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PRLFACE

O\er the past ten jears the author of this volume s been
oceuped with electran microscopie studies of the ultra s!mti'lurc
of the heart and blood vessels The results of these studies have
hieen poblished i vanous Eaghsh French ftahan and Cerman
seientific journals A small summation of the a\\lhn: s yesults up to
that time appeared 1 book form w New Yosh m_\%al and ameno
graph m 1957 (1957g) m Germanv  Swnce 1951 the mcthods of
€lectron mucroscopic study especally fivahion and embeddimng of
specmens the wse of plastic as an embedding medum and last
but not Yeast methods for obtammng ultra thin sections have been
changed so completely that the present senes of pictures made
m 1n of the aft tioned studies are hardls com
prable at all with those pictures published back m 193} The
photographs of recent years allow the recogmtion of presioush
unsnspected detals structures 100 A or less i size bewng clearly
vsble  Thus we are now afforded a previously unhoped for
widening of our honzons and an altogether new understanding
of the ultra structuse of ¢ ssues wnd thew fonctions

A punaip prezequisite of il phivsiology 15 the recogmtion ot
the structure of argans and tissues if one wishes to understand their
functions  This becomes espeially apparent when one Jooks for
example at the vitrameroscopse struchure of capillaries and real
vees that thus structure s the heystane of countless phy siologea]
and pathological processes which cannot be understoad without
Brst wnderstanding the exact make op of the capillary wall

The specific cell type found m the lungs which was desenbed

b Schhiphoter (1954} and mdependenth By dus author i 1955
on the bass of electron mier
substantinted 1t pot

ascopie studies has now beun well
ints to a new fanchon of the lung unkn

own
untilnow even though these cells ase a yet ot clearty understood
a5 to therr physiological significance

v



vin CARDIOVASCULAR ELECTRON MICROSCOPY

In regard to the heart, clectron microscopy has provided the
answer or 1t least pomnted to the final answer, to the age old ques
tion of why heart muscle can withstand 1 Lifelong spn of almost
continuous work It has also vielded new aspects for the mecla
nusm of angin pectons nd of axon reflexes

These few examples explam why, working n electron micros
copy onc comes to feel that the electron microscope walf very soon
be as vital to the future development of physiology pathology,
and mdeed every branch of biology, as the old Tight microscope
w1s to the nmeteenth century development of these sciences

This httle volume attempts to show n 2 hmited arer what the
new method of electron micrascopy has contributed thus far to
the science of curdiology  The presentation s based dmost wholly
on the author s 6wn research since, unfortunately his own proncer
mg worh has to dute, attracted but few co worhers nd associites
m thus held

The techmenl difficulties of electron nueroscopy are vers greit
even todav and as always m histology one must face the question
of just how much of the observed matenal 15 actunl nd natural
structure nd how much 15 artifact produced by techmeal
adequacies  The danger of the artifact which begudes owr
judgment must not be undersated  On the other hand fear of
musimterpretation must not be llowed to stand m the way of
progress  To give an example from my own expericnce  the gret
number of sarcosomes m the cardric muscle of w ammal when
compired with its sheletal muscle (B Kisch 1950) could neser
hve been an artifact, even of the pictures of the heart obtunible
nine vears ago were much less creditable than those tikhen taday
The mmportwnt advance to cardiology of recogmzing the swco
somes as vital parts of cardine muscle fibers (B Kisch 19521) was
achieved on the basi, of those ewrly wnd very poor pictures  The
mportance of sarcosomes to cardiology 15 of course being worked
out more fully today by mews of the mudh hetter pretures naw
avalable  Sull today and cven i the field of hight microscopy

wtifacts plyy anmportmt put  In the histology of the Tt 150
vears they hue led to mun myjor discovenes  After i cvers
stam 15 arbificrl nd any me thod of fixation wnd embeddmg Ioads

to falsified prctures
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An example o; thxfsrimlm e‘m‘:\;::“ “1‘1‘::“:;?1?: q::m‘\gec?\hcddt:g
weseased periods of B8 B rod:\ce a mapture of the ultra
mphastie aod :‘gﬂs‘\sd‘;;n‘;‘i:x\;s\sgl\seen the ‘;rg:mc“cs Thas
TMEEpSCoPIt W ‘ ‘:des‘grabk und our technuque must trs to avod
l:\\c“:\( :x::ize ;{o\\e\et ooty a dull “artifactophabe” would dis
card such prctures as annsable faling to recoguize that the:c
very mistakes provide us with an ultramieroscope ‘eaimg (ec\ h
mque for the tecognibion of the finest organelles smmlar to ; &e)
teasing techmgues which proved so usefl to hight mcroscopy
sarsage  Therefore purposely, some of these pictuses wese sbll
weorporated in tius book  Here as evervwhere the adsvancement
of science requires both good techmque and a enncal mind

1t must be emphasized that this volume stll does not pretend
t be 2 defimitive monograph on a well-defined subject  Rather st
1s a surimarizing presentation of work done to date 2 map with
many blank areas of unexplored termtory to senve 25 a s\atement
of that wlich we hope already to comprehend and a pointer to
the far greater area abont which we know nothing and which, s
yet remams to be explored

The author hias the pleasant duty of thanlung those who helped
him with the performance of these studes

Above all he must thark the small group of the 1952 trustees
of the Amencan College of Cardiology (New York) who unant
mously sated 2 Yarge sum to buy an RCA electron microseape
and to establish the Electron Micrascope Research Inststute then
the greatest acl went of the A College of Cardrol o
solely to pursue the search for knm\ledge about the ureulatory
apparatus and its problers both theoretreal and clvseal T this

tespect the Institate 1s stll umque  The author had th

e fionor of
bemy, ex\im;ted with the directarstup of this Institute Yow 1n
of and sp

P d by City H [ at Elmb
York  Fortwoyears the National Heart inst e

Mute of th
Institutes of Health (Puble Health Service) :1 \\reaﬁ::\m:‘: \
su;;?o:}t‘edt\\\sxesemch witha geant (H 1489R) won
n the following three years the research w
a8 mad
t;;‘nll\ l§mmgh generous grants of the Natonal Dm‘; Zoemp(;s:irbh
ladelphia The asarding of these grants was pnmar?l) d\::
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to the mterest wnd understanding of the firm s Vice President and
director of research, Dr Gustwy ] Martin

Despite this help however the author was forced lnching
any other support, to personally bear the heavy burden of 1 great
part of the research expenses Without great personal sacrifices
he would have been compelled to abandon these mvestigations
many years ago It was only 1n 1959 that he agam recened 2
grant from the National Institutes of Health (H-4094)

Special thanks also go to Brooklyn Medical Press in New York
for generously pernitting the use of pictures alreads published m
the journal Experunental Medicine and Surgery and, last but not
least, Charles C Thomas Publisher for prompt wnd careful execu
tion of the printing of this work

Bruno hiscu

Netw York
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METHOD OF INVESTIGATION

Detzu\s of the construchion and theory of the electron microscope
will not be consdeved here  Readers terested m these details
are referred to the many specr\\ and technical p\\bhc;ﬁmns on the
electron microscope  Readers interested only n a bird - eve view
of the mner worhmgs of an electron ricroscope are rferred to the
excellent readable desenption by Bodo von Borves m Gluckauf
(1933) and 2lso to the atudle Wy the same anthor n Radex
Rundschon (1936) or the book. by Wychoff (1849}

Basically the electron microscope operates on the same prin
aple of ray refraction as does the hight microscope Instead of
refracting hight rays hosever 1t refracts cathode fivs consishing
of free electrons

The 1dea of substituting cathode ravs for bght ravs mamly the
wark, of Bode von Bormes and B Rusha has radieally changed
the whole science of microscapy  Objects of previously mvistble
size were now brought wto the sphere of our visusl acquantance
Laght mucroseopy at its best had advanced the hmts of visble
objects to a size of about 025 »  The mgemous mathematical
and physical studies of Ernst Abbe and tus panstabing research
tnto all the matenals that could be wed 1 o Tight microseope as
hght refracting media paved the way for the trumphs achieved
::r:ugh bight microscope research  Yaght microscopes how ever

e aset finde ket wlweh is determmned not only by the wnstru

ment itself but by the wave length of the rays 1t emplays  Abbe
and other physiersts demonstrated the fact that two stparte
yiy)amcles can be seen as separate obycts onfy when the distance
lev;\\ cen them 1s at least one half the wave length of the rays used
0 usualize them  This 15 the reason why meroseopists have on

3



4 CARDIOVASCULAR ELECTRON MICROSCOPY

oceaston substituted the shorter waved ultraviolet Iight for the
ordmary white hght - By doing thus, they could mcrease somewhat
the resohung power of the hght mucroscope, and see some small
otherwise mvistble objects  Visible hight has a4 wave length of
approumately one half of one micron, and this determmes the
fact that the usual hght microscopes have 1 maumal magmfieation
power of only 1500.<

The magmfications possible when cathode r1ys we substituted
for visble hght vavs are of 1 quite different order  Electrons
radiating out from a prece of red hot metal can be directed at hsgh
speeds toward w anode m an electric field  According to von
Bornes such a beam of electrons, drven from a heated cathode
toward an 1node 1 1n electne field of 60,000 volts achieves 1
speed approximately one half that of the speed of hght Elechons
are the hightest particles known today  The wave Jength of these
munute pirticles is only a v friction (according to von Borries
17100 000) of the wave length of visible hght

These basic facts made 1t at once apparent te the first proneers
of the 1dea of an electron microscope that here w1s 1 mcthod
whereby 4 new world existing, but as yet mvisible, could at st
be made visble to the eve  These expectations hue 1heady
been realized to some small extent  Electron microscopes todny
rrnuf wtured by v inous firms the world over such s Siemens nd
Halshe 1 Germany  Phulhps i Hollind and RCA m the Unsted
States cannot of comse use ghss or quartz lenses to focus the
electron beam  For this purpose speasal electnie and magnetie
lenses are used winch act upon the electron bewn m 1 high
vacuum It required ingentous resetrch and the Inghest scientific
exactitude to ereate machmes which would meet the extromels
demanding specrfications necessany to make 0 actual function
mg electron mcroscope of all the vague plws  The resulting
machmes are such estremely debieate nd compheated preaiion
mstruments wnd s0 expensive ($20000 to $30000) that von
Bornes cstimnted that only 1bout 1500 were m ust throughount
the, world m 1955

The reason that elcetron nueroscopy his s vet vicdded so few
returny to biology md medieme 15 not done fimna howover
The techwmceal difficulties confronting the cJectron microscopist e
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\ETHO!

Figure 1 Exterior view of the RCA Unnersal Electron Microscope (Model
AMU 2E) AW the figures published 1 this volume were produced and
h bed by means of a of this type
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occasion substituted the shorter waved ultrwviolet light for the
ordinary white ight - By doing thus, they could mcrease somewhat
the resolving power of the light microscope and sce some smll
otherwise muisible objects  Visible hight has @ wave length of
approxunately one half of one micron and this determmes the
fact that the usunl hght microscopes have 2 mayimal magmfieation
power of only 1500X

The magmficitions possible when cathode ravs are substituted
for visible hght rays are of 1 quite different order Electrons
1adimting out from - prece of red hot metal can be directed at lugh
speeds toward an anode m 1 electric field According to von
Borries, such 1 beam of elections, driven from a heated cathode
toward an anode m n electric field of 80 000 volts achieves 2
speed approumately one half that of the speed of Iight  Electrons
are the lightest particles known tod1y  The w 1ve length of these
minute particles 1s only 2 tiny friction (according to von Borries
1/100 000) of the wave length of visible Light

These basic ficts made 1t at once apparent to the first proneers
of the 1dea of an electron microscope that here was 1 method
whereby a new world existmg but s yet mwvisible, could at st
be made visible to the eve These expectations have alreads
been realized to some small extent  Electron microscopes todty
manufactured by varous firms the world over such s Siemens and
Ialske m Germany Phillips m Holland and RCA m the Umitcd
States cannot of course use gliss or quartz lenscs to focus the
clectron beam  For this purpose speenl electric md magnetic
lenses are used wlhich act upon the electron beam m 4 Iugh
vacuum It required mgemous research and the hughest scientific
exactitude to create machines which would meet the extremels
demanding specifications necessuy to make an actual function
mng electron microscope of all the vague plans  The resulting
mchimes are such extremelv delicite nd complicated precision
mmstruments  nd so expensne ($20000 to $30000) that von
Borres esttmiated that only about 1500 were m wse throughout
the world i 1955

The reason thit clectron microscopy his 1s vt viclded so fow
returns to biology nd medicnce 1s not lone finanerd however
The tcchmen] difficulties confronting the clectron nucroscopist are
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estion of

ey e T N LR
ecymen iation

I,’,ff,’,’}f;,sfmges pecur mouch ore quickly 1 the size gr'\gl‘zzt
viewed throngh an electron microscope than m the size 3“‘ .
of e conventional hight microscope Thus 35 the reason \\ Y
1550 hard for us Yo study the most ikl axgans such as the \\m!\'\“
heart 1 a state approsimating e Fiiteen mmates postmottem
\n an unfixed state are suffcient to produce the grossest changts
m the witramicroseopie strncture of the heart tissues  The humm
tissues (auncles M peetorabs) pictured n this solume were
obtamed unless othernise noted At cardiac operations anid the
speamen was wmeduately fived m 1% osminm tetronde solntion
aceording to Palodes method (19522)  All ammal tissues s
trated 1n thus yolume are Whesase fived 1 osmum tetrounde soln
tion (015 up to 2%)

Despie ds mam vitves well known from hight microscops
the osmanm stamng techmque ss cestamby not the ulimate sole
100 to the “staiung” problems of witramicroscopy  This 2athor
The many others has been expenmenting along these hines amd
doesn t doubt that other “stawns” will bring out clearhy cell strue
tures which are less well seen wath the present osmium techmgue

Another vital problem to electron mieroscoprsts is the thickness
of specimen sections  Electron micrascopse photograply evposes
2 phatographiic plate by contact of Qe photogrplue emulsion
with those particles of the electron bear which manage to pass
through the specimen and are not deflected and absorhed by
specsal screens  Just as the screen on a fluorascope hights up at
those p‘accs‘ \\lhvre the v1avs stnke st the screen of an electron
mergscope hghts up w
2 p\m\ng?aph:c plae)e sllg::::x;sngr}ﬁ\t}g :hf dlectron beam  Op
black area anses at those places where tlf ee{l comsequently 4

lat e electrons strihe the

plate wstead of the dlumimating screen Those parts of th
speamen which do not permnt passage of the d}) of the
seattey iy ectrons by
prw ::‘-sto the absorbumg screens appear as shadows on the
Thus the p\z‘::: 22&1{3&3%:;?\,?;&02]3‘: i’\m\egmp\nc p\]a ;e
thex ra o1 microscope ke
ore dense elements that there are standing
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(a) b

