penctrance of the gene was complete. The expremnon of the gent
vaned however as some few indrviduals were severely affected, many
more very shightly mdeed. It seemed improbable that environment
could have been responsible for this degree of varlabiity and an effect
of modifying genes (possibly the allele) was a more plaumble cause of
chinical vanability No evidence of antiarpation was discovered i this
famly
A nmilar modifying effect of the allde may have been

for the apparent meomplete penetrance extubited by the gene (Fig 3)
1n certain of the families reparted by Walton (1955 1956a) Occanon-
ally an individual who was apparently unaffected had passed on the
disease unfortunately some such parents were not available for cxam-
ination certmn families also showed apparent sex hmitation (to
females) but yet the gene was clearly dominant in jts effects (Fig 6)
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It may be that amilar modification of the effects of a dommant gene
was responsible for the imprewuon of recessvity gained by Stevenson
(1933) in some of hrs families.

Attempts to demonstrate inkage between the gene for this conditon
and thote responsible for the blood groups, for the abihty to taste
phenylthiocarbarmude, or for the secretion of A and B substances 1n the
saliva have been made by many workers (Tyler and Stephens, 1950
Walton, 1955 Race, 1955 Stevenson ¢f al., 1955) but to date no con
vimang or even suggesive evidence of Linkage has been obtuned

&%
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Fxo. 6. A family of faco-scapulo- dystropby in which there
*ppeated to be sex-limitation (from \Yalton, 1955) For key to pedagree see Fig 1

3 Limb-Gurdle Musculer Drstrophy

The features of this vanety of muscular dystrophy as defined by
Walton and Nattrass (1954) are (a) exprenionin athersex (b) onset
usally late m the first or 1n the second or third decades, but occasion-
2l 10 middle age (c) transmisnon as an autosomal recessive char
acter (d) primary involvement of either the shoulder girdle muscles
or of the petnic gurdle wath spread to the other after a vanable penod
(¢) muscular pseudohypertrophy is uncommon (f) abortrve cases are
uncommon (g) vanable seventy and rate of progresuon intermediate
between those of the Duchenne and facio-scapulo-humeral forms
(h) most patients become severely disabled in middle e and die before
the normal age.

A great many cases of thu type are nolated, but often more than one
member of a sibship 15 affected (Fig 7) without there having been amy
€ of the ducase 1n previous generations (Bell, 1943 Stevenson,
1953 Becker 1953 Walton 1935 1936) Ths pattern 1 of course
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suggestive of autosomal recemive inhentance. Thu conclopen i
strengthened by the fact that thy form of the disease b5 particularly
common in Switrerland where consanguinity s frequent (Hanhart,
1954) Affected 1ndividuals were the products of

marnages in 5 of 23 families of this type reported by Stevenson (1953)
and in 1 of the 18 familics described by Walton (1955) In Waltoa s
(1955) series, the incidence of 20 affected and 51 unaffected individuals

! Mi

FnL7 Apedfgm(fah,.mng.l
Inheritance (from Walton, 1956-)

in the mbships of the propent approached the I 3 ratio to be expected
with an autosomal recessrve gene. If nbshim containing less than three
members were excluded, the mtio of 15 48 was even nearer the ex
pected  meidence,

In one of Walton s (1955) families, two affected Individuals had an
affected parent, an observation which would at first sight rsc the
ponibility of dominant inhentance, but 1t 13 of course conceivable that
the affected parent had married a heterozygow carner of the gene
Banng hrs calculation upon the incadence of the disease in Northeast
England, Walton (1956a) calculated the gene freg (@ to be
/, Hence an affected individual would be expected to produce
affected children once in every 816 marmages. In another family
(Fig 8) two ufferers had an affected miece As each nb of an affected
individual has & ! in 2 chance of being a heterozygous carrier and a |
1n 816 chance of marrying an individual of like genotype, the chance
of an affected individual having an affected nephew or nece, if there is
no consanguinity 18 [ in 632 Ifrandom matng can be assumed in the

tion and the case frequency (¢*) i /100 000 a it was in North
cart England, then the carner frequency would be 1/158 and two car
ricrs would be expected to mate and to produce affected children once
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10 every 25 000 marriages. As o few families have been reported show
ing caxs m previous generations, there 1 no evidence to suggest that
antiapation occurs 1n thus form of muscular dystrophy but penetrance
appeans to be complete.

Studies carned out by Stevenson o & (1955) 1n an attempt to
demonstrate hinkage between the genc for this condition and other
idennfiable genes, have not ns yet been frutfal

?

i1l

Fn.H.Apcd}gm(huy-:cFlgl)uf Lmb-girdle muscular dyatroply In which
an affected nweee (from Vvalton, 1956a)

4 Dustal Mpwpathy

In 1902 Gowers lectured at the Nanonal Hosmtal upon a type of
mmscular dystrophy which began 1o the penphery of the hmbs. Since
then, doubt has been cast upon the existence of a dstinctive dustal form
ﬂ'm)vp:uhy {Cntchley 1949) However Welander (1951) banng her
Account upon a personal examinanon of 249 patients, has confirmed
that a distal form of the disease does indeed occur and 13 not rare 1n
Sweden. The dusease 15 charactenstically bemagn begins in the small
mudes of the hands and 1 the feet and legs between the ages of 40
104 60 and oceuns 1n both sexes, though more men than women are
ffected. Charactenstically however the disease 15 1nhented a3 an
tatosomal dominant character though posmbly wath some sex mu
Qton (to males)

S Baraes Type \fyopathy

101932 Barnes descnbed a form of muscular dystrophy apparently
Umque, which was inherited as an autosomal domunant character of
Complete penetrance in a ungle family In the early stage, the conditon



418 JOIIN N WALTON

typically gave true muscular hypertrophy with increased strength thy
was followed by & pscudohypertrophuc stage and an atrophic stage and
the conditton termunated in a tevere atrophic myopathy of distal
dustribution. It may be that this duorder was a unrque clinical and
genetic entity and 1t u difficult in retrospect to draw any firm con
clunons concerning the nosological status of thrs discase. Nevertbeless,
despite the fact that Barnes (1932) olnerved myotonla m anly one of
his cases, it most be admitted that m many respects the course of
cventy 1n his patients resembled that seen 10 some families of dystro-
phua myotonica (to be corndered below)

L 4

¢ R
POLLE

Fuo. 9 A pedigree (for key see Fig l)o{pm(rtdvenpbmlmaplqh(;xuhlﬂy
ocular myopathy} (redrawn from Beayznant, 1900)

6 Oader Mppathy
In cases of muscular dystrophy affecting the external ocular muscles,
the condmcn begim with ptoss or with diplopia and progreswes to
bil: I ophthalmoplegra. In most cases, the upper facial
musdulrewalkmd thcremnynlwbcdy:pha,gunndrda&dydkh
weaknesy and atrophy of neck, trunk, and hmb muscles in a proportsoa
of cases (Kiloh and Nevin, 1951) Many such caves have been previous-
1y referred to as examples of progresave nuclear ophthalmoplegra, but
patbological observations have revealed that in most cases the duorder
s myopathic. About 50% of reported cases have been isolated but
when the conditton B mhented 1t appears generadly to be duc to an
autosomal dominant gene (Fig 9) in one pedigree, the conditoa was
transmutted through four generations, in both sexes, without & break
(Beaumont, 1900) The modern tendency to assume that all such cases
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are myopathic, may however, be inaccurate I have seen a case of
total bilateral ophthalmoplegia in o chuld who also showed retimtn
pigmentosa, deafnesy, cerebellar ataxia, and a spastic paraplegia, and
it sccm posmble that 1n tha case, as m other examples reported by
Walth (1947) the pathological changes responsible for the ocular
ditarbance were in the oculomotor nucla However, pathological
studies 1n a case of this type (Stephens, Hoover and Denst, 1958) have
revealed defimte myopathic charges in the ocular muscles, Much more
mformaton must be collected before the genetic background of ocular
myopathy can be accurately defined although, as Kiloh and Nevin
(1851) pant out, the condition shows certain resemblances to faco-
scapulo-humernl dystrophy for the present it must be regarded as a
disanctive entity

7 Comclanions

1t may be luded that the dustal and ocular forms of
muscular dystrophy and posibly the Barnes type must be regarded as
drstinctive forms of the discase and that they are often produced by
autosomal dommant genes. Most of the commonly occurnng cascs of
muscalar dystrophy however can be clamfied in three groups, the
Duchenne, facio-scapulo-humeral and himb-girdle types. The Duchen
De type i usually inherited as a sex hinked recesnve character the
facioscapulo-humeral as an autosomal dominant (possibly with in
complete penctrance or sex hmtation in certan families) and the
limb-girdle a3 an autosomal recemmve.