Laght Electron
Microscope Microscope
Lamp U Cathode

—— }— Anode

22
R
F)

Ly

Figure 2 Comparttive diygram of the bowm within an clectron microscope
and within a light microscope  Thts 1nd the previons fignre hne been made
av ulible thraugh the courtesy of RCA
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discouraging 1 scope  To begm with there 1s the qucsm;)n (:f
proper speimen fivahion wreferably n the Ine stite  Pos
mortem changes ocenr much more quidkhy 10 the size gradient
viewed throngh an electron mucroscope. than ia the size gradient
of the con\entional heht microscope  This 15 the reason that it
1550 hard for us to study the most vital organs such as the human
heart m g state pprovmating kfe  Fifteen minutes postmortem
n an unfixed state are sufherent to produce the grossest changes
m the ultramicroscopic structure of the heart tissnes  The human
hssues {uuncles \| pectoralis) pctured in this volume w cre
obtuned unless otherwise noted at cardiae operations and the
Specimen was immediately fived m 3% osmtum tetrouide solution
according to Palade s method (19522) Al ammal tissues 1llng
trated n thus \ olume are Ihewsse fived 1n osmium tetronide soly
ion (0155 up o 2% )

Despite ts mamy vartyes well hnown from hght TICrosCopy
the osmuum stammng techmque 1s certanly nat the wltimate sofy
tion to the "stammg problems of ultramieroscopy This author
ke many, others has been expenmenting along these lines and
doesnt doubt that other “stains” ol bring out clearly cell strue
tures whach are fesg v ell seen with the present psminm techmgue

Arnother vtaf problem to electron TUCTOSCOPISS 15 the thickness
of specimen sections  Eleg

g screen 03¢ parts of the
electrons g
Diemagon s and as 15 arens abpear as shadows o the
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above or nest to one \wother 1 the path of the electron hewn
the Jess usable for tissne studies 15 the resultng picture 1t 1
thercfore, apparent that the thicher the sections are the more
this undesirable effect will be found  For this reason, the elec
tron microscopic study of tissue sections was until very recenth
Inghly unsatisfactory It wns, therefore thought preferable to
spht the specimen 1nto dust hike purticles and make 1 suspension
of these parhicles  An cxtremely thin film of this centnfuged sus
pension was next allowed to drv on 2 very finc membrane
stretched oser 1 metatlic mesh and wns sprayed wath 2 melecular
Inyer of some metnl  Then the mctal covered ohjeet was ex
mined under the clectron nueroscope

For Inology md medieme by and large such 2 methad no
mattcr how frntful m ats 1esults conld not he considered satis
frctory It was not lustologieal at all 1ather ot was v studv of
wtfically produced tisuc fitgmentation  This method  of
neeessity  completely missed the sigmficince of sarcosomes m
muscle tissne As soon 1s newer methods of sectioning allowed
true tissue studies however, companson of cardine and sheletal
muscles beeame possible and showed the diffcrent amount and
the maportance of swrcosomes dlearh Ingemouns new mmerotomes
now produce sections not m exeess of 02 ¢ and often thmner
than 01 p  For speaimens todw 01 x should be wmformh de
manded although of course onc must t1ke into consideration here
the nature of the specimen under mvestig ition

In order to obtun such thm sections one needs speaint mucra
tomes wnd cuttmg knnes (mosth glhss but also dinmonds)  In
addition the object must be embedded m 1 completely different
way from that which was common m hght microscopy  Lrven
todwy much research 15 bang done on tins problem  The ex
penments range from attempts 1t freezng dnang techmques
(Pease and Boker 1849 Gesh 1956), to the techmques of
embedding m plistic wlich we the ones most commonly uscd
today (Borysko 1956)

Lach one of the expenimenters swears by Ius specal method
and the purely empinest deassion 1s to which is the best remans
to be decrded by a companson of the results tn cach techmgue

Int order to accustom himscdf to the unfimihiar order of magm
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tude the reader 15 aduised to consult the scale vepresenting 1 s
(G001 mm ) for that pacticular sagmication which 15 drawe
on each of our pretmes Every wlbmetes on tus seale tepre
sents a magmAcation of 100X For example <f the scale lnc
15 20 gum 10 length then the magmBeabion of the object seen m
the photograph s 20000 Ava magmeation of 50 000X nluch
1500t unusual to the (lectron microscope 21 mm objec wo W he
5¢ meters fong (about 150 feet) winch 15 approumately the
height of a large size bulding

Yo will not go wnto further techmeal detarls hese  These
detalls are contained m texthooks and 1 <anous specialized pub-
hcations It should be clear after reading this chapter boweser
why the use of electrant micraseops s a vesearch tool by medeme
and hiology 1 stll 1n sts wfanes

The {ollowsng orders of magnitude whudn appear repeatedly
w the test and wllustrations e« Fresked hese for the reader

= linch = 25 mm
Lo = 1000 4 (p= \ieron)

1= 10000 { {{= \ngstrom)
Tmm = 10000000 y



{8

THE GENERAL STRUCTURL OF MUSCLE FIBER

B'lsxm)l), the structure of the muscle fiber of eardine muscle
1s very similar to the muscle fiber of sheletal muscle  However,
the two structures differ widely m several ways

Cardine muscle fibers hike skeletal musele fibers re surrounded
by a membrane which c1n be clewrly demonstrated m the eleetron
mcroscope  The structure of the membrane nd ats chracter
wstics will be discussed more fully below  The membrwe sur
rounding eardine muscle fibas 15 simpler m ats structure than s
the sarcolem of sheletal muscle  However 1n the following ten,
this membrane will always be referred to as the sarcolem of the
cardiae muscle fiber  The sweolem surtounds Wl the promtne
contractile elements contuned m one muscle fiber that 1s the
myofibnls, which have lso been 1eferred to s the prmitiv e fibnls
Large numbers of these myofibnls are surrounded by 2 singh
sarcolem  They represent the siplest mdependent contractle
clement of the muscle (sec dugrun g 3)  Even m dectron
microscope pictures of good quality these httle fibnls appear
separated structures ad at the begmmmng of our rescarch therr
appearance ciused me to ¢l them bamboo stick fibrils  Smce
these promtwve fibrils appenr as elearly separted structures withm
the muscle fiber I sec no reason why the heart muscle should be
considered as 2 synatam  despite the fict that m heart muscde
m contrast to the flight musele of wsects 1 pirting of the mvo
fibrils 15 more often seen  After all the spmal nunves e not
Jooked upon s 1 syneitum though they arse by a jomug of
two nerve roots becruse the indiaduad nerve fibers e entirchy
separated from one another T was not ble to discover 1 sepr
rate membrane surrounding the indnaduit myvofibnls  This 1s m

10
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GENERAL STRUCTURE OF \USCLE FIBER

Figre 3 Schematic duagram of an uncoded cardiac muscle fter  The
indivaduat mvofibrils whose stnations can be seen are connected by means
of Zbands SL lem SS- \-nucleus 1D fated disc

\-mddle ne

agreement with the work of Hodge Hudey and Spio (1934)
and that of Chapmnn (1954) Howeter the outer surface of the
mofibnl presents an mterphase 1 relation to the surrounding
sarcoplasm which may fall wto the hiologeal category of a
membrane

The only connection betw een the primitive fibers or myofibnls
of the heart 15 1n the form of lamellae ar band like tiny threads
which 1 the region of the Z-zone stretch from one myofibn! to
the other These ty threads the Z hands are not identscal with
the Z zones of the myofibril even though when present they are
always found m thos regon of the myofibnl  They are clearly
demonstrable 1n the heart especiilly m ultramncroscopre teasimg
preparations (see Figs 4 and 23)  We are not certam whether
these bands are also alwans present 1n striated sheletal muscle
Pease and Baker (1949) have seen them wn certan stuated
muscles  However we hate been able to show wath certanty
that i selected skeletal muscles for example the flight muscles of
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THE GENLRAL STRUCTURE OF MUSCLE FIBIR

Basm'\lly, the structure of the muscle fiber of cardine muscle
15 very suntlar to the muscle fiber of skeletal muscle However
the two structures differ widely 1 several ways

Cardiac muscle fibers, bhe sheletal muscle fbers we surrounded
by a membrane which can be clerly demonstr ited i the electron
morcroscope  The structure of the membrine and 1ts charveter
isties will be discussed more fully below  The membrane sur
rounding cardric muscle Sbers 1s simpler an s structure than s
the sarcolem of sheletal muscle However m the followang test
tlus membrane will always he referred to s the sarcolem of the
cardiac musele fiber  The sarcolem surrounds all the prumtne
contrietile elements contuned m one muscle fiber that s the
myofibrils which hwe 1so been referred to as the primatne fibrils
Large numbers of these myofibils are surrounded by 1 single
sarcolem  They represent the simplest mdependent contrictile
element of the muscle (see diigrum Tig 3)  Esen i electron
mmcroscope prctures of good quahty these httle Rbrils pper s
separated structures and 2t the beginming of our research thewr
appearance caused me to ¢l them bamboo stick fibnls  Swmce
these primutnye fibnils appear as clearly sepirated structures within
the muscle fiber I see no reison why the hewrt muscle should be
considered as 1 synaitum despite the fact that m hewrt muscle
n contrast to the fhght muscle of wscets 1 ptg of the mvo
fibnls 15 more often scen  After all the spmal nerves are not
Iooked upon 1s 2 syncitmun  though they wise by a jommng of
two nerve roots beeause the mdividud nerve fibers 1re entuchs
sepamtcd from one another I was not able to discover 1 sept
rate membrane sarrounding the indvidud myofibrls  Thus 1

10
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Each of the abome organelles of the cardie musele fiber will
be discussed separatels below and lustrated with pictures  Each
of them 15 found within or 1t the border of the heart muscle fiber
Between the mdvidual muscle fibess one also finds cells and
fbers of which part belong to the connective tissue  Of special
sigmificance are the blood vessels and Tvmphane vessels found
there  As yet we has e not had time to thoroughly iy estigate aff of
these structures found n the spaces between cardue muscle
fibers and therefore of the whole group mamly the ultra micro
scopie picture of the capillary and the mtracudise nenves will
be presented here and also some interstitsal cells since our expert
ence in this direction 15 somewhat greater
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certain inseets, the Z binds are not present (sce hisch, 1953
1858a, Risch and Plulpott 1955, the reader 1s also referred to
Figures 21, 27, wnd 271)  More will be smd m later chapters
about the Z bands 7 zones and the zones surrounding 7 zones
(PZ)  Our latest mvestigations seem to prove the absence of
the Z bands, but presence of Z zones alsa m myofibnls of the
conductive system of the heart (see below)

A further, regular component of cardiac muscle 15 the nuclens
with its enclosed nucleolr  Of great sigmificince 1lso are the small
bodies, already seen early in the last century by Bowman, Henle
and Koellther, which until 1950 received no attention from esther
physiologists or cardiologists, though at the turn of the century
such promment natomists as G Retzius and Holmgren had
shown mterest mn these orgrnelles Despite the mdiffcrence
shown them these httle bodies are vital components of the hewt
muscle (B Jasch 19521 1952b 1957g), they are the sarcosomes
The name sarcosome w1s apphed to the httle bodies i 1890 by
G Retzs who observed them maily mn the fhght muscles of
dragonfhies They ire also present m varving lesser numbers
skeletal muscles ind their abundance depends on the type of the
muscle m question {see hasch 1951 1956f) They e found 1n
countless numbcrs 1n the heart muscles of all ammals which we
have so far imestigated (mammals man fish, frog)

Fimnally, one other structure must be mentioned It 15 a vury
fine membrane which has been found occasionfly within the
heart muscle fiber and whose phvsiological sigmficance s not yet
understaod  Some of these structures may perhaps be part of the
endoplasmic reticulum which will be discussed Inter or belong to
that system which earher histologsts called Ergastoplasm

We would also hike to mention smallest droplets present within
the muscle fiber m the cytoplasm around the myofibnls  They
are apparently not part of the endoplasmic reticulum Their
diameter 1s about 300-1660 A Thev serve probably n the ex
change of material between muscle fiber and the ntercellulr
space much s do sumular droplets m the capillary wall and m
nerve wxons {see Fag 78) 1 have called tins important procednre
droplet transfer or dropletdialysis 1n contradistinction to the well
known molecular dalysis (Risch 1960)
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Friure 3 Muscle Bhors from the austele of an dbina mouse  Sh~savcalem
W should be noted thay the Z bands conreet the mdn idual my ofibrds aod are
conaected with the sareolem st fhe plage vhere it 15 mdeated  The numer
ous sarcosomes and morosomes of darving szes and form are all found
withm the sousile Sher padly besween the myofibnls pastly between the
sarealem and the muofibrds sud partly @ proamsty to e nuclesss (\)
Arraws mdicate sarevsomes near the nuclous 12 060X
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THE SARCOLEM

The ultramicroscopie structure of the sweolem of the sheletal
muscle of msects ind mammals has been repentedly desenibed wid
pictured 1n recent years {Draper ind Hodge, 1949, B Kusch, 1951,
1955¢, Bennet and Porter 1953 H Ruskn, 1934 ete )

The muscle fibers of the hearts of 21l vertebrates mvestigated
thus far, meluding humans, shaw 2 thin encompassmg membrane
which i the electron microscope appears s 1 double boundary
hne approumntely 200 A to 300 A i thichness  The membrane
appenrs free of all connective tissuc and therefore 1t 15 more
delicate than the sarcolem of sheletd] muscle  The membrane
has been descibed by Draper ind Hodge (1949) B hasch (1951
1957g) and others

In some hearts s we were nble to show groups of thin muscle
fibers together with thar swcolems are grouped mto larger
bundles of fibers by means of 1 further membrane cxtending
from cells having defimte nucler  Thus we could diffcrentiate
1 true  sucolem a5 deseribed above from this other mare
variable membrane (B hasch 1934 1957g)  This other mem
brane 1s not 4 simple sarcolem  Rather 1t R the appewwnce of
cells lying between the muscie fibers having clewrdy wisible nucler
and which enclose by mens of thar protoplsm 1 group of
muscle fibers together with thar sarcolums (sce Tigs 5 wd 6)
We shall return to this subject 10 1 later chapter  The designation

sarcolem of the second order should not be construcd to mewn
that these membranes are of the sime sart or of the sime origm
as the true sarcolems of the sepirite cirdine muscle fibers which
have no nucler of their own - Rather these second order s wealcms
are made up of cells whose evtoplvm encloses groups of muscle
fibers m pipe ke filon (Mg 6) 1 would further hesitate to

i
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Figure 8 Cross section through muscle fibers of the auncle of an albmo

mouse Here asm the fish heart (Tigure 5) one sees muscle fbers with a

true sarcolem (SL) bound together by a sarcolem of the second order” the

latter bemg made up of the cvtoplasm of a neighboring wnterstitial cell which

surrounds the muscle fbers in the manner of 2 pipe  Several different types
of plasmasames are seen within its cytoplasm ~ 12.000x
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Figure 5 From the ventrcle of 1 pipcfish A number of cross sectioned
muscle fibers whose true sarcolem (SL 1) 1s recogmzble e enclosed
membrme Lke by 1 sccond order sarcolem (SL-2)  This second order
sarcolem 1s made up of wing shaped extensions of cytoplasm of cells whose
nucler (N) are eisily recogmzed  Vathin the muscle fiber one cin sec the
nibbon shaped perpendicularly sectioned myofibnls (MF) and the smaller
rounder sircosomes (SS) 7 000X
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THE MINUTE MUSCLE FIBRILS (MYOFIBRIL,
MUSKELFIBRILLE, MYOFIBRILLE)

T'he muscle fibrd Bhe the muscle Fber has a dowble striation
aun) and transverse  'The transy exse stnation {runming paraliel to
the transverse diameter) 15 represented by the bands and zones
known to us from light pv which are bie for all
of the cross stniation of stated musenlature  The axial stniations
which mn parallel to the long aws of the muscle fibnl are by
virtue of the structure of the fibnl made up of the finest of
structures the arch fibers or protofibnls  In this respect no
major duff can be d rated between the myofibnls of
sheletal musculature and those of cardiac muscle  As our pictures
lustrate both show basically the same structure

The width of the mdividual myofibnls vanes considerably
the heart of different aumals (see Fig 3}  For the rabluts ven
tricle the average width of myofibnls 1s 0 86 {range 02:-2 %)
For the cow 1t 15 182 (range 040-52,)  For the human ven
tricle the value is approvimately between these two but there are
16 values asadable as yet for the normal human heart

19
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designate thus structure 1s bemg similu to the perimy sium (Bruno
Kisch 1954, 1957g, recently, Fawcett and Selby, 1958)

It 15 typical of the first order or true sarcolem of the mdn idual
muscle fibers both 1n the ventricle and 1n the auucle that when
1t 15 cut lengthwise, 1t usuaily has the appearance of 1 garland
(see Figs 4, and 23) The mdentanions of this galnd are
often visibly attached to the Z bands, which bind together the
myofibrils ~ Frequently, it 1s very easy to recogmze this attach
ment (see I'gs 4 23 and 24)  We shall discuss this more fully
Inter This appenrance had alrendy been described 1n regard to
sheletnl muscle by hght mocroscopists and clectron microscopists
have since confirmed the observation m purt (Pease and Baker,
1949) Tt defimtely occurs m heart muscle (hisch 1951 1957g
and more recently Poche and Lindner 1955 Limndner 1957)
The mdentations are alwavs found m the region of the Z bwd
even when the attachment to the mndentation of the swcolem
cannot be clearly demonstrated  All this 1s also true of the
humm heart (sec Figures 23 and 24) In the pochets of the
sarcolem created by the whove deseribed ontpouchings one often
finds one or more sircosomes lodged between the sarcolem nd
the myofibnls (B Risch 1951 1957g) In wneulir muscle fibets
one frequently finds numerous sarcosomes i these sarcolem
pockets (B Rasch, 19561, b and f) Less frequently the symeas
true m muscle fibers from the ventricle (see Figs 4 wd 31)
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Figure 7 Sarcosomes and myofibnls from the fught muscle of a wasp  In
this figure the protobibrils and the lamellar structure of the mienor of the
sarcusomes 15 clenrly demonstrated as 1s the fact that the protofibnls traverse
the Z zone The distance between the center of one protofibnl and the
tenter of the naighb

one 13 ApDI 1y 300 to 350 A Notier
also the little vacuoles in the sarcosomes (SS) 34 000> (From haisch and
Philpott, 1953 )

bemg held together onlv i the region of the Zband A different
picture results 1f a muscle fibnl mstead of bewng sectioned along
the fongrtodinal aws 15 scctioned obliquely or transversely  The
protofibrils are then seen as parallel hnes or frequently as parallel
dotted kines in which each dot represents a protofibrl wlich has
been cut across obhiquely  Tn eross section the protofbnls appear
as regular dots packed 1n a hexagonal patten  The distance be
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THE PROTOFIBRILS (MYOFILAMENT,
PROTOFIBRILLEN, URFASERCHEN)

In longitudimal sections of 2 muscle fibril, one en recogmze the
protofibrils s strittions running parallel to the long aws of the
fibril  The distance between the center of two of these stritions
1s approvimately 250 to 350 A and the diimeter of a protofibnl
1s approximately half of this distance  Bennet and Porter (1953)
have stated that the diameter of « protofibril of the breast muscle
of 1 chicken 1s 1pproumately 150 4, wlile Hodge (1955) gue
the same dinmeter n the muscles of msects ns approumately
120 A and 1n mammals and amplibins s 100-130 A (Hedge
Hudey and Spiro 1954) Inmy own mvestigations 1 found on
the average the tollowing measurements for the protofibrils of
the heart 150 A 1n the heart of a bat (1954) 200 A 1n the heart
of the ginen pig (1955), approumately 150 & m the ventricular
musculature of the human heart (see Figs 7, 8 9 10), and p

proximately 215 A m the humin pectorabs muscle Phulpott
(1954) states that the diameter of the protofibrl of the fight
muscle of the wasp 1s 220 = 15 A wlhile Chapman (1954) gives
the diameter m the syme tissue as 100 A The diameter of the
protofibnils 1n the heart of mammals has been found to be 100-150
A by Moore and Ruskn (1957) and that of the rat 110 A (Porter
and Palade 1957) In the wing muscle of the meat fly I recently
found the center to center distance of the mdivdual protofibrils
cirea 350 A That would mean a protofibril dinmeter of eirea 170
A Occasionally if the specrmen has not been properly fixed and

therefore, the tissue structures hre spht apart one finds on
examning these ultra microscopic teasing preparation that the
fibrils have been sphit up mnto bundles of protofibrils the bundles

20
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he same human heart m bigger
Figure 9 Cross sechioned myofibnl of o b m
enlargement Trom basch Cavusoglu and Marangom (1939) 70000~
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the mammahan heart the distance 15 about 300 A (sec Figs 8 9
and 10)  1have observed hexagonal packing in the cardiac muscle
of the humn auncle as well  Hodge Husley and Spwo (1934)
and Hodge (1956) also mention this particular type of orgamza
tion of the protofibnls of the muscle fibers in the heart 1 found
the distance between two protofibrls as measurcd from center
to center i the guinea pig and in the rat heart muscle sectioned
Tengthwise to he approumately 300 to 400 A and m recent in
sestigations I found the center to center distance of the proto
fihals 1w cross sectioned myofbrls 1 the human heart crea 300
ta 10 A and m the flight muscle of the bumble bee arca 300 1o
350 A (see Figs 7 $and 9)

The hesayonal paching of the protofibrls of the muscle fibnl
remnds one strongly of the latticed structure of crystals I have
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Tigure 8 Cross section of 1 myofibrl of the human ventricle showmg the
hevagonal packing of the cross sectioned protofibrils  The Iig, dark bodics e
sarcosomes 40 000X

tween such dots 1s 15 follows 1 msect muscles approumatels
300 A (Chipmann 1954 Hodge 1955) i mammals and um
plubians 200 to 300 A (Hodge Huxley Spiro 1934) in gumea
pig heart approuimately 300 A (according to my own findings)
Moore and Rusha (1957) found 1t to be 280 to 330 A m the heart
of mammals The tbove mentioned hexagonal piching of the
protofibrils which we show here m our pictures of heart muscle
has already been repeatedly shown in the strinted sheletal muscles
of both mimmals and msects (first 1 1930 by Morgan and s
co workers nd more recently with 2 senes of excellent pictures
n nsect muscles by Hodge (1955 1956)) In specimens of insect
muscles Hodge (1955) estimates the distance between proto
fibrls to be 600 A As previously mentioned 1n our pictures of
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5 the bumble bee wnd ke
Phalpott {1953) 10 the fight muscle 9f g
\\\;epgv é{odg? 1 msect musdle {1953) The protofibmls ppeeT
25 thichened nd dather 10 the M wd i the Z z0ne {see Tag 7)
msmmas sssellamibebamanbeat in ertebrate muscula
ftwre 2 smilar occurrence has been shown m metal shided
preparations

TABLE 1
[HAMETER OF MY OFILAMENT
Specimen Animal X Auther
1 Wing muscle Tnsect 120 Hodge 190
2 Vg muscle eat fiv 1 Bruno kasch 1921 1929
3 Fogttmosde Wasp 20 Phapott 195¢
4 Fheht muscle Vep 100 Chypman 19>4
5 Breast mustle Chcken 150 Bennet Porter 1953
5 Musle WUammals 100130 Hodse Yusley Smre 1934
Amphibia
T Pectorshsmosle  \om 215 Brupo huch 1924 1859
8 Heat Bat 1.8 Braso hasch 1931 1939
8 Heart Guinea pig, ppto200  Bryso kusch 1954 1529
18 e Man 156 Bryno kasch 1934 19>9
i1 Heart Mammaly 100-150  \oore and Ruska 1927
12 Heart at 116 Poserand Palade 1937
13 Jleart Do Gumea prg 120 Liaduer 1957
Frog
M Hert v €180 Brno hsch 19,9
TABLE U
Cevrer 1o CExTen DisTANCE OF MyoFumanest
weciren Ammal 1

Authar
Chapman 1934

U Wwgmude  Insect

100 Hodgr 19,5
2 Muscle Inset 0 Hodge 1955
i \\\;\ng‘musdc Bummble bee 0020 Bruno kisch
usce Mararal 200300 Hndge 1L

) poncind ge unley Spun 3938
> Heart Guwnea mg, W B
6 Hean Rabbir 360 B::\‘: z\\f:: 1ot
‘; 3::: Rat 300400 Bruno husch
S n :‘a\\ 200340 Bruno hisch
) Vet C:\amma& 280-300  foore and Ruska, 19,7
i wr 30400 Bruno kisch 1959

Wine muscle  Yioney bee 300 7

Brono Kich



24 CARDIOVASCULAR ELECTRON MICROSCOPY

Tigure 10 Cross section of myofibril of the wing muscle of 2 bumble bec
showing the protofibrils n hexagonal packing 100 000x

repeatedly pomted out the fict (19541 1954b etc) that the
requirements demanded of a1 crystal-namely homogeneity of
the tintest similar component parts among each other double
refraction of 1 hight beam, and the eustence of n optical axis—
can also be 1pphed exactly to skeletal musele and eardine muscle
and that furthermore the physical properties of muscles are such
that one should consider including them under the clssifieation of
Otto Lehmanns hiquid crystals  Further studies e still urgently
needed here

It would seem that the protofibrils pass without mterruption
through the various zones of strration of cardiic muscle {Hodge
1956) as can be seen espectilly well i ultramicroscopic teasing
preparations  This has been shown by vartous authors to be the
case 1n the sheletal muscles of vertebrates and m the flight muscles
of msects (see Hall Jahus and Schmutt 1946 Rozsa Szent
Gyorgyr ind Wychoff 1950 Bennet and Porter 1953 Chapmann
1954 Hodge, 1956) A clear example of the fact that the proto
fibrls 1lso pass through the Z zone w1s ponted out by kisch and
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Figare 11 Myofibrls from the entncle of 2 bat  Sarcosomes are visibk
between the mofibals (55)  The wltramicroscopic Cross stnation 18 clearly
usible oetrming 4t a spaang, of approvimately 300 10 350 A 40 000%

It stans therefore that altramicrascopic thythmiaity of the
muscle fbril accurs as umyersall 1 the crdiac muscle of verte

brates as according to Hodge (1949 1936) st docs m ther
sheletal muscles

The

of ultr pie and moe P
tures as given here and m the following chapter are summarized
n fables Tand X1 Thev depend unquestionably not only on the
functional stage of the tissue at the moment of fixating but
alse on the dilferent techmical procedures to which the tissue 35
submitted during uts prepiration for electron microscopic m
vesugavon  This may well explam the differences m the hmdings
of different mvestigators  The figures represent fately well how

wer the average magmtude of the mevsured values and n this
regard the results of different autliors are yielding corresponding
vesults very welt

strue
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ULTRAMICROSCOPIC TRANSVERSE
STRIATIONS OF MUSCLE FIBERS

In cardiac muscle as mn skeletad muscle the famlir strations
of the cross strrated muscle fiber e dcteimmed by the cross
strintions of the myofibrils  Two ty pes of cross striation must be
differentrated  those of ulti wmicroscopie and those of micro
scopic order of magmtude

In the ultiumeroscopic order of magmtude we have the trans
verse rhythm of the protofibuls first described by Hall Jahus and
Schmitt (1946) s sprced approumately 400A apart in the fibnls
of dessicated sheletrl muscle According to mvestigitions by
Draper and Hodge (1949), this altrimicroscopre cross striation
15 2 generalized occunrence seen i metal shaded prepirations of
dessicated sheleti] musele as well 15 m ultr1 thm sections of
s\eletal muscle  According to these withors the distance between
the ultramicroscopic cross stritions 1 dependent upon the stite
of contiaction of the myofibnl The trmsverse periodicaty of
striated muscles seems to affect more thn the protofibrils be
cause 1ccording to Hodge 1t also mvolves the timy bridges which
bind the protofibrils together (1956) In the striated muscle of
man (psoas and pectoralis) Ihave becn bl (1957g Iigs 7 md
8) to demonstrate ultrimicroscopic rhy thmraty m bnds sep irated
by approumately 250-300 A  In cardine muscle I first observed
these strintions 1n the auricle of the bat (1954) where ther spac
g was pproumately 250-300 A In the guiner pig I found the
strintions (19551 b) m the wnealr ind ventricular musenlaturc
(300-350 A) and I likewsse found them n as vet unpublished
studies on the auricle \nd ventricle of the mouse  Recently this
rin thmcity of the heart muscle fibnl (250-300 A) has also been

confirmed by Hodge (1956)
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Figore 12 Diagram representing 1 schematic fishion the zones of 1
sarcomere  Most of these zones are w1sible i various portions of Figure 13