B. Ter MryoTomg SYNDRONX

The phenomenon of myotonia connsts m a farlure of voluntary
muicle to relax ymmediately when voluntary innervation ceases
(Martin 1947) characterstically 1t is scen best In cimeal practice as
a0 1nabihty to relense the gnp while tapping the belly of a muscle may
result in the formation of & “dimple” wihich can permst for a few
scconds, Myotonia i1 clearly due to an abrormality 1n the muscle

tiself and not in the motor nerve or end plate, as 1t persists after
tection or blocking of the motor nerve and after curanzation (Brown
azd Harvey 1939 Denny Brown and Nevin, 1941)

Myotoma 13 a feature of four principal chiniea) syndromes, namely
M otonia dystrophia my 3, paramyotoma, and symp-
tomatic myoton or myotoma acqumta. In myotorua congenita, as
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described by Thomsen (1876) in members of lus own family, the disease
1 typically present from birth and 15 charactenzed by severe atiffnen
and difficulty in relaxation of the entrre voluntary musculature the
stiffness 15 accentuated by cold and relieved by exercuse, while general-
ired muscular hypertrophy 13 common. The conditton 13 bemgn and
tends to improve throughout life, When the myotonis, instead of betng
relieved by activity s exaggerated thereby this 1 known as myotoom
paradora, Dystrophia myotonica (Steinert, 1909, Batten and Gibb
1909) by contrast, beging uually in adult life and 1s characterized by
myotama which may be Jocalized to the amall hand musdles, forearms,
and tongue and by cataract, frontal baldness (in the male) gopadal
atrophy mental detenioration, facisl myopathy sternomastotd weak
ness, and a progresive myopathy of penipheral distribution in the
lonbs, Cardiac changes and mental deternioration are also common as
i an {ncreased thicknew of the vault of the sknll and a small seffa
turcice (Canghcy 1952 Walton and Warrick, 1934) while some
patients have hyperostosis frontalls mterna (Jequier 1950) Para
myotoma (Eulenburg 1886) » similar to myotons congenita in that
the conchtion Is congemtal and generalized throughout the muscula-
ture, but 1n this conditzon, myotonis appears anly on exposure to cold
and 1t then followed by severe generalized weaknes, Each of thae
cond.xtrom appean tobeg\:ncdmﬂydctcnmncdnndmbelnhu'lwdby

jam. Myotonia acqumts, on the other
hmd,hubecnducnbcduann ukaddhurdcroftmbcgmnlngh:
adult hfe (Talms, 1892 Krabbe, 1934) and appenrmg somctimes 1n
localized form, as a mamfestation of vanous nenrological and endo-
cnne disorders Much controversy has arisen and permts to the prasent
day concerming the interrelationship of these cond bnt connder
apon of this yexed gnestion may conventeatly be deferred mntil after
the connderation of their genctic charactenstica.

1 Afyoiome Congonile

The pedigree of Thomten s family was brought up to date by ko
great nephew Nissen, in 1923 (Fig 10) In t.hin:amﬂy thcmmif:s-
tanrons of the discase were relatively ughout theg
and the conditon was dearly duc 1o an autosomal domiuxnt gene
showing complete penctrance. A pmilar family has been reported by
Birt (1908) Bell (1947) reviewed 21 reported fanubes, containing 100
individualy, of which the largest was Thommen s own with 39 affected
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members. She pointed to the incomstant occurrence of hereditary
psychosls in some farmbes, including Thomsen s, but there were no
other assocaated defects of note, and the discase did not appear to
thorten hfe significantly Thomasen (1948) described 4 personal
families, 1n 2 of which the disease appeared to be transmutted as an
autmomal! domuinant character with incomplete penetrance, while
m each of the other 2, the dusease was present in only a ongle sibship
suggesting aather recessive inhentance (there was consangmmty m
1 family) or a mutation.

2z

[y Sy,
fund 1l mm%m

|
(Fnl&mhhuinnmdmyumhmh-ln& Thorwen s own famlily

iy
from Thormasen, 1948) For key to pedigree see Fig 1

2. Dystraphia Mjotemca
A striking feature of thes disorder is the remarkable vanability of the
climeal manifestations, a vanability which may be apparent not only
inany comparuson of different families, but also between membersof the
nme family It 1 relatively common to find that cataract alone, or
combsed with munimal dystrophic featores of late onset, may have
Ppeesent 1n ane generntion, while in the next, the conditon appears
2 relatively severe form m carly adult b (Greenfield 1911) Some-
ﬁmﬂm}’mmumnndgmmhwd,nndu(hemmmmeof
diability for many years before dystrophe features develop (Denny
Brown and Nevin, 1941 Maas and Paterson, 1950 Lynas, 1957)
“hille 1 other instances chmcal my 18 never d rable
3 any stage (Fearnudes, 1915) Furthermore, Maas and Paterson
(1939 1943 1950) have pointed to the frequency with which a ningle
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farly may contarn members who are severely affected by the dieax
and others who show only slight mamfestations. For thls reason, they
stressed the importance of careful examination of sl available relatrres.

Despate the remarkable vansbility 1n chnical presentation of thes
duscase, there s now general agreement that it can be attributed to
autcsomal dormmant gene (Bell, 1947 Thomasen, 1M48 de Jong
1955, Lynas, 1957) although Maas and Paterson (1943) suggested
that pomibly the indrvidual features of the disease, such sy catanact,
myotome, and myopathy were due to scparate genes which were
recesrve in isolation but dominant in combination, However the latter

TVETTT 30T

Fra. 11 A pedigres {for key sec Flg. 1) of dystrophia myotoniea (previomly
oo ople dovaloant fakers

hypothesis would appear to be invalidated by the fact that the anthors
found no example of “skipping™ of a generation m thelr own matenal
Bell (1947) aho found some difficulty in accepting that simple domunant
inhentance was invariable 1n view of the fact that in many of the
families which she reviewed the diseasc was paned on by indivduals
who were apparently unaffected. However the fallacies inherent In
any large review of publithed material may have been responuble for
thus and the other inconsutenaes which she mentioned, although it
apparent from the work of others (Lynas, 1957) that the penetrance of
the genc 15 sometumes incomplete

Nevertheless, 1 a great many families, there is no evidence of
“skipping™ of generations and there seem to be complete penetrance
(Figs. 11 and 12) Thus Thomasen (1948) 1 a personal review of 21
families contalmng 149 probable cases of dystrophia myotonica and 131
patients with cataract alone, found that, unng Wemberg’s proband
metbod, the mnadence of affected individuals in all the sibships studicd
was 46 + 3 6% In the cascs of de Jong (1955) which were discovered
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1n 19 sibtalips of 11 farmbes the ratio of affected to unaffected inde-
viduals, if the propanti were excluded, was 24 22, or almost exactly
the expected 1 1 ratio. Lynas (1957) who studied 55 cases n 13
families 10 Northern Irdand, and found the gene frequency to be
1.203 per 1 000 of the population duscovered 42 affected and 67 un
affected mdrviduals 1n the relevant sibshups if the 18 propouiti were
excluded the ratio 24 67 was much less than the expected 1 1 but
these sitnhups contained many children who mght yet develop the
disease. On the other hand 4 of her famihes contained cases mn only 1
geoeration, suggesting mcomplete penctrance of the gene or else 2

f
EATETE

Fro, 1 A pedugree (for key sec Fig 1) of dystropha myotomsea (previowly un-
Note that the father had cataract alone note abo the mentl defect
#od hogh mortality in apparently unaffected sibs.

motation She calculated that the figure 8 X 107 gave acrude esumate
o the mutation rate n Northern Ireland By contrast, Maas and
Patenon (1943) found that if they included individuals wath “sus-
prciows”™ features suggesting mummal affectron, the affected unaffected
ratio mn therr series of cases exceeded ! 1
Among other features observed by Maas and Paterson (1943) in
thar families was clear-cut antirpation or a progremively carly onset
ol the disease, wath increanng seventy 1 succemve generations. They
2o noted that this process was often accompanied by a progressive
decline of the family in the socal scale and by dimunished fertlity
Furthermore, fraternal anticipatton was common, 1n that severe man;
such as mental defect, were partcularly common and the
disease ofien began earlter 1n younger memben of a sibship It was
Al apparent that in the unaffected sibs of patients with dystrophia
myotontca there was an excessrve wfantile mortality as well as an
over all mortality rate 1n early adult Life which greatly exceeded that
otserved 1n the general popalanon (Bell, 1947) Other workens bave
ot noted any decline m social status (Lynas, 1957) and compansons
dlh‘lgedomﬂmnbpamhumtnlcdnonﬁmccofﬁntcmal
antiapation (Penrose 1947 Thomasen, 1938 Lynas, 1957} Nor is
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reduced fertility invanable (Thomasen, 1948) though 1t was noted by
Lynzas (1957) Apparent anticipation and an increased mortality in
unaffected sibs are, however much more constant findings (Bell, 1947
Thomasen, 1948 Lynas, 1957) thongh as Penrosc (1947) pownts oat,
selection of cases of nmultancous onset m parent and child may ex
aggerate the impreston of antedating While agresing that no discase
showy the phenomenon mare strikingly than dystrophia myotomea,
he suggests that it Is partly an artifact due to the exceptronally low
correlation for age of omact 1n parent and child which is characteratic
of this disease. Lynas (1957) found that if an onset with cataract was
included, there was a high correlation for age of onset m parent-ab
pain in her senes, but excluding the cases beginmng vath cataract,
there was a zero correlation

In attempting to explain antiapation in these familics, as well as
the very vaniable mamifestations of the duease, Penrose (1947) suggest
ed that 1t is mmplest to agume that the vanations are due to the modi-
fying affect of an alldle upon a dominant gene, For instance, the parent
with a late onset and a relatively mild form of the disease may have 2
“favorable” modifier which he cannot pass ou to hus affected children
who are therefore more severely affected. In turn, these childresn with
an “unfavorable” modifier may pan this on to thelr unaffected chil
drent and ths “unfavorable™ gene may be responsible for the “vuspd
cows™ features noted by Mans and Paterson (1948) and for the high
mortality in unaffected nbs.

3 Parampmtome

Stnce Eulenburg’s (1886) original report, large families contalning
cases of prramyotonia have been reparted by Stephens (1953) and de
Jong (1955) In these and other reported families, the condition was
clearly inherited as an 1d trait with complete pene-
trance (Fig 19) In Stephens family there was no cxample of trans-
misson of the ducase by an unaffected individual and the relevant
sibahips contained 61 affected and 60 unaflected persom.

4 The Relanionship beticren Myotsma Congemite, Dystroplna Myvtoxics

Parewppotoma, axd Myolexia Acpunte

Much controversy perssts a3 to whether these condipions are du-
(nctive diseases or vanants of a single dusease process. Grinker (1943)
Klingler (1948) and Maas and Patenion (1950) belicve in the esmential

Y e a A r ok e e e
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umty of myotonia congemta, dystrophia myotomica, and paramyo-
toma, while Bell (1947) Thomasen (1948) and de Jong (1955) among
others, connder that they are scparate disenses, a view which Is shared
by many geneticlsts (Gates, 1946 Penrosc, 1947 Roberts, 1948) Its
troe that the berugn natural history of typical Thomsen s discase and
the Jongevity observed 1n many affected mdviduoals is 1n striking con-
trast t0 the umal coune of dystrophia myotonia, which generally
causes progresuve disablement and death in middle hife. On the other
hand, many famihes have been reported which appear to ilwtrate a
transition between the two dusorders (Bocters, 1935 Maas and Pater

v
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Fia, 13, A pedigree (for key sec Fig 1) of paramyotonia showang dominant
fnheritance (famlly U redrawn from de Jooy 1955)

©1, 1950 Walton and Nattrass, 1954 Lynas, 1957) Not uncommeonly
in certain families gencralized myotonia 1 the cuntanding feature of
the condition for many years, but dystrophuc features develop subse
quently although they reman mmumal. It may be suggested that
exumples of this nature merely fllustrate the extreme varability in
clineal course of dystrophia myotonica, but if all cases developing
munar dystrophuc features are to be conndered to be examples of this
then 1t s very difficult to find cases satisfying the cniterion for

4 g myotonia namely that myotoma » the only
mptom or ngn throughout Lfe. In the case of paramyotonua, there is
much len reason for dutingushing the condinon from myotonia
Coagenita, a3 myotonia 1 all forms 11 invanably made wore by cold
prinapal dustinginshing feature of this complaint, namely the
Fralyns which follows cold has clearly been due to the fact, 1n some
at least, that my and 1 flners has become 30
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extreme on exposure 0 cold that the patients were unable to move.
Furthermore, 1n a recent report (French and Kilpatnck, 1937) of a
family showing dominant mmhentance through four yeneratiom, tne
affected mdwidual showed clearly defined features of dytrophn
myotonica. Myotoma parodoxs, too can bardly be regarded as an
independent entity as the myotonia has mereased following ereroe,
rather than decreaung as s more nmual 1 severad reported famubier of
Thomsen s discaze, and in paramyotoma (de Joug, 1955) There are
good reasons for suggesting that the condinon referred to as hyper
troplua muscutorum vera (Friedreich, 1863 Spiller 1907 Maxwell
1947) 1 1n reabty a further variant of the myotonic syndrome and the
same may well have been truce of the Barnes type of muscular dyrtrophy
(Barnes, 1832) Cases of true myotoms following exercise should
probably be dishngnikhed from others in which progrestve muscular
aching and suffness, without demonstrable myotoma, follow exerton
(Marshall, 1952) 1 such individuals, a defect in the atilmaton of
muoacle glycogen may sometimes be demonsirated (McArdie, 1951)

From the genetic pomnt of view myotonia congemita, dystropha
myotomen, and paramyotoma all show dominant ihentance. Walton
and Nattrass (1954) have suggested that although the three condions
may be regarded aa disinctive cluncal syndromes, they probably
represent vartions of a single disease procos. Whether they ere dee
to the fame gene, with different degrees of modification of its effect 10
different families, or to three weparate gena, cannot be decxded upont
the evidence at present available.

So far as myotoma scqunita 13 concerned the existence of ths
conditian a1 o specific entty must ako be called 1nto quatcs. In
Thomnscn s (1546) view rany cases 50 diagnoeed were m fact Pl
of myotons congenita or dystrophia myotonica. It 15 also true that a
myotobmd disturbance of skeletal muscle (Hoffmann 1897) or general
1zed muscular bypertrophy (Debré and Semeluigne, 1935) may occur
m d Clinically and electromyographrcally however the
abnormally slow mutcular contruction and relaxation which are seen
m this condf are duffe from true my in. The me 13 prob-
ably troe of the symp “ i2" which is llymenina
vanety of neurological conditions, weluding polyneurits (W oester
Drought and Sargent, 1957) progresive nnuscular atrophy (Cabot
Case 40442 1954) and palymyosdis (Layam e o, 1955) Frobably
this phenomenon is better referred to as psendomyotoma, rather than
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myotonta acquinta, in order to dutingush it from the inhented
divorder

5 Conclnnions

It may be concluded that myotoma congenita (and 1ts vanant
myotonma paradoxa), paramyotonia, and dystrophia myotonica are all
mhenited as autesomal dominant charactensues, though the manifes-
tatons of dystrophia myotomea particulady may be modified giving
e to apparent incomplete penetrance of anticapation 1n some families
ths modification may be due to the allehc gene It s not yet certain
whether the three conditions are independent entiies or vanants of a
sngle dsease process, nor can 1t be decided whether they can be
attributed to the vanable effects of a ungle gene or to three different
genet.