% zome also appears as the darkest of the strations It would seem
that the muscle fibnl 1s especially brttle at this pomt  In cases
where some force 15 apphed to the tissue under examination one
most frequently sees tears or separations of the myofibnl m the
regon of the Zzone  In uchan event as lustrated m Figurcs
14 13 and 16 Z erther remains attached to one prece of the broken
fnl or else it becomes detached from both pieces thereby
actually appeanng as a disk (see Fig 16 at the arrow) however
1t does not appear as a disk crossing the muscle fiber but only the
myofibnt

Approvimately midway between two Z-bands one usually finds
asccond sharply delineated Ime wiuch hght muerascopusts have
referred to as the \ zone (M=Mttelschetbe) even though M
ke the 7 15 neither a true band nor a membrane mn the usual sense
of the word  As a rule M 15 thinner than Z

Two hghter zones approumately equal m width are found one
on either side of the Z-zone These hght zones have been gnen
the name 1 (“Tsotropic Zone”) Withia the I zone one finds on

etther side of 2 one rareh two thin lmes designated as N by
therr discoverer Engel

{N = N¢b heibe)  Frequently
one finds a thin dark zone but hghter than 7 directly nallanent
to 7 and 1) di

ding to the border of N
Thus zone was designated as PZ {

Para Zby
Philpott (1934) ara Z-band zone) by hasch and

On etther side of \{ one finds a light zone H named after st
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THE MICROSCOPIC CROSS STRIATION

Thc hiterature concerning the discoveny, via the hight micro
scope, of the strintion of skeletal muscle 1s very extensne (see the
summntions by Cohnheim, 1865, hiwuse 1868 G Retzius 1881
Melland 1885, Rollet, 1885 hochicher, 1888 McDougal 1897,
Meigs 1908, Herdenham 1911, Haggqust, 1931 Barer 1948
Jordan 1920 1934, 1955 and many others) The nomenchiture
his not at all times been equally stindardized  The dingram m
Tigure 12 15 meant to show the manner m which we apply the
usu2l nomencliture to cardine muscle  As 1egards the i ofibnls
1t should be stated at the outset that we have thus far been unable
to find significant differences  microscopically or ultramicro
scopicilly between those of erdiac and those of shelet1l muscle
as to ther longitudinal and transverse strations with the ey
ception of the Z bands which will be discussed below  This fact
was already apparent m the studies made upon dessteated cardite
muscle (Beams Evans Janney and Baher 1949)

The repetitive order of the vartous strintions produces 1 scg
mentation of the muscle fibnl, and therefore Also of the muscular
fiber dniding all mto 1 succession of identica]l mmute umts the
so called sarcomeres  In the older Iiterature the sarcomeres were
lso refenied to as httle muscle boves  (Mushelhastchen)  The
boundary Iine of exch sarcomere 1s the densest of the dark cross
strintions  This line has been well hknow n sinee the tune of Dobie
(1649) and krwse (1868) and designated s the 7 zone (the 7
stands for Arauses term Zwischenscheibe) The word Scheie
means dish  However none of the zones of the stirited muscle or
of the hert muscle 1s really 1 disk crossing the muscle fiber

In the electron microscopic picture (with osmium stun) the

28
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Musdle fibrls from the human pectorahs muscle  Directly
beneath the satcolem (SL) there 1s a nucleus (\) contaming a nuclear bodv
(nucleolus NL)  The myofibnls clearly demonstrate the Z and M bands

and also the | dinal stnations d by the protofibnls R = endo
plasmic reticulum 13 000X

Figure 14

discoserer Hensen  Wathin this hight zone and paralle] to A\
on etther side of the dark zone one can recogmze one occasionally
even two stupes  These are designated as Hsb (H sub-bands)
b Uall Jahus and Schumtt (19346) and Draper and Hodge
(1849} These sume stnipes were designated by Beams and Ins
<o worhers (1949) as Xstnpes  Between ¥ and 1 one finds a
broad dasl. zone Tome A {amsotropie some) which at s houn
day with T shows occasionally 2 distinet darher stripe which I
hne dosynted as G {Grensstrerfon) (see Figs 12 17 18)

This muze of zones at first somewhat confusing but regular
repetitne and probably charctensic  occurnng within the
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Iigure 13 Myofibuls from the ventricle of 1 guincy pi,  The mdivadua!

zones can be clearly recognized and are hbeled with approprie letters

The dark stupes surrounding the Z zone represcnt the part Z band zonc
(PZ) M =mddle lme §S = sarcosomes 32 000X
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At the upper

end of the piture the fbers have been tom 1 very close proximuty to the

At pomts mdicated by

anrows the Z zone 1s separated from both adjacent sarcomeres
M = middie line 29000

Figure 16 Fibnls of human pectoralis muscle
missng Z zone
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Figure 15 TFibnls of human pectorahs muscle torn dircetly at the Z zone
20 000x

sarcomeres 1s found m ecardinc muscle both of the uricle and
of the ventricle (Bruno Risch since 1951 Lindner 1957 Moore
and Rusha 1957) and also m skeletal muscle  The biologic sig
mificance of these zones 15 not yet known but hints at rhythmic
biochemical differences within the sarcomere

Figure 12 summanzes all of the above m 1 simplfied fashion

As far back as 1933 Jordan observed a1 widening of the H zone
upon stretching of skeletal muscle  This was confirmed electron
microscopically by Pease and Baker (1949) D Plulpott and A
Szent Gyorgy: (1953) linked thus zone which upon expanston of
the muscle 1s clearly visible between H and A wath the elistic
elements of the muscle fibril and ealled 1t Zone E (A Szent
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Tigure 16 Avofibrls of the same psons muscle (newbom) llustrating, a
ifferent state of muscular tension  Between the two A zones there 15 1t
cither end a browd hight zone (EN) Agaw here the dark G hand (} ) 1s
bl running paratldl to the N band and bounding the A zone 50 000x
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Figure 17  Muscle fibrils of human psoas muscle showmg all the typieal
zones One cn clewrly recognize Zone N running pralled to the Z band and
a dark stnpe marked with 4 star where Zone A bounds on Zone I This
boundary Jine his been de das G (Gr fen) In the region of

the Z band Z band sarcosomes arc visible singly or m purs  (8S)
32 000x
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51 and e be best d teated 1n uite e
ng?;rg)\:ﬁm“ Pease and Brber {1949) nlso chwm the ev
sstenes of snch 7 bands w sleletal wscke 1t rc‘m’nns to l:‘c
provin bowener that thtse T bands of steletd muscie we 'nsi\cn5 X
stant as e those of cardac muscle ARhough the sect s ;ﬂ‘
uscles show the 7 zone very clearls as w Tigures 23,21 27 2T
our pa research s Taded 10 Miscover dhstnet 7 andds vonnect
ing e mdnadust mnafbnts m the fhght muscles of the har. anﬂ\
oot fy bee buwble bee wisp and hornet (hasch 1835e)
Chopmann's (1854) photographs of the, flight muscles of vanous
susects agree with these observations Tt seems thnt the sume 1
true, for the myofibnls of the Purhimye Fibers (see below) m the
mammahan heart

The Zbands andt fonls of cardize musele produte a weane
pavkera v v Tnch the 7 bonds ase conected on aather side with
the saceokm | have therefare spoken of the structure of the
heart mauscle {tayoeardim} fiber as being simlar to 1 svarp and
woof pattern  That these Z bands cannot be demonstrated i
ewry longrudinal sechon of cardiae muscle 15 sccondany m am
ortance to the fact that they are frequently very notceably
demonstrable (see Fig 4) This s equafly true of the Imman
heart as ot 15 of the hearts of aff vertebttes yovestzated thas §ay
I have becn emphasiang tins pomnt repeatedly simce 1930 and
recenthy 1t has been confirmed m the rat heart by Hodge Huvdoy
and Spiro (1934) There are scveril reasons why the  bunds are
frequentiv not 1%k The most smportant renson seems 1o be
et these bonds sre seahty hands amd not plates  Thesefore
willi cur wlira thin sections we by w0 meins Bways mange In
catch the bands since they are nesther 1w s foand 1y g n the
direction of sechioming nor appareatly are all the bands lwa

found to be runmng prallel in the same dir
ection  The connec
ton of the Zbands 3o e sarcalem has b

ecn found goun
apam (hosch 31932 % an Breemen 1933 Hodge I(\\‘d:\ Sp':'r‘v:l
954 Ope msult of this attrchment 2 that the sarcolem of
cardine mysede Fhers when sectomed lagegteduslly often p
{1;3!& a: A ;Eﬁd\?d edg. {gatland shape)  The mdentitions of
M;{:{mdm ave as ove can crarhy sec from our lustrations
Ched to the Lband  The phisiologeal result of st 1
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Gyorgy1 1953)  These same quthors also connected the changing
thickness of Zone 1 with the elastic elements of the muscle fiber
and with therr tone (1953)  Our Figures 17 and 18 show varying
degrees of stretclung of the fibrils of the stme human psoas muscle

Unfortunitely Rollet, m 1555, alrendy used the designation E
to sigmfy a different strintion found i the neighborhood of the
Z-band 1t would perhaps therefore, be better to designate the
new zon¢, linked with the elastic elements of the muscle as Ei,
rather than as E

Of ll the above mentioned sones ind bands only the Z strpe,
the boundry of the sarcomere, ¢in be relied upon s 1 constant
and unchinging phenomenon  In good photographs, M also 15
usuilly though by no means alwwys present  Whether 1t s
justified 1 the ~bsence of all other distmguishable zones to
designate a umformly dark region stretehing from one Z to another
as A, 15 Ithink, open to much questioring  In summary at e be
sud that Z 15 2lways present in electron microscopie picturcs of
the muscle fibnl (sheletal and cardiac muscle), while the ability
to demonstrate 1l the other zones of the sarcomere 15 dependent
upon the condition of the muscle 1t the moment of fixation  Ten
ston or relaxation activity or nactivity of the tissue hemg (43
wmned, a1l stronghy influence the possibihity to demonstrate any
of the zones except Z In the course of embryological develop
ment 1t would appenr that Z s the first demonstrable stripe (Van
Breemen 1952)  As far 1s we know, Z 1s present not only n
the muscles of vertebrates nd nsects but 1t 15 lso mvnably
present 1n the muscles of the crustaceu (Farrant and Mercer
1952) The physwlogical sigmificance of the vanability of the
strations 1n stnated muscle as regards the function of the strin
tions has been the subject of many studies and much speculition
for over 1 century although as yet the problem has not been
satisfactorily solved

As previously mentioncd the ultramicroscope structure of the
cardiac muscle fibnl 1s essentially wdentical with that of the
sheletal muscle fibril of the same ammal  This 18 equally true of
the auncle and of the ventricle Cardiac muscle however has a
constant finding of thin bands m the regron of the Z zone wlnch
connect the mvofibnls of the myocardium with one another
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yrrangernent Ty welt be that for cxample m the hert L\wllxc;rc
Jur 1o the sacosomes the Tvafibnds are but loascls pre :‘ a

gethicr the structard order may still be muntuned durm{, m‘"

traction much s Fewe and Babher (1949) suspeted to be the
case for sheletal wuscle 1 lne empl\amed s for cardine
muscle repeatedhy (1952a b 1952 Sremt Grorg s also
receptly chimponed s aden (3836

The fact that the Zzone the £hand ond when presest the
PZzane e always found approxwnatch m the conter of the
bght 120me eads one to speculate that the ¢ bad—wd bso the
2 zone~may have something to do with the engn of the T zonc
(Kisch 1951 1957g) Tt wust be ad howerer that notinng.
certun 1 dmown thout this Tt would also he pure conpecture to
argue that the relttion of the Z zone to the N zones or tht of
the M zone ta the Hsh zones venunds one of the formation of
the lavers wluelt bear the nume of Laesegwng (Lsesrgang sche
Schtehtung)

Commonls m prctures of msect wings and mare rarch also m
pretures of cardiae muscle one can sec that the protefibnls 1p
pear to pass through both the Z and the M zone and not just
through e katter  Tu this regron the protofibrils are thickened
and the substance between them 1s darker than s the cise put
side of Zone Z (Rasch and Philpott 1955 Lindner 1957) 1t 15
ot set possible 1o decide whether we we dealing here with
concentritions and encrustations of minerals s Hodge (1948) s
postulated
o A e o ol ot i
nnofibrls of the same )lx‘m;a:n( o pboloqmglu of vatow,

psoas musele  According to Phil
[11(0: wd Szent Gy orgne (1953) the vartible expunsion of the £}
o
ﬁ\;;hnn (see Figs 17 and IS)H egrees of tonsion at the e of

t s wel
S e e o s
M afso disappears and then only the ho e Sometmes
June H v wading 7 200es remain
i \{h?“\:‘::;“?m;‘? appear with sharp and dear borders

g (e Fig 29 from the heart of o prpe fish)
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Pigure 19 Ventncle of vprpefish AvoRbnls and swrcosnmes  The M e
1s missing from the clewrly recogmzble Hozone 23 000%
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wrringesment may well be that for example w the heart “‘l‘cw
due to the swcosomes the wsofibrls Are bat Jooseh puhed to-
gether the structural order mn still Pe w untuned dunog on
weaction tach n¢ Pease and Baker (1849) suspected 1o be the
case for shelctal muscle 1 hue cmphasized ths for cardiag
mwele Tepeatedls (19522 b 1952¢)  Szent Grorgyy has abo
vecently champoned tus adea (1936)

The fact that the Z zone the 7 hand and when present the
PZzone are alwavs found approumately m the center of the
hght 1 zone leads one to specuitte that the Z-band—and also the
£ zone—may hase something to do with the ongm of the I zone
(hasth 1951 19%7g) It must be smd howeser that nothing
cortam s hnown sbowt this ¥t would also be pure canyeeture to
argae that the selation of the 7 zone to the N zoves of that of
he 3 zone to the 115h zones reminds one of the forombion of
the laycrs winch bear the name of Diesegang (ZLarsegang sche
Schichtung)

Commonky 1 pictures of msect wngs and more rarehy Alsa m
puctures of cardine muscle one can see that the protohihels ap
P to poss throngh both the Z and the \{ zone and not just
through the fatter I this regron the protofibnis are thickened
wd the substance betwern them 15 darker than 15 the cise out
side of Zone 7 {hisch and Phalpott 1835 Lindncr 1957) Tt 15
not vet possible to decide whether we arc dealing here wath
concentrations and enernstations of minerals as Hodee (1949) has
postulated