C. Faumuan Periopic Pararyss

In famibal periodic paralyms, repeated attacks of paralyms of the
sleletal musenlature occur which can occanonally be severe enough to
came death (Holtrapple, 1905) but more often spare the rapiratory
and pharyngeal muscles. The ducase may begin in the first year of hfe
{Burzard, 1901) or at any age, and the attacks, whilc they are charac
terstically present on waking in the morming and may be induced by
cxererse or by a large carbohydrate meal, vary in duration from a few
hours to a few days (Talbott, 1941) Occanonally the weakness 1
localized to the muscles of a angle lmb (Zicgler 1949) In patients
who have had numerous attacks permanent muscular weakness and
vasting may ensuc (Bicmond and Daniels, 1934 Bickerstaff, 1953)
“hile prendohypertrophy has been reported (Tyler 1950)

Axtken ef ol (1937) showed that attacks were often asocated with
2 all n the scrum potasnum and could be rebieved by potasuum, but
wveral amulis have been deseribed in which there was no fall in
Y%Tum potamum dunng attacks (Tyler et al. 1951 McArdle 1956)
a0d sporadic cases can ocenr 1n which the level 1 actually rised when
weaknen b1 at ity height (Bull ¢f el. 1953) Furthermore, the conditon
may occor in bination with thyrof (Dunlap and hepler
1931 Robertson, 1954) Conn ef al. (1957) found that the attacky
could be related to penods of sodium retenton, due to internuttent
secreton of aldosterone. It seems evident that the condition is not a
tpecific disease but a syndrome resulung from a metabolic disorder
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panage of myoglobm in the urine, are not uncommon 1 individoak
who show po other evidence of muscular diease, though permanent
muwcular wasing may sometimes develop after repeated atticks
(Meyer Betr, 1911) Hed (1955) described 3 brothery, each of whom
bad suffered repeated attacks of thuy nature, but most of the reparted
cases have been sporadic (Raner ot ol 1956) The idiopathic paroxys-
mal form of myoglobiruria seems likely to be due to an ntermittent
dusorder of muscle metabolum and Hed 5 (1953) experrence suggess
that this may sometimes be genencally determined.
G Orurz Muicix Dorasns

1 Afyasthema Gravis

The most charsctenstic feature of myasthenia gravas is an aboormal
degree of fangality of skeletal muscle, and thu fatigabihty may be
parnally or completely reversed by anticholinesterase drugs. The
disease is much more common 11 women than 1n men, and most cases
are sporadic. A transient mynnhcmc syndrome can occur in bables of

myasthemc mothers pr bly due to tr } crfn chu\in-
esterase like substance across the pl. while

grava has alw bem ducrﬂxd (Sc.hlaingcr and Yn.H:n, 1954) in
hild O! pp J A mh‘mmy
remits.

Myasthenia graves occurnng in more than one sib has been reported
by Bing (1939) Hart (1927) Rilcy and Frocht (1943) and Mancun
Ungaro (1945) and Noyes (1930) described 1ts occurrence i a father
and two daughters Rothbart (1937) reported three brothers in whom
myasthenia gravis began between 6 weeks and 6 monthy of age, whik
Levin (1949} descmibed congenital myastherua m two sibs, It I3 now
becoming apparent that this condition n probably a syndrome of
vaned etology and pot a dutinctive disease (Rowland, 1955 Patenon,
1956) Whatever the nature of the bochernical lenon responsible for
the canditron, 1t 15 apparent that this may somctimes afflict more than
one member of 2 family though no dntinctive genchic pattern emerge:

2 Ametsma Congemia

It 1 apparent (Brandt, 1950 Walton, 1956b) that mast cases of
severe generalized hypotonia of the skeletal muscles, present at birth,
which many would call amy i (Or helm 1900) are
suffenng from apinal muscular l[rnphy of the “adnig Hoffmann
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type, a disorder which will be conndered below In a few instances
th chinical picture may result from prnimary glycogen storage discase
of the mmcles (Gitnther 1939 Clement and Godman, 1950) the
occurrence of this conditton 1n 2 sibs has been reported by Krvat et of
(1953} Glycogen storage disease of the hepatic form Is probably in
benited a3 an antosomal recesuve character (Hanhart, 1946 Klein,
1953) but the lar form 13 brochemically different and 1ts mode
of inhentance has not yet been establuhed (Knwit ¢f el 1953)

In additton to these duorders 1t 13 apparent that some infants with
congemtal hypotonia are suffenng from a bemign dmorder (Brandt,
1950) Walton (1957) reported 17 such cases under the title of “bemugn
congerutal hypotonia” 9 recovered completely but 8 had small, weak
muscles throughout Iife. ATl of these cases were sporadic, However, the
cases with incomplete recovery were strnikingly nmilar to the *benign
congenital myopathy™ which Turner (1940 1949) described 1n 6 of
13 members of a nbstup and to the * 1 umversal 1
hypoplana” of Krabbe (1946) which Ford (1952) has described 1n a
mother and daughter Shy and Magee (1956) have described a similar
dnorder affecting 5 patients 1n 3 generations of a family- the pattern
of mhentance mggested a domi gene with incomplete penetrance,
In thy family lustochemcal studies of muscle blopsy specimens
revealed a cunons abnormality of the central portion of many muscle
fibers. Until more is learned about the nature of these conditions grving
me to benign congenital hypotonia, 1t would be unwue to draw any
conclutons concerning their etrology and inhentance. It 15 apparent,
bowever that they can be dutingwished from congenital laxity of the
figaments (Finkelstenn, 1916 Sutro 1947) a condition which may be
inherited as an autosomal dominant charactersstic and in which there
B a generalized hypermobibity of joints (as 1n contortiomsts) but no
muscnlar weakness,

IV NEUROMUSCULAR DISEASES
A. MoTtor Nruron Drsease

The term motor neuron dcase 1 used 1 Great Brtmn to rdentfy
that progremve proces of degeneration of the upper and lower motor
euroms which may present in three clinical forms, namely progremmve
Muscular atrophy progremve bulbar palsy and amyotrophic lateral
sclerons. In the United States, the condinon 15 often called motor "1
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tem dusense or else the term amyotrophuc lateral scleross may be usedio
identfy the condition i all 1ts chmical forms (Kurand aod Afalder
1954) In progresave muscalar atrophy wasting, weakues, and oftes
fascaculation of penpheral imb muscies dommate the dinical picture,
while in progresave bulbar palsy the pharyngeal and Laryngeal mos
cles and the tongue are first affected and there may be signs of bitateral
corticospinal tract lenons. In amyotrophic lateral sclerosts, weaknes
and spasticity of the hmbs due to corticospinal tract dysfuncton pre-
domunate, while there may be mimmal muscular atrophy and fasc-
culation around the shoulder girdles. However all combanations of the

ﬁi,j
i hanin

Fio. 15. The inbentance of progresive muscular atrophy 8 an sutoxenat domk-
pant characterhitic fn the Far family of | ermont (redrawn from Oder 1080
Brown, 1951) For key to pedigrec we Fig !

three clinical forms occur In most cases, the omset of the diseme 3
between the ages of 35 and 55 years many affected wndividuabs die
within 2 years of the onset, but some may survive for 10 years {Aftlier
1952) or even, exceptionally for 35 years (Lawyer and Netsky 1953)
Most cases of thrs discase are sporacic Wechaler ¢ ol (1w)rounc7l
no evidence of an 1nherited factor in 81 meogurt(lNQ)hG
cases, and Milller (1952) 10 190 cases. However Odler (1850) described
13 cases occurrimg in 1 Amﬂym\'umonzmdthcpcdlmﬂf‘:’
family (Fig 15) has recently been extended by Brown (1931) In 9;
Jate mneteenth century at least 18 extermve pedigrees contaimng
affected mdiidusls were described and Rurfand and Mulder (1355)
have recently reported 6 persanal families with 34 affected mdividualt,
while Robertson (1958) has reported progressive bulbar palsy showing
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tem disease or else the term amyotrophuc lateral scleross may be med to
identify the condition in all jts clinical forms (Kurland and Mnlder
1954) In progresuve muscular atrophy, wasung weaknes, and often
fasaiculation of peripheral imb muscles dominate the climcal picture,
while In progresive bulbar palsy, the pharyngeal and laryngeal mm-
cles and the tongue are first affected and there may be signs of bilateral
carticospinal tract lenom. In amyotrophic lateral wclerosis, weaknes
and spasticity of the hmbs due to corticosprnal tract dysfi pre-
dominste, while there may be minimal muscular atrophy and fasd-
culation around the shoulder girdles. However all combinations of the
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Fua. 15. The toheritance of progremlve muscular atrophy s an autosormal damb
nant characieristic In the Farr family of Vermont (redrawn from Oskr 1830
Beown, 1931) For key to pedigres see Fig 1

three climeal forms occur In most cases the omct of the duease i
between the ages of 35 and 35 years many affected Individuals die
within 2 years of the onset, but some may survive for 10 years (Mller
1952} or even, exceptionally for 35 years (Lawyer and Netsky 1933)