The grent vaniation i appewrance of myofibnls even withm
the same muscle 15 Wustrated by our photographs of various
myafibinls of the same aman psoas muscle According to Phil
pott and Szent € vorgys (19331 the vanble expansion of the E1
!va::le‘;; prouf‘of the fact that ddffercnt my ofibnls of the same sco
Tl o v

¥t 15 well hnown that Zone
completely when the muscle 1s fni‘k\sd cg.g:‘xiciisﬁahmhbd’s?i’e“
;,‘n :i“;-) dua){];yenrs and then onfy the hcundmg Z-7on::\rz::i
while \{ x‘:\“s(:::ast:::‘}l; ﬂ{\)pear with sharp and clear borders

s 18 19 from the heart of a pipe fish)
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PSEUDO STRIATION OF THE MYOFIBRILS

A ] Hodge and lus co workers (Hodge, Huxley and Spiro
1954, Hodge, 1955) were perhaps the first to pomt out the fact
that mn addition to the well known cross striations of muscle fibers
electron microscopic pictures may contun striations which are
artificts and have nothing to do with the organic structure of
the myofibril  Thev designated thus form of striation 1s pseudo
striation

Hodge (1954) explams these pseudo striations by postulating
that 2 muscle fibnl has been cut at an angle by the ultra thin
sectioning technique whereby its regularly ordered protofibrils
have also been cut at n ingle row upon row Thus the section
cuts the protofibrils ~rranged mn rows 1n 1 step wise fashion
which produces a picture of @ successton of Iight and dark bands
Our schematic drawing (Fig 20) attempts to show ths If the
pseudo striations take the form of concentric arcs these same
authors (1954) clum that a twisting of the materal mn the course
of fixation and embeddmg 1s to blame

Our Figures 21 and 22 show cases of these pseudo striations
I do not beheve that they could result from erther an ultrn
microscopic crumbling of the specimen or from regulir vana
tion 1n the thickness of the section attributable to vibration of
either the microtome or the specimen 1n the course of sectioning
In the former case the periodicity of hight and dark seen ocer
sionally would have to affect the whole secion sarcosomes and
muscle fibnls alke This however 1s not so  In the latter case
1t would be hard to understand how the pseudo striations could
achieve an order of concentric arcs

1 beleve that the pseudo stnations could be the result of

40
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Z
Figure 20 Duagrammatie representation of a cross section and diagonal
scetion throtgh the protofibnl of a muscle fber

several widely different phenomena of which only two will be
thseussed here

Furst a porallel arsangement of bands can doubtless result
as Hodge has emphasized {1934 1955) from obhique sechioning
through muscle fibnls wheremn the section cuts across adjacent
rows of protofibnls 1 step wise fashion and the wmterspace be
tween the rows appears electron optically less dense than do the

protofibnls themselves  This 15 illustrated mn our Figures 21
and 22

Second 1 isolated cases we may be dealing wath a rhythme
suecessson of zones more or less densely stamed by the osmium
or other stan  In this connection we should think pnmanly of
the cases showmng wide concentne ares  Such an appearance
would be particularlv bkely in scctions where the dark pseudo
striations make recogmtion of the cross section protofibnls 1m
possible provided that the penetrating osmmm solution 15 pre
ducing the phenomenon of Liesegang layers i these sections
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Figure 21 Flight muscle of « meat fly  Note the pseudo strations  These

are expluned in part by the diagonal plne of sectioning 1n part by a distor

tion of the fibnls through the plastic embedding materntal and m part there 15

no explnation for them  Note also the evtoplismic matrix 1 which the
(8S) are embedded 13 000X

Several things are m favor of such n mterpretation  For onc 1t
Allows for the fact that the strintions mayv occasionally run almost
parillel to the longitadinal axis of the fibrnl  More important
however 1s the fact that one occasionally sees as m our Figure
21 that the concentric ares become more and more widely
seprated from one another the further out they are from the
mmagmary center This exactly 15 1 t)plc'ﬂ property of the
Liesegang layers when they occur by precipitation of 1 suitable
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Figure 22

Flght muscle of ameat fly  Sarcosomes are visble between the
mvolibrds  \ote the plastic deformity of the sarensomes and two itersecting
groups of psevdo-stnations imdicated by anamow 20800
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substance nfltrating it a collod medwm A similar effect
cowid be acheved however 1f an obhguely sectioned myofibrl
were bent withm the embedding materal The mternal tension
thos bult up could lead to @ fan hie spreading of the protofibuls
within the myofibrd  Ordimanly, with the usual undisturbed
arrangement of the myofibnls the protofibnls would have ran
parallel to one another The result i bath these mstances would
e the same  In the postulated oblique scction the formations of
protofibnls would be mcreasmgly separated from one another
as the distance {rom the center of tension wereased

Oxne should also note the not ety understandable crisscrossing
of vanous pseudo stnations withm the same sarcomere As illus
trated 1n our Figure 22 (arrow )

Finallh we should also pomt out that the prctures of pseudo-
striations both Hodges and Chapmanns (1854) and ours axe
afl seen i the faght muscles of msects 1 have never obsened
the above described concentric arch formation of pseuda-stnatens
as clearly i anv other muscles  On the other band § Jorg 2ga
obstrved and reported on the paralle] striations which may result
from the transverce sectionmng of a myofbnl of the heart (1934a)
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THE SARCOSOMES AND THE SARCOSOMEL
THEORY OF THE FUNCTION OF THE HILART

ancc the significnce of swrcosomes to dite still remams Jargeds
unrecogmzed among physiologists pathologists and cardiologists
despite the fact that they have been proved to be vit 1l components
of the bent muscle fiber (B husch 1951 19521 1957g) it s
necessary here to discuss these structurcs in some det ul

A NOMLNCLATUREL

The story of the discovery and mvestigation of scosomes
espeerily the much studhed swrcosomes of the fight muscles of
mscets will not be gone mto here s we thoroughly covered st m
1952 (1} In order to avod musunderstmdings howeser the
nomenclature requnes clnficition  §ircosomes were so nuned
m the year 1890 by the outstinding Swedish natomst Gustn
Retzius  They are the tun so clled mterstiial grmules of the
protoplism  the Jargest of which are visible even throngh the hght
microscope  Thev have been known to hight microscopists smce
the year 1840 (Bowman 1840 Henle 1641 Roehcher 1851 wnd
many others)  As these grules are found i the protoplsm of
muscles G Retzs called them  sweoplismisomes  wd b
breviated this name to the hngwistieally handicr word sarcosome
Tor lustorical reasons nd 1lso out of respeet for  outstindng
scholar, we e strongly inchined to continue the usige of thns
nme, nd mdecd there 15 no goad 1cson for rephwmg ths term
by one wiich would probibly be less correct

The teom mitochondny freguantly used to du\gn 1te the tiny

16
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wclusion bodies 1 the protoplasm cw e hiterlly t\'anlsh(cld :i
nhbon shaped structures”  Espeaathy m mscct muscles ba \
ever mast of the sarcosomes are amvihing but nbhou shaped
$mee the sarcosomes of insect mscle are c\cep\mm“\ large @
1s very stmple to convmce oneself of this fact with 1 hght micro
scope

{ was able to show the Iagh degree of plisticils of the matcnnl
from which the sarcosomes are bt {1957g) Therefore sweo
somes that are sphenca in free suspenston may be squeezed wto
am shape b the pressure of neighboring organelles {see Tg 22)
The same 15 true for the majontty of sarcosomes of cardie mmuscle
Phidalogically spealung therclore 1 1s rot justified to designate 3
sphencal or an egg shaped object a5 2 ribhon

These then are the reasons why the sarcosames of carduc
muscle mnst not be designated as mitochondria though ocea
siona} ones might be scen to possess a mitochondnal shape
Therefore as has Yeen our custom the hitle hodies composed of
a sub structure winch will be discussed i the follow g, chapter
will e desgnated as sarcasomes whenever they occur m muscle
fibers \Where the hittle bodtes are found i the protoplism of non
muscufar structures (for example m the wall of the capilary )
thes will be designated as plasmasomes or 1f they realls show 4
ribbion shaped 1ppewrance even as mitochondna

B TOCATION STRUCTURG AND FUNCTION OF THI
SARCOSOME

The extunsive terature concerning the light microscopy of
sascsome  (summanzed by haseh 1932a) was untl the end of
the Mmeteenth Century coneerned mamnh, with proving the ex
stence of these bodes  Even this did not go altogether un

challenged although the m
) ajorty of ustalogrsts by
veed of the eustence of sarco: 1 Nmetoont

sasmies at the end of the Nimeteenth

?m:tun thanks mamdy 1o the outstanding 1ns estigations t)fnC1

o\qeh;:g ;}1}590) ‘liolmgren (1907-1919) Mergs (1908) and
e exact locaten of the sarcosom, hy

thar structure and thesr § e s

or ot e, th it function however remamned 1 doulnt
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THE SARCOSOMLS AND THE SARCOSOME
THEORY OF THE FUNCTION OF THE HEART

Smu. the significncee of s ircosomes to date still remuns Dirgely
unrecognized among physiologists pathologsts and carciologsts
despite the f1ct that they have been proved to be vital components
of the heart muscle fiber (B hasch 1951 19521 1957g) 1t 1s
necesstry here to discuss these structures m some detul

A NOMENCLATURE

The story of the discovery and myestigwon of sircosomes
especiilly the much studied sircosomes of the flight muscles of
msects will not be gone mto here s we thoroughly covered 1t m
1952 (1) In order to avord misunderstandings however, the
nomenciture requires cluification  Sarcosomes were so nmed
m the vear 1890 by the outstandimg Swedish natomst Gustny
Retzius  They are the tiny so called interstitinl granules of the
protoplism the largest of which re visible even through the ight
microscope  They have been known to light microscopists simee
the year 1840 (Bowman 1840 Henle 1841 Roeclicher 1851 wd

As these granules are found m the protoplism of

many others)
mnd b

muscles G Retzius called them  sarcoplismasomes
breviated this name to the hngustieally handier word sarcosome
For historiea] rewsons  ind 1lso out of respect for 1n outstinding
scholar, we we strongly mchned to continue the usige of this
name md mdecd there 15 no good 1c1son for replicmg this term
by onc which would prohiblv be less correct

The term mitochondry frequently used to designate the iy

46
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Figure 25

Left ventnele of an albino mouse  {Ultramseroscopic teasing
preparation ) This poorly fired preparation slfustrates myofbnls and the
sarcosomes which D m between them The well presened 7 bands
(Z} alymed with the mrofibnds 1 warp and waof pattern are especually

noteworthy TR = ring shaped stmcture 13 800X

taeen wdnidual msofibnls or between myofibnils and the sar
colem wnd ean be aggregated i large quantivies m the pockets
of the sarcolem as we for example have found to e the case
commonly n anncular muscle and n the stnated muscle of the
dapheagm (19552 19562 )  Fagures 24 25 26 sllustrate an
aggregation of sarcosomes 1n cardiac muscle

In muscle fhers espeeally meh 1n sarcosomes such as thase of
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Figure 24 Human auncle  The sarcolem (SL) presenting 1 double Iine
1s seen m several places to be connected with the Z band of the nerghbonng
myofibnl  Sarcosomes are seen to Iie between the myofibrils 18 000x

Where are the Sarcosomes n the Heart?

After years of personal mvestigations on this subject we ¢an
state that the sarcosomes are always found within the muscle
fiber and never within the myofibril (B Risch 1951) or between
different muscle fibers except for artifacts  They are found be
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the heart or the dirphragm  the sarcosomes are often found hing
m long rows between the myofibnls There they nre tightly
packed together and sce their substince s evidently vers
plastic m nature, they often appear 1 the electron microscopic
picture, to be impinging upon and flattening one another when
ever a large number of sarcosomes lie close together  Our Figures
22 and 84 illustrate this clearly n the vertebrate and also m msect
muscle Another mechanical result of the eistence of particularly
Inrge numbers of sarcosomes 15 that the mdividual muscle fibuls
are forced apart by these small interposed bodies A comparison
of our Figures 32 36 and 39 and m contrast Figures 33 34 41
and 42 show that 1n muscles which are poor mn sarcosomes (such
as the sheletal muscle of the mouse or of the gunex pig or of
the 12t or of man) the myofibrils of the muscle fiber are packed
closely together whereas n the eardine muscle of the syme animal
this 1s not the case as the sarcosomes mterpose themselves be
tween the myofibnls  Thesc facts emphasized by tlus author
since 1951 are recently corroborated by pictures of Moore and
Ruskn (1957) of Porter and Palade (1957) and others

In sarcosome poor muscles the sparse sarcosomes e found
mainly 1 the region of the Z zone occurring singly or mn purs
(B Risch 1955¢ 1936f 1957g more recently, G A Edw ards
and co workers 1956 Porter and Palnde 1957) Often where
the Z bands are visible the sarcosomes appenr to be attached to
these bands I have therefore called these the Z form of the
sircosome or Z sarcosome for short  Thas 1s illustrated for human
skeleta] muscle in our Iigures 17 and 18 for mouse sheletal muscle
m Figure 28 for gumea pig sheletal muscle 1n Figure 32 and for
rat skeletal muscle m Figure 85 These Z sarcosomes are 15
rule, much smaller than are the majority of sucosomes found m
the muscle fibers of the heart chambers although 1n the uriculw
muscle the sarcosomes are of a rather polvmorphic appeartnce
We will htve more to s1y thout this Jater  In addition to the
smaller ovoid Z sarcosomes sheletal muscle also possesses the
band shaped type of sarcosomes (mtochondrial type)

In the heart 1s1n other muscles gieat quantities of sircosomes
are always m the closest nexghborhood of exch nucleus (Asch
1951) This scems to apply to nucler m general for 1n capillry
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AR
Figure 26 Mentnele of

P The mass of Sa0caSOmes 13 1y g
Picture much bigger than that of the seanty myofibnis 93 000x
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Figure 27 Fhght muscle of a homet Note the large sarcosomes lying

between the myofibrils, and the absence of Z bands m the presence of

distmct Z M and H zones (H zone 1s the hight zone on either side of the M)
SL = sarcolem T = Capillary of the tricheal system 13 000x
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Pigwe %2 rigpe o
estigated Yertebrate:
fbnls =



51 CARDIOVASCUTI AR FLECTRON MICROSCOPY

F';‘ T~ T ,,;"Jf':'..li.l——‘z'—‘i
L . I Y
gk. - 1’; ' v %"