Most cases of thu dusease are sporadic Wechaler ¢t of (1944) foand
no evidence of an inhented factor in 81 cases, van Bogaert (1949) in 67
cases, and Maller (1952) n 190 cases. However Oaler (1880) described
13 cases occurring in 1 farmly 10 Vermont and the pedigree of this
family (Fig 13) has recently been extended by Brown (1951) In the
late nincteenth century at least 18 extensive pedigrees contalmng 90
affected individuals were descnibed and Rurland and Mulder (1955)
have recently reported 6 personal farmulics with 34 affected indrviduals,
while Robertson (1958) has reported progresive bulbar palsy showing
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dominant inhentance in a mngle family The families reported by
Myrunthopoulos and Brown (1954) conteined many cases of pro-
gressive ophthalmoplegia which may have been myopathic, In vartu
ally all of the reported families, which were of many different races, the
pattern of inhentance ruggested an autosomal dominant factor some-
tumes with incomplete penetrance.

Of great mterest are the large number of cases observed 1n the
Chamorro people on the sland of Guam {Arnold ¢ al., 1953 Kocrner,
1952, Kurland and Mulder 1954) On thu uland the prevalence rate
of the dosease is about 200 per 100 000 population, or 50 times as great
as i other parts of the world and the condition is responsible for
8-10% of adult deaths (Kurland and Mulder 1954) The chnical
pactare m these cases appears to be 1dentcal with that observed
sporadic cases ehsewhere and yet on Guam the condition appears to be
dne to an autosomal domnant gene, though sometimes with
complete penctrance and with expresion more frequently in the male
than 1n the female,

It 13 not yet certan whether the discase process 1n the hereditary
cases It different from that in the commoner sporadic form however
it is apparent that motor neuron disease of typical clinical presentation
can be genetically deterrmned So many sporadic cases occur that it
scem inconcervable that they could all be due to mutation ndeed in
these mndrviduals there is no evidence that inhented factors play amy
part in the etology of the discase.

B PrronraL MUKULAR ATROPHY

Peroneal muscular atrophy (Charcot Mane Tooth) 11 one of the
mast benwgn of all chronic neurclogical duscases. It gives nse to a
chanactenistic slowly progremve weaknes and wasting of the periph
eral lower limb muscles, but the atrophic process stopt short 1 the
lower thighs to grve the typical “inverted champagne bottle™ appear
ance. In most cases, the small muscles of the hands and the forearms
are eventually affected, while vanable sensory loss, usually slight and of
“postersor column” type may be observed in the penphery of the
Embs. Although 1t was mnitally believed that this was a disease of the
spinal cord (Charcot and Mare, 1886) Tooth s (1885) concept of the
conditiom as & form of chronc penpheral neuropathy is almost certain
ly correct (England and Denny Brown, 1952) Despite the seventy of
the muscular wasung most affected indivduals remain active undl
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latc m DLfe despite complete bilateral foot drop and claw hands,
and remarkable longewty 1n affected mdividuals 15 not uncommon
(England and Denny Brown, 1952 Hierons, 1956)

Bell (1935) 1n an cxtennive survey of publshed cases, thowed that
1 a2 relatrvely small groop of families, there was clear evidence of
trapsnusson of the discase as a sex hnked recesnve character (Hemng
bam, 1889 Church, 1906) In a firther small group of familics, the
discase had occurred in only 1 sibship and 1n these an antosomal
recessive gene seemed probably to be responsible, though it was im-

ible to exclude sex-linkage 1n the families contaimng only affected
*
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Fra. 16. A pedigree (for key see Fig 1) of perooeal mmcular atrophy indicating
; inbertance it occasiuml e p (redrmen
from Hierans, 1956,

males, or incompl ofad gene in the others. In
ther:munmgmdlugmg‘nm of families, which incladed 429
affected mdividoals, e, 69% of the 620 published cases, there was
clear evidence of autosorml donunant inhentance, with po dear
evidence of sex hmitation, sy 225 males and 204 females were affected.
In certamn families, there appeared to be meomplete penetrance, s the
diseate was tramsmitted by an nnaffected parent, but it must be
remembered that some indnaduals might have been munimally affected
with a forme fruste of the disease, while other parents nught have died
before the disease become manifest. Recent reports have confirmed that
dominant mhentance of thrs condition 13 usnal (Fig 16) In the family
of England and Denny Brown (1952) the discasc was pased through
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7 generations without a break but the gene did not show all the
characterstics of complete penetrance as the number of unaffected
indradusls generally exceeded the affected 1 each generaton. In
another large famuly reported by Hierons (1956) many of the membery,
both affected and unaffected achieved distinction 1n public e and
records are available covering 8 generauons. Again the pattern sug
gested I domi tra but thu ume there was more
evidence of incomplete penctrance, with occasional “skipping™ of an
indridual who transmtted the disease.

The nuggestion made by Allan (1939) that the recesnve form of
peroneal atrophy s the most severe was not borme out in Bell s (1935)
analym. There was some suggeston of antiapaton m the family
reported by Schwartz (1944) but sgain thu 15 exceptional ndeed
Haldage (1941) found a remarkably constant age of onsct i different
generauons of a ungle family England and Denny Brown (1952)
noted that i ther famuly severe cases began carly muld or *forme
fruste™ cases late, but that examples of each were apparently scattered
&t random throughout the generations

Attempts to demonstrate hnkage between the gene for peroneal
atrophy and those for tasting phenythiocarbamide (Bell, 1933) and for
the blood groups (Hierons, 1956) have so far been unsuccessful

It may be concluded that peroneal muscular atrophy 1 generally
the result of an sutosonal dommant gene, often showing incomplete
penctrance, but that examples of sex hnked and posible autosomat
recesve mhentance of the disease are on record. The relationship
tetween this condihon and other memben of the hereditary ataaa
groep will be condered shortly

C. Proorexive Hyvrerrrormce PoLy~zuwerns

In this progressive form of penpheral neuropathy first described by
Dejerine and Sottas (1893) the dustribution of the muscular weakness
'”d“mumnmﬂu(othnobum'cdinpcmnnl muscular
trophy, but in addidon there 15 2 strkang palpable hypertrophy of
Peniphenal nerve trunky, thown hntologically to be due 10 an “omon
skn hrpﬂ‘tmphyofmclhm!ho{Sch“nnn.Scnmryloninthc
Periphery of the limbt 11 urual but 1t u rarely obenumve. Pupillary
ties, such a3 ansocona and a slow light reflex, are common
(Francou and Descamps, 1849) Among others Runiell and Garland
(1930) Sloanc (1939) Theévenard et al (1956) and Bedford and James
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(1956) have described families containing affected mdnaduals. Snyder
(1941) suggested that the condrson 1 usoally due to a recesnve gene,
as many sporadic and solated cases occur However in the families
reported by Rumell and Garland (1930) and by Bedford and James
(1956) the pattern of Inhentance was typrcal of autosomal domnance
(Fig 17) Bedford and James (1936) panted out that jminally they
believed that therr family contaned only two affected sibs, but careful
ination of relatrves mbsequently ind d that thy impresi

T IS
IR 6T
Tl

Fro. 17 Apcd.lpt:(tcrbcym}‘i;.l}u{' i
mdwating dommant Inberitance with possible inmmplcmpcuanur(rtdrnn
from Ruomell and Garland, 1930)