[gure 28 Leg muscle of an 1lbmo mouse  The sparse sarcosomes occur
ring mn the region of the Z zones of the myofibrils e indicated by arrows
SL = Sarcolem 22 000%
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Figne 23 Disphragmatic muscle of the same ammal as n Pignre 38 The

saseasames are swuch Wore wusnerons bemg pastially small m the regon of

the Z zanes snd pamtially lasge fned 9P m rows  Sarcosomies are seen m

both the raund snd nbban shape  The nbbon shaped sascasomes are of the
mutachondnal type  15000%
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endothelium one also 1egululy finds plismosomes m the region
of the nucler wlich would seem to pomt to especinlly hugh meta
bolie changes within the nucler or wherever they are found
(Kisch 1951 nd Iater ) (see Tigs 80 and 86)

The great quantity of sarcosomes m cirdire muscle 1, pre
sumably  also responstble for the fact that this muscle 1s much
harder and firmer than wy other muscle m the body  The greit
firmness of crditc muscle was ready observed by Gilen who
thus expluned the great working ability of the heart If tlus
peculinr consistency of the heart 1s s I presume the result of
its enormous content of swrcosomes then Galen without ever
understanding this conneetion was m the end quite right m lus
assumption

Loim and ner Structure of the Sarcosomes

Thanks to electron mictoscopy we now tecogmze the fact thit
sarcosomes and plasmasomes mcludmg the so cilled mitochon
dna are not merely homogenous droplets or rods of indeternmate
substance of nucroscopie or sub micioscopre size It was formerl
thought that the substance of which sircosomes are made was
most probably fat glvcogen or albumm  The electron mucro
scope hins shown that the sircosomes are structures with 2 chirac
teristic esternal form nd mternal structure (Sjostrind 1953
Palade 1952b Rhodin 1934 Rasch and Philpott 1955 etc )

The recogmtion of the above facts enables us todw to dis
tlngllls]l bet\\ecn sircosomes ’ll]d other nHCI'OSCOPIC 'l"d Sll[)
microscopre cell inclusions  Of course the recogmition of 2 certun
mner structure 1s not the only method for differentiating md
1ecogmizing the sarcosomes as such i each particular case One
cn also draw many conclusions from the form and the locition
ot these bodies dlone Indeed 1t 15 often difficult to recognize
the typreal internal structure of the sarcosomes 1s this requires
both an excellently prepared specimen and excellent photography
The mner structure of the sarcosomes changes apparently with
the changes of therr function too

Concernimg the form of the sarcosomes we must first emphasize
the fact that the method of ultra thin sectiomng emploved
electron microscopy never allows one to sce an enbire sarcosome
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Figure 30 Ventnele of the same mouse a5 shown m Figures 23 and 29
The spaces between the myvofibnls ase Slled with sarrosomes  In the regon
af the mucleus (V1 the sarcosames are especially numerous 13000
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Figurc 31  Auricle of the same mouse shown n Figures 28 29 nd 30

Note the large number of sarcosomes between the myofibnls and also

between the myofibrils and the sarcolem (SL)  In the upper nght hand

portion of the preture there 1s an wnterstitial cell (I) contuning a nucleus (N}

surrounded by many plasmasomes {PS}  Ths ccll sends out its extensions to

the interspace between the muscle fibers C = Capillary M = Myofibnls
7 000>
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20 000X

Frgure 32 Leg musdeof apumeapsg 1t 1s 1t possible to idennfy & single
sucaony between the nyofibrds with any degree of cedtanty
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Figure 33 Eyc muscle from the same gumen pig shown m Nigure 32

Numerous sarcosomes mostly of the mitachondral type 1re found between

the sarcolem (SL) and the myofibrils and betwcen the indnadinl myofibrls
20 000x
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Pigure 34 \entncle of the same guinea prg, shown i Tigures 32 and 33

Masses of sgreosomes are seen lymg betwcen the mvolhels  Note the

double-ring form and canal form of structures e tween the sarcosome wdi
cated by arrows 25 000X
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Rather, whit one sees m the electron nucroscopic mage e mer
shees, cut out of the sarcosome, much s shices of bread we ent
from a whole loaf  Just 2s one could s1v veny httle bout the
form 1nd size of 110 of bread or of a s1usage from scemng ooh
1 shee of at, s very difficult to sty anythmg thout the form and
size of n enfire swcosome from the picture of a smgle shice of
the sarcosome obtuned m sectionmg for elictron mucroscopy
The form 1nd size of the shices we view e 2w ns dependent
upon the phine m which the sechoring hmife chnced to sinke
the sarcosome  The comparnison of a sures of many conseeutne
elcetron microscopie pictures of the same bissue howover per
mits one to driw certun conclusions

For evwmple, sf the sarcosomes of the heut chumbers m the
sastmnonity are seen to be round or oval, srrespective of whether
the myofibrils hetween winch they are found are sectioned longt
tudmalh or trnsverschy then we are justificd w concluding that
the swcosomes of the het chambers or at fewst the majonts of
them are spherical or elbpsord m form I, s 15 ncersionathy the
case m the vwcle, the picture shows 1 group of very smll yarco
somes hing piched close together then we can be sure that we
are denhng with smal sucosomes and not wath taingentid see
tions of larger sarcosomes as the Iatter would be 1 geometrie im
possibihty 1 the case of 1 cluster of such small bodies  If, 15 our
pictuses show tghthy packed sarcosomes re flattencd at thew
adjacent edges (sec Fig 41) or 1 m msect muscles, they assume
hizarre forms which evactly fill out the spaces between muscle
fibrls (see Tig 22) then we twe justified m condludmg that the
materitl of which sarcosomes are made up 1s of 2 phstie nature
offermg httle resistance to 2 molding force

1t should ulso be emphasized that there 1s v difference m the
form exlubited by the sarcosomes not only 1 different organs of
the same amml but s in the same orgn of different 1mmals
and that these differences are of a charactenstic vature Thus
as we have just mentioned the sircosomes mn the vintncle of
varous mammals winch we have imestigated mchuding man
are predommantly round or elhpsord while, as I w1s able to show
with Plulpott m 1955, the ventricle of the frag has sarcosomes



L83
SARCOSOMES AND THE $ARCOSOME THEORL

Figure 35
betwecn the

Leg musele of 5 T3 At only twg Plates withm the ©loplasm
myofibnls g g Possible to see 4y $weosomes  ( 1 2700y
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Figure 36 Diaphragm of the rat  Many strepsomes between the myo-
Arrons mdicate those of mitochondnal tvpe  Notice the group of

15 000x

fibnls
sarcosomes at the left upper corner () near to the nucleus (N)
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Tigwe 37 Rewt muscle Lentricler of the same rt as T, 36 Rows of
sageotomes between the maofibmls  Amows mdreate cndoplasmic reticulum
15 600y

wien are predommnntly  nbbon shaped  Reeenth  Szent
Grargst has confirmed the same findng {1936)

Thus difference 1n the shape of sarcosomes of varous tissues
apphies to the hea r eV when we compare the auncles and
ventneles of the same heart and may correspond to a diffierent
function of differenth shaped sarcosomes

i~ the ventnenlar musenlature for exaraple only a staall par

tion of the sarcosomes 25 wmes the longated sawsagy shape
\m othondna)) bpe while m the aundes many of the sarco-
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Fisure 38 Ventricle of the cow  Masses of sawreosomes near 2 nuclens (N)
between myohbnls  Notice their mner structure 12 000X

somes e of this type  The elongated sarcosomes can be s long
15 3z They are generdly only 02 to 03 p i dinmeter The
round or elhpsoid sarcosomes of cardiac muscle have 1 dinmeter
of 05 to 10 & while the sarcosomes of the nsect flight muscle
hive a diameter of about 3 to 4 » 1 fact wlich evphms why lus
tologists have 1n the past always favored these particular sarco

somes in their investigations  They are 1 challenge to the elec
tron microscopist too (B Kisch 1959) It s quite tvpical of the
auricles that therr muscle fbers exhiat a great vanation mn the
form 1nd size of the swrcosomes (Polymorphism of the Sarco

somes B Rasch, 1955 19561 b 1957g) recently corroborated for
the atrium of the turtle by pictures taken by Fawcett and Selby
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Figure 383

Huson \entnele  Sascosomes between myofibrls arrows 1
dictate profes of endoplasmuc renculum 2300

£1938)  We will later mabe reference to the fact that diffurences
Hetween the sarcosames n the auncle and ventncle of the same
heart support the earhier contention of s asthor that the bio-
<heaustrs of the auncle and of the vestndde of the same heart are.
net necessaridy dentical {19362)

The wner structure of the savcospme ks heen vanously inyest
gated as has the structure of the so called witechondma of the
on muscular tissues such as s er hidney and glands {Sjostrand
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Tigure 39 Sarcosomes from the hert of a con Notice thur outer mum
brane and mncr himelltr structure 30 000X

1953 Palwde 1952b Rhodin 1954 Napohtino wd Fuwvectt
1958 Raisch 1959 aud others)

Palade named the lnmellne which weie most esily recognz
able m sections of sarcosomes Cristae mitochondnales It is the
hallmark of swcosomes that they arc made up of @ membrane
surrounding an mner content This fict had alreads been recog
nized by light microscopists imvestigrtng sutible sarcosomes
(Rhoehcher 1886 see Risch bibliography 19521) In the sarco
somes of sect muscles however it 1s often impossible to demon
strate 1 distinct membrane  This seems not to be an optical 2t
fict only (Risch 1959) In the mammal when the content of
the SArCOsome 15 remaon Cd b‘ QsSmasyy gne cn see HIC "leml)l"l"c
which rununs looking for All the world Iihe an empty s This
same phenumenon 15 the case within @ very short trme fter the
denth of these mumals and this author has called these sac hike
empty membranes ghosts of sircosomes  (1955¢) The internal
lamellae of the sarcosomes wiich e markedh osrmophithe are
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Figure 46 Sascosomes from the brart of 8 guines mg  Nate the teat n the
extera) metnbrane mdicated by an arrow 0@ the concentreally arranged
perpencienlarhy cut lamelhe of which eack can be Jeatly recogmzed as
having two surface houndanes  Thewr width 15 spproxumately 150 A Chew
duh surface boundary 1 spproamately 30 A thick  The two sascosones
visible s pactute ste embedded between abliquely sectioned myo.
fibrls of the heart whose paralle} protofibnls and & bands are ey

secogmuzed 58000
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The arrows pomt to lnes

Tigure 41 Sircosomes of the guinc prg heut
which might be reguded s the boundiry lines of dnadmy, sreosomes
55 000x

closely prched together m the sarcosomes of the heart md of the
fhght muscle of msects  On cross section they hwe the pper
wce of 1 double hne cach hne havng A thickness of approyt
mitely 50 to 75 A The mternl lnmellre of the sucosome sur
rounded s they ue by 1 much less osmlop}uhc matin, ue some
times scen to extend dingonills or trinsversally across the entire

At other times they e seen to be connected with

smcosome
ind somtimes they

the srcosome membrane on one side only
dont seem to touch the membraine wn where At tumes, they we
wranged m parallel hnes while somctimes they are arranged m
concentric crreles (Kisch 1955 ete) or m ridiating rays  Be
cuse of this I prefer to use the term mternil Iimellw  rather
thain Crstie T have often pomted out the simianty between
these pictures and the trichites of Otto Lehmann (19541 1954h
and elsewhere) The content of the sicosomes 1s occastonally
strongly rcmimscent of Lehm wn's hiquid erystals  Oceasionally
however one finds no lwmellic it Il within the sarcosome
Rather onc finds rod shaped pieces of Tumcllac or frigmented
particles within osmophobic homogenous matny This m



ki
SARCOSOMES ANE AYF SARCOSOME THEDTY

PPt hau &

Figure 42 Sarcesomes bedsteen myonbnds of & met fly  Nohe the w

rogement of th hmels i the sacosomes T mdicates camllirey of &%

tricheal system 20000

be Me case even when neighlioring sorcosomes w the same pie
tare evhibat well deseloped lamellae (sce Fig 39} Tlus obser
vatiop makes one wondes whether the absenee of & lameltar
stewtture 15 fack only an arhfact 2nd also whether reall eack
well preserved sarcosome should exhibut a regularly ordered
bamellar mtemns) structare 1t would scem much more probable
that the «aniation i 1nternal epntent 15 indhcative of a saration
2 fuvc bonal state of the sarcosome betag, viewed (hasch 19348
19353 © 9% 13Ty dately also Powery and co workers 1938)
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16 000X

Tigure 43 Sarcosomes between myofibnls of 1 meat fh

or even of degeneratiy e changes of the content of the sarcosomes
which mv rise under pathologic conditions

Recently the fact that neighbonng plasmasomes differ, onc
showing the mner lamellar structure, wlule the next shows only
an amorphous content hns been confirmed also by Napohtano and
Tawcett (1958) for brown ndipose tissue in the new born mouse
adrat  These authors s vell as Kisch (1959), have shown that
even one mdividual sarcosome, may 1 one plice contun Imethe
whilst mn another place 1t contuns only amorphous materil All
such observations seem to confirm this author s previous opuion
that the obscrved difference 1n content m1y be due to diffcrent
functional states of the sarcosomes beng viewed

It should be emphasized however that necrobosis tardy fixy
tion after death and smproper handhing of the materal Il open
the door to rtifacts of swelling and dismtegr ition winch m1y go
so far 1s to produce ghosts of sarcosomes T cinnot go along with
the concept that ultramicroscopic canals evist m the plismasomes
m which metabohic exchanges and metabolic processes oceur
which in turn regulate the muscle metabolism

The Tunction of the Sarcosomes and a Correlation Between

Sarcosomes and Muscle Nunction
microscopic nvestigations of

Lven m the earhest clectron
1951 1952) the most stribing

sections of cardiac musele (kasch
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Figme 44

The mternal stnucture of the sarcosomes of a wasp eaught i the
summcr ime  The sarcosomes hase & stnkang corrugated and wavy trite mal
famellar pattern  The Itter T denates 2 branch of a capillary of the arr
transporting tracheal srstemr  (From Kisch and Philpott 1835 ) 34000%

feature was the enormous quantity of sarcosomes within the
muscle fibers of the heart  After etamung countless petures 1
would today somewhat allegonically state the case as follows
whereas i the electron muerascane meture of cardiae muscle one
often has to search amongst the sarcosomes for the mdividual
wosele bhrls 1 the pture of sheletal musele one must search
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Figure 45  Sarcosomes from the human ventricle  Note the double Ining,
of the mner lmmels  (From Risch Cwusogln and Marangom  1959)
70 000x

among the miofibnils to find sarcosomes A stmple compartson of
Figures 28 through 381 showmng both cardiic nd skelet il muscle
of the same wm2l will make this pomt quite clear

All biochemical studies of cardiie muscle should iso i future
tahe cogmzince of the fact that 1t least i certun plices cardine
muscle contuns 1 miss of sarcosomes which 1s equal to or out
weighs the mass of myofibrils

When working chemienlls on evtricts of hewt muscle one
should be ware of the fict that the material wlich 1s extracted
1s not only muscle fiber Rather m phices the extract 1s made up
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Figurc 46 Plasmasomes from a thrombocyte of the mousc  The arrow
ponts 1 cross sectioned channels in the cytoplism Natice the llmmbnn(! af
the plasmasomes and the double lining of the inner lamels 58 000%

0f 50 o or more sarcosomes or their extracts onh the remamder
bemg extracted of myofibrils Extracts of heart muscle there
fore do not permit of companson with extracts of sheletal muscle
for the purpose of derrving any conclusions abaut exsting differ
ences in the chemical contents of the myofibnls of these two types
of muscle {hasch 1956f 1937g)

In hme with the above stated condition of the humin heart
muscle we should tale nte consideration one other fact In
oalute 2 supdlar occurrence of a huge mass of sarcosomes
which myofibnls are embedded s found only 1n the Hight muscle
of wsects Linking these two facts together I came to the con

lusion 1n 1931 that sarcosomes must be esseatial to the wtenssie
and ceaseless actnity of these two o

therwise seemungly un
related museles .