8 b

D Prrovear Atrorry Hreexrropmio Neovrrms, asxo tax Orarr
HEREDITARY ATAXIAS

Although 1n some famihes, peroneal atrophy and hypertrophic
neunts may “breed truc® m many affected mdmduals, thess diseases
may be found m bmaton with other ber discases of the
“hereditary ataxia® group including particularly Friedrewch s ataxia
and optic atrophy Thus Spillane (1940) Roth (1948) Shepherd
(1955) and Hierons (1956) among others, have reported fammlies m
which ome affected mdriduals showed ngm not only of peroneal
atrophy, but also of Friedreich s dusease. Reunitls pigmentosa was
observed in 2 individuals with hypertrophic neuntis in the family of
Bedford and James (1956) while scvere scnsory changes like those of
hereditary sensory radicular neuropathy have been reported tn pero-
neal atrophy (England and Denny Brown, 1952) Biemond (1928)
found hypertrophy of peripheral nerves in only 1 of several affected
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members of a family 1n which the mandestatons were otherwise
charactenisic of peroneal atrophy The heredopathia atactica poly
neuntformis of Refium (1946) and the famibal arcflexia (with pes
cavus and dysarthna) of Roussy and Lévy (1926), as well as hereditary
spastic paraplegin, which 13 somctimes accompanied by optic atrophy
(Bickerstaff 1950), are probably other members of the group

Although many of these discase entities occur wvartually in “pure”
form m certain families, so many tr 1 and intermediate cases
occur with connderable individual varinbility even within a mngle
family that there s some substance 1n Cobb s (1944) view that the
entire group of disorders may be mcluded under a mngle genenc
heading namely “famihal system disease of the neurans.” In view of
this vanability 1t will ondoubtedly prove dufficult to molate the gene
or genes responuble for any single dusorder i the group Indeed
Haldane (1941) has miggested that each of the prnncipal chnlcal
syndromes may be due to a combination of 3 or 4 genes. As a result of
mteraction between these genes and modifiers (possibly multple
alleles) strikang vanations in clnical pattern and age of onsct may be
e

E. IxrantiLe SprNAL MusCULAR ATROPEY

Acrording to classic desaiptions (Werdnig 1891 Hoffmann, 1893)
this condition begins usually 1n the second 6 months of hie with weak
new and hypotonia of trunk and proxmmal hmb muscles. Progresdve
paralyns of all the skeletal musculature ensues and death resulty, often
withm a few montha of the onset, from respiratory infection. A small
proporion of affected children Live, though grossty duabled, for a
tumber of years. It has already been painted out that many nmilar
s with an omet at birth which have previowsly been called amyo-
tonis congensta, rightly belong to this group, as do some children with
arthrogryphosms multrplex congenita, m whom the muscular weaknesns
azd wastmg was duc to & degeneration of antentor horn cells beginning
m fetal Lfe (Walton, 1957)

(1934) review ed published cases of the W erdmig Hoffmann

and found that 23%, of the sibs of propenti were affected by the
disease. Thus calculation suggerted that the dusorder was due to an
utosomal recesmve gene, as did the observanons of Hanhart (1943)
“bo, in reporting 29 cases, found consanguimity 1n 6 of the 14 families
coacerned  Concordance in identical twins has been descnbed by
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Forbuy and Wolf (1930) Thums (1938), Thomas (1941} and Ford
(1944)

Brandt, (1949 1950) found 112 cases of thes type mn Denmark and

Jcalated thar appr ly 1 new casc occurred each year per
1,000 000 of populatron. In lns matenal, there were 57 affected boyr
and 55 girls 1n the 70 families. Two mothers had affected chuldren by
mare than one man and comanguimty had occutred 1o 4 families
(5.8%) whereas 1n & control group of 290 famihes, the incidence was

é

4

Fra. 18. A {for key see Fig 1) of infantile epimal muscular atrophy
showmg pu.ﬂ'"r‘tr.nd b 1 recermve Inb {family
XXIIT redrawn from Brandt, 1930)

only 07% Expremvity of the gene was wvanably complete uwsng
W esnberg’s proband method, 30% of the sibs of proposit: were affected.
Despite the fact that the figure was conuderably higher than that
expected, Brandt (1949 1950) concluded that the discase was doe to an
autosomal rcceu:vc dunztcr (Fig 18} though he made the reser

vaton that was a possibility 1o some familier.
Invzcwcftbcflttthatnﬁ'cctcdmdn‘ldmhnntrrepmdu&;thc
latter would seem unlikely and other recent workers (Arthus 1954,
W alton, 1936b) have agreed that the available cvidence painty strongly
to autosomal fecesuvity though the unusually large proportion of
affected ipdivaduals, particulardy 1n some families, cannot yet be
expluned.
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Y GENERAL CONCLUSIONS

While it 13 apparent that much has been learned in the Iast 50 years
concermng the inhentance of several important diseases of the muscu
lar and neuromuscular systems, we know as yet very httle concermng
the means by whuch the responsible genes produce thar effects upon
the muxcle (in muscle dacases) or upon 13 motor nerve supply (in
nenromuscular diseases) Although much more informaton is needed
concermog the inhentance of many of these disorders, and may be
acquired through carcfully planned field surveys, 1t 18 clear that the
cimcal geneticist must turn to hu colleagues in biochemistry and
hrstopathology for help 1n 1dentifying the action of these deleterrous
gener. From such work sters the hope of finding some method of
modifying their effects, and of eradicating these distresung discases.
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lenlated that app ly 1 new case occarred each year per
1000 000 of population. In s materal, there were 57 affected bop
and 55 girls in the 70 familics. Two mothers had affected children by
more than one man and consangumity had occurred in 4 famiks
(5 8%) whereas in a control groap of 290 families, the ncidence was
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Fia. 18. A pedugrec (for key see Fig 1) of Infantile spinal muscalar atrophy
sbowing coo and tmg ! recemnve Inberitance (miy
SOMIT redrawn from Beandt, 1950)

only 07% Exprosuwity of the genc was mvamably complete nsing
W aanberg’s proband method, 30% of the abs of propont: were affected.
Despite the fact that ths fignre was considerably hugher thao that
experted, Brandt (1949 1930) concluded that the disease was doe toan
autosomal recemsive character (Fig 18) though he made the rover
vation that meomplete d was a ponibility in some
In view of the fact that affected fmdnduals never reproduce, the
latter would seem unlikely and other recent workers (Arthus, 1934
Walton, 1956b) have agreed that the available endence points strongly
r&;;:m;!:;mny though the unusnally Targe PW“"”::
mdividuals  partcularly 1n some families, cannot yet
explaned. ’ - ’
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CHAPTER I
Remarks on Muscle
ALRERT SzENT-GYORGTI

Most of the wniter’s thoughty, and both of lus hands, are engaged in
a different field of research only locsely connected with muscle. So if
he cannot resist the temptation to follow the Editor s imatation to con-
tribute to this book, he must umit hunself to general remarks having no
recent personal research expenence to present.

Muscle, m hus mnd, 1s still 2 mystery —more than it ever was—
because the accumulating observations remain usolated, or even seem
1o contradict one another

The most banic observanon about muscle chemistry was made a
century ago by W Kithne, who found that this tissue contained a
great quantity of a speaific protem which he called “myenn” which
evdently played an important réle 1n the speafic function of musele,
contraction.

The next interasting development took place outnide the muscle
field. It was the gradual development of the knowledge of nucleotides,
ATP and the high-cnergy phosphate bond “~ " which seemed to be
the source of the energy which aliments vanous biological processes,
mduding muscle contrachon.

The fint step toward a synthess of these findings was made by
Engelhardt and Ljubimowa (1939) who duscovered that myosin could
split off the terminal phosphate of ATP hberating thus the energy
which 1t needed for 1ts warking

Shortly afterwards actomyonn was ducovered, its components actin
t0d actin-free myomn, were msolated (Szent-Gydrgy,, 1945 1947
1on Ardenne and Weber (194]) Schramm and Weber 1942) This
Protein complex showed, 1n a proper 10nic atmasphere, violent changes
m 1ty physical state on addinion of phynological concentrations of ATP
These changes involved a loss of charge and hydratnon and entailed
3 shorterung of the fibrous protein parucles. Threads, prepared from
an yonn gel, which d the fibrows protemn particles 1
fandom onentation, amply shrunk on addition of ATP However of
the parncles had thewr axes arranged paralle] to the axs of the thread,
then on addiron of ATP this latter shortened without getting thinner







CHAPTER \IIO
Remarks on Muscle

ArpERT SzENT GYORGYI

Most of the wnter's thoughts, and both of his hands, are engaged 1n
a dufferent field of research only loosely connected with muscle. So of
he cannot resist the temptation to follow the Editor s invatation to con
tribute to this book, he must himit himself to general remarks havmmg no
recent personal research expenience to present.

Muscle, in his mind, is still & mystery—more than it ever was—
becawse the accumulating observations remain wolated or even seem
to contradict one apother

The most banc observation about muscle chemistry was made a
century ago by W Kithne, who found that this tmue contamned a
great quantity of a speafic proten winch he called “myonn” which,
enidently played an important réle 1n the spedific function of muscle,
contracton.

The next interesting development took place outnde the muscle
field. It was the gradual development of the knowledge of nucleotides,
ATP aud the high-encrgy phosphate bond “~ ™ which seemed to be
the gource of the energy which ahiments vanous biological processes,
wchuding mnscle contraction.

The finst step toward a synthess of these findings was made by
Engelbardt and Ljubimowa (1939) who discovered that myosin could
split off the termunal phosphate of ATP hberating thus the energy
which 1t needed for 1ts workang

Shartly afterwards actomyonn was discovered, 1ts components actin
and actn-free myomn, were wolated (Szent-Gyoegyr, 19435 1947
von Ardenne and Weber (1941) Schramm and Weber 1942) Thus
Protem complex showed, 1n a proper ronic atmosphere violent changes
m 1ts phyucal state on addition of phymological concentrations of ATP
These changes involved a lows of charge and hydration and entaded
2 shortening of the fibrous protein particles Threads, prepared from
1 actomy gel, which d the fibrous protan particles 1n

rfandom onentation, nmply shrunk on addinon of ATP However if
the parficles had therr axes arranged parallel to the axis of the thread,
then on addition of ATP thus latter shortened without getting thinner







CHAPTER XIII
Remarks on Muscle

ArsreT SzExT GYORGYI

Most of the wniter s thoughts, and both of hit hands, are engaged in
a diffcrent field of research only loosely connected with muscle. So 1f
he canmot reqst the temptation to follow the Editor s unvitation to con
tribute to this book, he must lirmit himself to general remarks having no
Tecent personal rescarch expenence to present.

Muscle, in bus mind 1 still a mystery—more than 1t ever was—
because the accumulating observationt remain solated, or even seem
to contradict one another

The most banc observation about mutcle chemistry was made a
century ago by W Kihne, who found that thus tinne contaned a
great quannty of a specific protein which he called "myosin® which
evidently played an important rble 1t the speafic function of muicle
coatraction.

The next interesing development took place outnde the muscle
field. Tt was the gradual development of the knowledge of nucleohdes,
ATP and the high-cnergy phosphate bond “~ " which scemed to be
the source of the energy which aliments varous biclogical processes,
meluding muscle contraction

The fint step toward a synthens of these findings was made by
Engelhardt and Ljubimovwa (1939) who discovered that myonn could
split off the termmal phosphate of ATP liberating thus the energy
whuch it needed for its working

Shortly afterwards actomyosn was discovered 1ts components actin
1od acunfrer myomn, were wpolated (Szent-Gyorgyl, 1945 1947
von Ardennc and Weber (1941) Schramm and Weber 1942) Thu
Protem camplex showed, 1n a proper 1omc atmosphere, violent changes
mits phyncal state on addinon of phynological concentrations of ATP
These changes mvolved a loss of charge and hydration and entailed
a thorteming of the fibrous protemn particles. Threads, prepared from
1 actomyonn gel, which contained the fibrows proten particles n
random orientation, nmply shrunk on addition of ATP However af
the particles had their axes arranged parallel to the axs of the thread,

then on addinon of ATP this latter shortened wathout getang thunner
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maintained 1ts volume, similarly to contracting muscle. The smlogy
between muscle contraction and the collesdal changes brought about
by ATP 1n actomyoun could be brought even closer by the "glycena
ated muscle” (Szent GySrgyr, 1949) that » muscle fibers extracted
with glycerol, which not only contracted on addition of ATP bat
developed the same tension as they developed maximally o oow The
concluxion seemed to be warranted that muscle contraction fs an mter
action of ATP actin, and myosin an interaction which entails violent
changes in colloidal state apd involves a shortening of the fibrows
particles of the protein complex, actomyonn. The free energy which
cnabled the shortening fibers to Lft a weight and do wark is supphed
by ATP the terminal ~ of which Is hydrolyzed 1n the process. Ths far
the observations seemed to converge toward a decper understanding
Further development concerned the second part of the contraction
cycle relaxation Manh (1951) showed that muscle contained a factor
which, in presence of ATP caused swelling of muscle fibers indoang
changes analogous to relaxation, There are recasons to believe that the
“Marsh factor™ is actoally responsible for the relaxation of muscle
fibers. Since the actomyoun ATP system does external work and
1pends free energy in its contractian evidently its relaxed state Is its
high-encrgy the contracted ity low-energy state 1 In a thermodynamt

It could be objected (o that the relaxed state cannot be the high-encrgy siate saxe
rd-nﬂmunpn}vcptmwhkhdmnndammgy vacwu-a:dnnn:hbdrv

mdﬂymmiadbymm.nm~ fon Is oty
mlpp::m(m&hmumzlhn,lhll: lcn-ll}m:nh:(,hhun.hc-:cmduym
sequence of another rexction ter) »0 aho, the extensibility which folows
contraction Is but the b ) another which

corsequence m:don
preceded it. This primary procos is probably no other than the dimociation of
actoeryosin mum.uw \"hﬂcncmr:ryalnunhnemmu!\rhs
free

hﬁ:m(bu-hxnu\cmrdadlhhp‘hmrymnbmwhkhmhuthe

Omcudd.hoobjcnmme-bmelhermodymmh:auumklndmlathﬂbmﬁ
that the contractile matter has no two ststes which differ In ther energy content,
bemg comparable to an chevator which can stop at arry polot and will move oaly &

between

elevator and moscke bowever 13 different snce energy (o an elevator & nupplied,
unnlly by an cutside source located far smay The pnuscle machipe bas to Inchude
Ity own encrgy sourte and would (s be comparable 1o an elevator driven by an
acanmuator m the devator tclfl Function, a1 In mouscle, would have to
ool € lous of enengy of the sotal system, and 10 the high-encryy state would bave to
be the initial resting st the low-energy ooc the fmal stage afier the work i done
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cal semse muscle contraction 13 thus a spontancous process and the
contracted state Is the more probable one. So, thermodynamucally,
the puzzle s ot why muscle contracts, but how 1t can stay relaxed
and what makes 1t relax, once contracted It scemns likely that the
muscle can stay relaxed because it contains no actomyonn, only actm
and myonn, nde by nde, and so 1t also seems hikely that what the Marsh
factor does s to dissodiate actm from myomn. The relaxang factar
seems to help actomyonn to stay 1n this dissoaated state becanse jts
Inactivatron, as can be effected by the additton of calcrum, cntails
immedhate contraction. How far 1t uses solely the ~ of ATP and how
far other ~ 35 as that of creatne or carnonne phosphate, 15 unsettled.