Onsgnally one had suspeeted that the sarco
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somes were either depots for energy nich matenal used by the
strenuously and steadily excraismg muscles, or else fatty degenera
tron products of the muscle fiber stself (sce hasch 18521) In
recent years however, various researchers have demonstrated
for the mitochondrin of other organs (liver, hidney), that therr
plsmasomes are m reality enzyme depots (lterature, G H
Bourne 1950) Tlus scemed to me to be the answer to onc of
the central problems of cardiology T ssumed (1951) that the
swrcosomes of the heart contamed enzymes of the most vital m
portance to the heaits metabolism  The vast numbers of sarco
somes present n cirdiie muscle compared to sheletal muscle
together with then 1dvantageous position withm the muscle
fibers would seem to make them 1deally suited for effecting an
immediate reversal of the chemical changes which occur 1 con
nection with each contraction of the eardine muscle  This 1s more
especially so as the usefulness of m enzyme withm 1 cell un
doubtedly depends upon its quantity and its localization withm
that cell As we can see both the locition and the quintity of
sarcosomes withmn cardinc muscle e optimal  The mass of the
sarcosomes exceeds the miss of the myofibrils at mm places
wiathin the ventricle and all the sucosomes are found to hie within
the muscle fiber It 1s because of thus that under normal condr
tions one never finds bigger 1mounts of metabolites as chemeal
exchange products rccumulating within the heart muscle  There
fore m contrast to norm1l sheletal muscle which possesses rel
tively few sarcosomes the normal heart can earry on strenuous
work for 4 hfetime without requirng ny lengthy pwse to recover
(Rkasch smce 1950)

Thanks to the outstanding work of biochenusts the importance
of this opmion has subscquenthy been thoroughly substantnted
for the sarcosomes of hoth mnsect muscles (Witanibe and Wil
liams, 1951 19533) and cardine muscle (Phwt and co workers
1952 Slater and Cleland 1952 Clelwind and Slater 19531 b
Siekevitz 1959)  Sarcosomes arc carniers of metabolic enzymes
and by means of thewr enormous quantity and favorable location
within the heart they permat that organ to function without any
lengthy rest peniod through an cntire hfetime  The reader 1s
referred to the above mentioned references for biochemical detuls
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Tt as yet too early to state Jefimtely the mechamsm n
which the enzvmes are relessed from the sweosomes It mght be
that patt of the enzvmmes e Tocated at the surf e of the Yuni the
within the sarcosome nd that they e el ased m response to
brachemscal and physicochemial changes w therr ¢nvironme nt
Or they Tught be Jocated at the Laxcosome membrane  In cach
case they m1y leave the sascasomes by osmass under v orble
srcumstances Tt 15 also concervable 1t both of these mech?
Jsms may presail to some extent  As previoushy mentaned the
double mterphase bowndary of the lamelfae whien ean be el
secozuzed it the pictures has » thickness of approsimatcly 50
070 & This could corvespond to the thickoess of macromole
atles of osmophilic enzyme protems of enzyme hipoprotems
which we located m these parvicular places  Whether the apprar
ance of the wtemal structure of the sarcosomes changes w MII:I:I\cu
u;;:mmc acovty and whether perhaps these arganclles might
g[ ca::i L:C;g:;czibii S]’:t :: e’;:lt“{:d:b %)rmed msulficieney states
oo e o ; pic of our i eshigations {hasch

: e abose are new approaches towrds the
solution of wnportant chmeal problems m wluch expenment and
electron mieroseepy mgeﬂm would secm to holdplh e‘n e
answer  Upon the solution of these problums will de o the
f:\( ?er 1zle\elopment of many phases of cardiology ' Ofcgr?? ‘}h::;

an be certain £y en af this point within
death the sarcosomes lose t‘he;p bun a ven short bime aftcr
brsn r content and onhy the empty mem
(k‘sc;’igg‘s“; going rise to the so-called “ghosts of sarlzgsvmcs

A first attempt at
lowmg hmﬁ)l;gm;‘:l‘a;l;i ‘\?‘!;jut}v) [;P of }pmblem bas Jed to the

Cardrac muscle and sheletal lre o buste importance
POses two ends muscle are for all practical
nigh of 2 spectram Carday 1 P

ght withoyt longer rest periad o ouscle wotks dus and
blond pressure withmy the asrta g -;llgalnst the resistance of the
some small ammals {such as thy and the pulmonary artery I
sparrow the finch nd he se: e‘“;‘\nse the rat. the hamstes the
fgﬂ wdmOO contractions per X:lﬁ:::( (gm im{gt beats at 2 it of

tardiac musle sheletal m 15h 1953a)  In contrast
substantind penads of rest {‘:;jén\;ii);f ;:nder gdoement of
st penads are aot ex
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tensive enough sheletal muscle tires very easily  As has heen
pomted out, m line with thus difference 1 function, cardine muscle
contans 1 very considerable quantity of sarcosomes while shele
tal muscle contuns very few  Among the strinted muscles of the
vertebrates, there are many which classificd according to func
tion would fall in betwcen cudine nd skeletal muscle as de
seribed above  Tor example, the eye muscles function contimu
oush whilc one 15 awake and the diphragm functions contmu
ously dv and mght Naturally, the resistance agunst which the
diaphragm must work 1s mimmnl when compwed to the resistance
offered the cardinc muscle  Tlectron microscopic studies have
now reveled (Risch 1956e f 1957g) that just as the function of
the eve muscles nd dirphragm falls m betwecn the two citremes
of cardine wd  heletal muscle function so so therr content of
swrcosomes falls 1 between the estremes  Therr musele fibers
especiills those of the diphrigm contun many more sarcosomes
thin those of sheletal muscle and yet their sarcosome content ffls
f1r short of that of cardiie muscle of the sume ammnl  {Sec Figs
28 through 381) The crdine muscle of varymg wmmals alsa ex
lubit ty preal vanations i thewr sarcosome content  In the hets
of cold blooded ammals (fish frog) 1 found far fewer sarco
somes than m the hewts of manmals (isch 19541), and m the
ventricle of cattle (pulse rite 30-50) far fewer than i that of
min or small mammnls

The statement about the stomshing thundance of strcosomies
m the diphragm (kisch 1956 £) his recently been confirmed
by a picture of the muscle of the diiphragm of the rat pubhshed
by M L Watson (1958)

All of these obseryations pomnt out one basie fict  the alulity of
a striated muscle to do strenuous unttring work 1s m mathemat:
cal terms @ function of the number of sarcosomes wiich at con
tams (Risch 1951 19541 1956b £ 1957g) wnd of the number of
functioning capillanes per mm’ of the muscle  The vital impor
tnce of the amount of sarcosomcs m the muscle fiber 1s pparenth
still not well understond even by most of the scholars working on
sarcosomes

Tinally 1t should be mentioned that perhiaps the v rving forms
of the sarcosomes which we observe may 1lso sigmfy varymg
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Figare 47

Section through 1 red Blood cell of man
no endophasmic reticutomn noticeable 36

o plasmasomes il
08Gx

function  Alter all we are nsed to the wdea that m nature
generalh dlference m form sigmfies dilference 1p function 1t
has alreadsy been mentioned that part of the sarcosomes of the
auncle exhibit a different form and a different distribution than
4o the sarcosomes of the ventricle of the same heart  The typt
el saren omes of sheletal muscle the Z-sarcosames are decidedly
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Figure 48 2 Red Bload «clls (R) m caplluy of the huwmn hewt So
plasmasomes ind no endoplumie retenlum In the capidhig wall (C) 2
Ing vacunle diffcrent plasmisomes md may small droplits  Arsows pomt

to parts of endoplasmic rcticulum and 2 shits mr the wall (bee p 119 )
18000 x
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eyqure 49 Capillany frow the heart of an albno movse Wohun the el
% ¥ the endothehal muclens (EN) the mursl slit (WS} and the plasma

sotnes mdicated Ly arrows are sl The capilany coscdy suerounls A
whte blood corpuscle whiose nucleus and plasmasomes are easily recogmzed

13 000%

smaller than are the sarcosomes of the ventricke and they are
mostlv Ipc sted singls of m paus at the Z zone

Ve e still m necd of a detmled <t dh to allow meluson vathin
tms picture of the most veued of ammals nd of the nonstnated
taseles too Our own a5 vet unpublshed comparihive studes
pont tawards the f1ct that for example the wtemnal structure of
the satcosomes of the faght w sc%es of msects mav be dependent
tpon the season  Ths could be a factar m the decreased fung
abidity of certain wsect in the fall of the vear (e g fhesy

Elextron microscopic. studses of the sarcosomes have led sice
1951 to i estiggtions whnch woth sierety nave proven that these
structures ar & uital part oF M o diae muscle It 15 howeser
1ot ths wrters opiron that the enzyjres of the cells are located
andd bt exclust ely 1 plasmasomes { mitochandria)



82 CARDIOVASCULAR ELECTRON MICROSCOPY

In connection with the 1bove, we should recall here that large
numbers of plismasomes are 1lso found m the region of the nerve
end plates of striated muscle as W Ruhne has alreads shown
decades ago  In lme with current thinhing about the method
of transmission of nerve impulses I thought 1t Iikely (1952a) that
the piling up of plismasemes w tlus location was somehow con
nected with the production of the acetylcholinesterase which s
required there  This close connection between plismisome
content and function of 1 cell can also be demonstrated m mas
other fields of physiologn which cn be mentioncd here only 1n
pssing

Of all the cells i the body the mature red blood corpuscles of
mammals probably have the lowest oudtine chenieal exchnge
and the lowest ovvgen consumption This 15 commonly con
nected with the fact that mature red blood corpuscles do not hue
anucleus  This could well be 1 factor m the umque ability of the
red blood corpuscles to timsport oxygen  As fir as we know
however the red blood corpuscles of mammils also hne no
plismasomes (mutochondr) while n contrist the white blood
corpuscles of the sime wymals have nucler and 1 vast quants
of plasmasomes  The lack of plasmasomes m mature red blood
corpuscles of mammals must be another especially important
factor n the low chemical exchange of these cells  The immtare
blood cells of the m immal (the reticulocy tes) have 1 distinct ovy
gen consumption (Rumsey wmd Warren 1932) d they also
possess plismasomes of both a1 typical and an atypreal vaneh
(Chalfin 1936 Brunner wmd co workers 1956 Braunstemer and
co workers 1956 this wthors unpubhshed observations) One
other thought comes to mind O Warburg demonstrated the
abnormal ovgen consumption of tumor cells A study of the
plasmasomes of tumor cells could reveal as vet unknow n morpho
logical charncteristics of these cells

All the above ruses the question of the relation between the
nucleus and the plismisomes of 1.cell  Smee 1951 Thave stressed
the fact that numerous plismisomes (sarcosomes) e Always
found m proximity to the nuclens  In mimmahan red blood cor
puscles both the nucleus and the plismasomes are absent  Can
not one of these two structures st without the other? Can the
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Figure 50 A red blood corpuscle and a white blood corpuscle 1 a capillany
of mouse lung  Within the white blood corpuscle are scen two sections of
the nucleus (N) and numerous plasmasomes of which several are indicated
by arrows  There are no plasmasomes seen i the red blond corpuscle

11 000X

plasmasomes evist onlv 1f a nucleus is present? This 1s doubtful
according to the findings m bloed platelets Can the nucleus
eust onls 1f the plasmasomes are present® This 15 perhaps more

probable  Perhaps though both the nucleus and the plisma
somes disappear simultaneously 1n the course of the development
of the red blood corpuscle wiuch also has no endoplasmic reticu
lum Tt will require much work before one will be entitled to
2 defite opiuon concerning the answer to these questions In
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In connection with the above we should recall here that huge
numbers of phismasomes e also found in the region of the nene
end plates of striated musele as W Ruline has lreads shown
decides 1go  In line with current thinking about the method
of transmission of nerve impulses I thought it Iikely (19521) that
the piling up of plasmasomes mn this location was somehow con
nected with the production of the 1cetyIcholmesterise which
requred there  This close connection betwecn plsmasome
content and function of 1 cell ¢ also be demonstrated 1 mm
other fields of physiologs  which e be mentioned here only m
passmg

Of Al the cclls m the body the mature red bload corpuscles of
mammals probibh have the lowest oudative chemicil exchinge
wd the lowest oxvgen consumption  This 1s commonly con
nected with the fact thit mature red blood corpuseles do nothue
anucleus  This could wcll be 4 factor 1n the umque abibity of the
red blood corpuscles to tr msport oxygen  As far s we know
however the red blood corpuscles of mammals also hwe no
plasmasomes (mitochondrin) while, in contrist the whte blood
corpustles of the same ammnals have nucler and 1 vast quantits
of plismwomes  The lack of plasmasomes m mature red blood
corpuscles of mammals must be another especilly important
Eactor mn the low chemical exchange of thesc cells  The immature
blood cclls of the mammal (the reticulacy tes ) have a distinet 0%y
gen consumption (Rwumses and Warren 1932) and they 1o
possess plismisomes of both 1 typreal and an atvpreal varehy
(Chalfin 1956 Brunner wnd co worhers 1956 Braunstemer nd
co workers 1956 this anthors unpublished obseryations) One
other thought comes to mind O Warburg demonstrated the
abnormal oxygen consumption of tumor ccls A study of the
plismasomes of tumor cells could reveal s vet unknown morpho
logical charactensties of these cells