ATP can thus be demonstrated to have two actions acting durectly
on actomyoun 3¢ produces contraction and acting through the relaxmg
factor 1t produces relaxatron. It seems to be able to produce contraction
only when the relaxing factor 1 inoperattve. The tnggening of contrac
bon may thos be 1 2 sense an mactivanon of the relaxing mfluence,

The relaxing factor presents a2 number of most fasanating problems.
Its fanction has been made sull more emgmauc by the discovery of
Komagat of o (1955) accordmg to which this factor can be spun
down at relatively Iow speeds and thus can be located 1n granules as
definitc morphalogical entittes Thus far all attempts have failed to
show that a substance 13 produced by these particles which diffuses ot
of them and makes actomyonn relax. But, if nothing diffises out, how
€an changes be induced 1n actomyosin by something which happens in
(o7 0n) meresomes? This 13 one of the mont fascmating puzzles st
praent.2

Contmmng the Int of observanons, beanng on the theory of muscle
contraction, the studies should be mentioned which relate to the detail
ed siructure of myonn (sce \olume I, Chapter I) Myoun 15 not
& homogeneous substance but 1 built of different segments Under
the mfuence of proteolytic cnxymes the myonn “molecule” breaks up
Into three dufferent parts with widely different propertier. Various
tmzymes produce, if not identical closely simular unrts, meromyosing,
20 that there are reasons to belies ¢ that these unts were preformed even
i the mechannm of the enzyme action, which liberates them, 1s still

J'mmtn:ﬁndnhon.olublcfnamwﬂchmbecmu-ifuguim
H"" Lr sohuble enzymes, Like [CET or phosphio-
Mvhnphopbcme)mpkumcmammummu
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under dscusuon. What 13 rather unexpected s the fact that only oae
of the three different meromyonns splits ATP and umites with actin
while the other two have properties which suggest therr participation in
the process of shortening but nather sput ATP nor form Links with
actin. Bug, if this 13 30 and the “L-meromyosine™ shorten and perform
work and the “H meromyosimd™ hiberate the energy, then how can the
energy liberated by the H's do work m the L &

In the extracted myotin the three meromyosn particles are attached
to one another in seniea bat there 13 & certain measure of incertitude
about the dutribuuon and wmterrclation of the meromyosing while
they are 1 the muscle. What we have, for a long tme, regarded as
myosin with a molecular weight of about 10° g turned out to be a
dimer formed out of two smaller molecules which amoasted only
after their extraction (Lakd and Carrall, 1955) But if this i so, then
is It certain that what we regard as “myonun” today is ot something
formed out of meronTyouns caly 1n our flask? Does the muscle contain
“myonn” at all and not only meromyosins? Recent immunological
studres grve support to this latter assumption suggesting that the three
different meromysosins have a different distribution within the “A
band Thete are problems which have yet to find the final anywer
at present, they show the incertitirde of our knowledge, which admits
doubts even about the existence of myonn which, for almost a century
ws the bans of all of our sdeas.

Even the nature of the meromyosing 1s doubtful If treated wath vrea
they fall to a great extent 1nto “protomyonns,” very small uniformal
units of equal sze of 8 molecular waght of somewhat lexs than 5000 g
Urca does not split covalent bonds, only H bonds, If we define &
malecule 23 a structure bult of atoms, held together by covalent
bonds, then the meromyonns, and with 1t the myosin, are not molccules
atall What v remarkable 18 the fact that the myosin 1v ot decomposed
mnto protomyouns by urea, only meromyosins are decompesed by It
This means that the myosin particle has & “structure stabilicy = 2
stability like that of an egg shell which 1s inked to the intactners of the
whole. Once thh s damaged the entire pound terds to go to
preces. Nature does not indulge 1n luxuries or superfluous comphcations
and 50 all this must have a meanmg and close beanng on the theory
of contraction In the writer s optmon we will understand muscle only
when we are able to tell how all these very involved stroctural
details bear on functon, and what are therr meaning and importance.
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While these chermcal studies directed the attention, more and more,
townrd the submolecular level H Huxley’s magnificent electron
microscopic pictures put histological structures into focus again (sec
Volume I, Chapters VI and VII) These prctures showed cross-strated
muscle to contain two sorts of fibem, thick ones and thin ones The
foemer occupued the A band while the thin ones reached from the Z
lmres to the H band. Exrlier chemcal studies suppart Huxley s conten
tion that the thick threads were myonn (Hasselbach 1953), and no
defimite objection can be raised agamst his agumption that the thin
ones were actin. Accordmg to the theory developed by H Huxley Al
Huxley andJ Hanson contraction conslsts of the thin filaments bemg
pulled 1n between the thick ones, which procens could account for
about 309, shorterung Since the body muscles, a3 a rule, shorten no
more than 10-13%, the theory can account for the whole dimemmonal
changes under phyxological conditions. The motion pictures taken
by A, Huxley of Living muscle can leave little doubt in the spectator s
mind about the basnc correctness of the theory

Undoubtedly the theory means a most important step in our under
standing of the mechanics of muscle contraction. In a way it seems to
be at vanance with the earlier theonies which supposed major changes
m collowdal state and folding The Huxley theory of sliding filaments
urvokes only a shding of the unchanged filaments. In the writer’s
opmion the Huxley theory is, by no means, contradictory only com
piimentary Evidently the shding of the filaments is the result of some
change which had to precede 1t, which changed the utuation in such a
way that the free energy of the system decreases when the thun fila
ments come to Lie between the thick ores. What thuy pnmary change
B, which 1 actually responsible for the transformation of chemical
encrgy into mechanical work, we sull do not know It 15 this primary
Procens which declares itself 1n superprecipitation when 1t takes place
In a0 actomyorn suspention, or declares 1tself 1n synacrenu or contrac
on ifit occurs in an actomyonn thread. In the whole muscle it declares
10eifalso 1n the development of the “active state™ of Hill The shdingis

" The anthors epeak about the “thdmg’” of filamenty and the theory i often called
that of the “uliding flamenty™ In the writer + opitron this name 11 mileadiog o at
Yot erpesfied. “Shdieg” 1ovolves the kdea that the two kinds of filaments remain
*nalght and fust sfide along one another as two sticks would. The Britnh authors

that this fs it bappens but bave Do evadence foe it What happens
;’u’“hhﬁhm:mwbcnuhpuﬂuiinmchnthﬂmwedomtww
*eeru pomible, though not ikely that it does fold up or bocomas creascd.
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1ts secondary consequence. In cross-stnated muscle which has to work
fast, this ahiding makes a rapid shortenung of the whole system ponsible,
In smooth muscle there 13 no analogous arrangement which could
make 2 rapid shiding possible and hence the only secondary change
we sec is a shortening which must be due to some sort of folding,
equally a secondary contequence of the pnmary change. This foldg
15 3 much dower process than the shding. Ths folding and scrual
shartenirg of fibrous particles can occur equally 1 cross-strated muwsde
though not under physdological condiuons. The sliding of fllaments
allows a shortemng of 30°, but crossstnated muscle can shorten by
@13, Fifty per cent of this must be doce to some change analogous to
the shorteming of smooth muscle

The actual mechanism of muscle contraction, the chemical reactions
and energy changes w hich introduce it, and the physzcal changes whsch
accomparny ft, are not the only blanks on our map There are mor
phologrcal structures a3 the endoplasmic reticulum of Pallade and
Porter (sec Volume I Chapter VI), the functinn of which is entrey
unknown, which may hold the key to smportant problems The other
chapters on musele function, a3 the triggenng off of contractron by
changes in the memb thee between membrane and
actomyonun are about equally obscure as the function of the contrac
tile muatter soelf. Everything scems possible and even my “window
field™ /Bay et al., 1903) which seemed 10 be dead for some time scenys
to get a new lease on life by recent studies (Csapo and Sazaks, 1958
Csapo, 19.8)

Summing up we ean say that the central happening of pruscle con-
tracuon, 1o which chemical energy 1s tramlated fnto mechamcal work,
13 jurt &y much & orystery a3 jt ever was and one nught ask why inspric
of the great number of mteresting obwervations made, we still do rot
undernand muscle Not only do we not understand st, the newer
otnervanons, instead of sdding 1o our understanding, secrm only to
mbble away our old ideas. Onr may wonder why musde research has
bogged down and why thss lack of understanding (Szent-GyGrgy%
1945 1917) My impravon i that our bauc outlook on such com-
plex biological reacunns ay mumlcconu:.cxmuwmng Biochermstry
and our whole buoct 1 d too much by
clainical chemucal conerpts. We make progress only in the analyus of
structures and reacuons which can be expreised by letters and dashes,
the symbiols of clasucal chermustry W e make no progress m the analysn
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of more subtle and more involved biological processes, as the produc
twn of mechanic, electnc, or exmotc work, This may be for two reasom
partly because these processes involve changes in the phywcal state of
complex systems and are not the results of processes which could be
duplicated 1n homogeneous solutions, and be expresied with letters
and dashes. The other reason may be that we blinded ourselves by
looking too much on clamecal chemistry and bave failed to see that
quantum mechamecal changes may play a leading réle with delocalrred
dectroms and the hike, The ngnal given by ATP 1n the electron spin
renance expenment pleads strongly for such an assumption (Isen
berg and Szent-GySrgy1t 1n prem) The wnters personal studies
move In this direction and his preeccupation (Szent Gydrgyr 1945
1947) on this line may serve ns an excuse far the grave shortcomngs of
thus article.
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