All the above ruses the question of the relation between the
nucleus nd the plasm isomes of 1 cell Since 1951 1 have stressed
the fact that numerous plsmisomes (sarcosomes) are alw ns
found m proximuty to the nucleus  In mammalian red blood cor
puscles both the nudeus and the phismasomes are absent  Can
ot one of these two structures eust without the other? Can the
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myofibnls or near the nucler where ordinanly masses of normal
sarcasomes can be found m the muscle fiber

These findmgs not only prove the suspected role of the sarco
somes i the fahng heart but gre cardwlogy an entirely nce con
cept concermng the mechansm of heart forlure

Thus anthor regards disintegrating sarcosomes also as a source of
hipofuscine and some other lipids found by hight microscopists in
the heart of cardiacs and old people  (SeeCh wpter \IN)
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this commechion, 3t wounld be very nsefol to hoe lastologieal
studics made upon the nucleus contuning ervthrocyvies of am
phibiws, fish, wd ards  Withan the nucleus countummg red blood
cotpuscles of the frog wd fish I wns 1etaally ablc {o demonstrite
the eustence of plasmasome ke melusions s well {unpublished
mvestigations wd 1957g)  Thus obsetvation has recenthy (1959)
been confirmed for the eel {Augwliult Jiponen) by N Tsunura

1t 15 2 well hnown fact that the mature sed blood corpuscles we
the only cells of the body of humans wd of other manumals winch
contam nonucler It 1sa fact that they are also the only cells of the
body wiich possess no plasmasomes {mitochondra) and no endo
plasnuc reticulum

Detuls of the nternal structure of sircosomes wwe demon
strated 1 Digures 39 thiough 46, while Figure 26 demonstrites
mpresssely regionnd massing of sarcosomes, between the myo
fibrils of the gumen pig heart (left ventnde, near the ongm of
the agrtn)

It should 1lso be mentioned that within the mterior of satce
somes onc e frequenthy see dark homogenous spots which 1
hve upon ocersion designated as nucleol of sarcosomes {Rusch
1853¢ hasch wd Plulpott 1953}

We shonld nlso pomt out the fict that s m our Digure 39 one
frequently finds adjacent to swcosomes with well deseloped
ternal lamellie sweosomes with either n completely homogenous
content o1 1 content which looks to be crumbly  Peshaps this aob
served difference conld be related to  different funchiom) stite
occurring m adjicent sarcosomes 15 mentioned Ahove or to b
normal conditions

The fnnl proof of this wthors concept thout the ¢ rcosonics
and thew wital mmportance for the heart was recenth found
fresh speaimens of the human heirt of patients with chrome
eardine fulme taken inmediitely ter death (hasch et al 1939
19601 wmd b) A grext put of the heits swcosawes m cielf
one of ten mveshigated patients was swollen or its content de
generated mto 1 strongly osmiopbyhe crumbled mass  Fmally
these sarcosomes disintegrated entirely and only crumbs of duk
maters1l mdicate m these pthologie hearts the plaee between the
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\EAMBRANES AND oT

Figure 51 Human auncle  The arrows indicate Toop shaped structnres of

undetermined signifirance lying between myofibrils whose paralled proto-

Bibrils are casily recogmzable and sarcosomes which are but poorly visnaluzed
33 000x
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MEMBRANES AND OTHER STRUCTURLS
WITHIN THE CARDIAC MUSCLL FIBER

In addition to the sarcosomes one ¢ recogmize other formed
clements withim the protoplasmue matrs occupying the space
betwcen the my ofibrils of the e wrdine muscle wnd tht between the
myofibnls and the sweolem  We hwve alreds made mention of
somc ring shaped structures (sec Tig 25) (Rasch 1956¢)  Smw
Iar structures hiwve been found wathin the human ventrieal {Jasch
1960) nd atnum (Fig 51)  We should also mnhe mention
of the membrane wiich appears m pictures of sectioned tissue
1s bounded by two hnes and which 15 oceasionath found with
such frequency that one cannot 2ssume this structure to mereh
represent sectioned preces of swrcolem {10541)  In our Digure
52 for cxample one can see withm a region approumately 4 #
n diameter no less than five such wavs membranes all running
nerly parallcl to one anather  Sumlar Iunethe can wlso be found
within the muscle fibers of the humn 1uncle (see Fig 51} 1
hwe m addition accwstonally found branching structurcs of the
finest order of magmtude occurrng between the myofibrls of
cardiae muscle  These structures are demonstrated m our Fagure
53 winch shows the ¢ardine musele of 1 bat (hasch, 19541)

An amizing structure 15 dlustrited m Digure 54 Ths figurc
15 taken from the wricle of 1 gumen pig, demonstratng @ row of
concentrically arranged Iimellae not surrounded by wny common
membrane hang between the sarcosomes of the wncle T
p'\rtxcuhr structure was found m the space betwecn the sarcolem
and the myofibris (hasch 18561 ¢} Small gruns of the finest
magmtudc are scen wtrched to the mdnadual Iimellie  The
whole structuse suggests 1 its wppearance the so called endo

86



figure 53 Section through the ventncle of a bat  AMvofibnls with sarco
somes mterspersed between them  The artow pomts to a branching canal
which 15 running towards a myofibrl It 15 not certam whether this canal
belangs to the endoplasmic reticulum  {From B Rusch 1934a) 33 000%
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Tigure 52 Section through the cardi muscle of 3 prpe fish  The numes
ous membranes between the myofibnls mdicaited by wrows arc noteworthy
(From B Kisch 1934a) 27 000x
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Figure 54  Concentric limellie found between the sarcosomes of a gumca
pig, auricle  Tmy bubbles are seen adherent to the lamelle  (I'rom B
Kisch 19561) 47 000x

plsmic reticulum which 1s found m other tissues (see Palade
1936)

Agam this entire field requires extensive further mvestigations
The endoplasmic reticulum found m the muscle fibers as well as
in other organs of the body 1s not at all chnfied 1 regard to
function 1s vet - As 1 matter of fict it has not vet been proven
that the endoplasmic reticulum 15 n reality 2 truc  reticu
Jum that s a real web structure It mught perhaps be more
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Figure o5 Atrium of the cow s heatt  Sarcosomes between myofibrls C =
Cytoplasmie matenal  ER = Profiles of endoplasmic reticulum 12 000x

correct t0. designate the structure as an ultramicroscopte system
of canals of changmg outhne and content The question has
recently been raised as to whether this 5o called “rebiculum 15
perhaps dentical with the ergastoplasm of carher tstology
Also the possible relation of the reticulum to the so cilled Golg:
apparatus has been mdeasnely  discased W vanous times
(Dalton and Lelix 1956 Palade 1936)

I would Iike to confine mself here to the photographie dem
omstration of membranes and rods or lamellr structures as
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they have been observed up to now within erdie muscle, while
avoiding theoretical speculation s to the sigmficance of these
structures We necd to stress only one pomt * thest well de
Iineated structures are definitely not artifacts but rather they
are niturally occurrg ultramicroscopic structures m the heart
wd they occur m human caudine muscle as well (sec Fig 51)
Probably they are not identical to those diffuse accumulations
of hqud which were designited as lacunes cisterns, ete
Whether m Ife 21l of these spaces are tlso well demrcated by
membranes 15 they re in the clectron microscopte 1mage nd
especially m dingrums should not be decided s yet  In my
option the lacunes wnd the entire so called endoplismic re
teulum are 4 hquid put of the cytoplsm huwmg fluctuitng
boundanes ind contmuously changing contents  differentiated
from other parts of the cytoplasm probably by physical chemict!
and physico chermical properties  The time has not yct umved to
ittribute 1 physiological function to such structures s so hitle 1s
known 1bout them It shonld only be emphasized that the mature
erythrocytes of mammals are probably the only cells of the body
which contun no nucleus no plsmasomes (mtochondna), nd
no endoplasmie reticulum s T have been 1ble to demonstrate
(See page 112 for the cndopl ismic svstem of channels in Purhimjes
fibers )

A possible relntionship betw een but not 1dentity of endoplismic
reticulum mnd fincst droplets present in endothelil cells of proto
capillines 1n musclefibers of the heart m nerve axons nd
other cells should be considered  Thes probably pliy an mm
portant role mn the exchange of materal between the cells and the
mtercellular space (see our Fig 78 from the human ventricle)
Warren Lews called (1931) the dnnking of droplets by cells pino
cytosis H Stanley Bennet has discussed droplets as 1 type of
Membrane flow (1956) I call this droplet transfer dropletdilysts
m contradistinction to moleculr trnsfer

Whitever ones opmion m1y be concerming these nd other ul
trapmeroscopic membranes heunes and droplets 1t seems {1952h
¢) that clectrophy sologsts must of necessity tike scrious cogm
zance of all these morphological entities when formulatmg thar
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auwn expluatians ttempting, to make use of Bernstems mem
branetheory  It1s poor prictice to dispose of factunl org wie enty
ties by means of a few words  Inre ity where withm the et 1s
this membrane of which the theoretiaans of electrophy siofogy tell
us? Is1t perhaps the surface of a group of musclefibers or the sar
calem or even perhaps the surface of the mvofibnt wiuch
though 1t 35 not an ergame membrane represents an Interphise
(Phasengrenzscincht)? What role if amv do the bove men
tioned vanous ntrafibrous membranes plav i the electrophysy
olozy of the heart and what soles are pliyed by the membranes
which sutraund the sarcosomes wnd Tastly, by the £ bands wiich
traverse the muscle fbers®

Onls recentls does this consideration which the author has em

phasized since 1930 seem also to be shared by others {Moore wad
Rusha 1957)
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INTERCALATED DISCS

C'lrdnc muscle 1s transected perpendicularly to ats long s by
fine striations, which are partilly arranged m step wise fashion
and which partialy transect the muscle m  straight lme  These
strations are known as mtercalated dises m the Enghsh iterature
In the German literature they are referred to as Glanzstreifon
Ratthmen or Schaltstuche  In the French literature they are re
ferred to as bandes scalariformes  The width of these dises nd
the frequency of their occurrence varies with the species of m
mals studied with the age of the mmmal and within the sime
heut with the area sectioned  Apparently, they are found par
ticularly frequently m older individunls 1n the papiliary muscula
ture and 1n the left ventricle by contrast they are found less fre
quently m the uricles

Since the ime (1951b) of the first 1ttempt to demonstrte mter
calated dises electron microscopically varous studies mto the
ultrastructure of these enttties have 1ppeared In 1953 V L van
Breemen mvestigated the intercalated discs of the dog heart and
concluded that the clectron microscopic pictures of hus studies
substantinted the theory repeatedly stressed in the hight mcro
scopic hterature that the ntercalated discs represented the bound
ary between two neighboring crdiac muscle cells  He considers
it significant to this concept that those pictures which are desig
nated as representing a section through an tercalated disc 1ll
contan 1 Iine which 1s m direct continuity with the srcolem which
line represents the boundry between mndnidual cardiac muscle
fibers as well  Van Breemen also emphasizes the fact that m his
expenence the myvofibrils of the muscle fiber never truverse the
Rather the myofibrils end at the dises and

124

mntercalated discs
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Figwe o6 Auncle of the mouse  Arrow points to what 15 probably part of
an mtercalated dise 23 000x

therefore the mtercalated discs
sh

{1956a) andner(1957) Moore and
and Lanzay ecehyy (1957)

© s estigated anumals icluded mammals frogs and chichen
embryos

The present v ork contams twg

WHustrations ( Figs 56 and 57 Ym
which sumylar membranes runm

8 11 21gzag fashion are seon m
the auncle ang ventricle of the gumca pig [ have found mem

"6 OF very smilar form m freshly fivated human aurieula
tissue ang gy the heart of the prpefish ( 1954a) Despite thas i
% ould seem necesgary to continve these 1y estigations further be
fare one can \\lxoleheartedl) endorse the interpretatian gwven to
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Figurc 57  Left ventricle of the gwnea pig, heart A zigeag e cuts &

reetly across 1 muscle fiber and 1s connected with the swucolem SL The

myofibnls with their chiractenistic striations nd the sircosomes SS are

isily sisible  The myofibrils do not scem to be nterrupted I the perpen
dicular Jme 17 000
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Figure 38 Intercalated dise ( } ) m the cows atnum 13 000%

all these mgzag lnes by the above mentioned authors Tt should
be nated however that i all of my corresponding pictures onc
can also see a clear connection between the zigzag lines and the
sarcolem This would seem to strengthen the above authors
theory that the intercalated duses represent cell boundaries

In contrast howeser T would Like particulathh to ¢nll atten
tion to Figure 57 Should the strongly osmioplulic zigzag hine
pomted out by arrows in this figure actually represent an mter
calated dise then there can be no doubt that the mdi dutl myo
fbuls are not entirely nterrupted by this hne wiich connects
with the sarcolem  Rather the myofibnils continue across the line
and beyond

Tnrecent investigations the same type of intercalated discs hwe
been found 1n Purkinge s fibers of the ventnicle (not y et published
ownobsen ations)

Another remark scems to be place here  Recenthy the ultra
microscopie structure of the mtercalated dises and their connee
:‘s";\o“‘:‘(z\ the sarcolem has been used as pr(:(:f that the heart muscle
195 vnetium (Poche and Lindner 1953 Lindner 1957 Mur
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Figure 57 Left ventricle of the gumet pig heart A zigzag hne cuts dt

rectly across 2 muscle fibcr and 1s connected with the swrcolem SL The

myofibnls with thewr charactertstic striations and the sircosomes 85 e

csily visible  The myofibrils do not seem to be mterrupted by the perpen
dwultr Ime 17 000X
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THE NUCLE!

nght microscops hias known for 4 Jong time that the nucler of the
carduae musele fiber ate predomimanthy located 1n a central post

ton T 15 1 contrast to sheletal muscle where the nucler are
predomunantly located towards the penphery that s 1n close
proumits to the sarcolem  The number of nucla found the
embryomc heart 15 markedhy m excess of the number found m the
heart of the adult wumal This observation previoushy made m
the mouse (kasch 1951) can now be confirmed 1 the case of the
ginea prg and the buman (author s unpubhshed studies)

Inthe ventricle the nucler of the muscle cells assume as a rule
an elongated ellipsoid form with the long avis runmug parallel
tothemyofibrls  Whenever the nucles of ventnenlar musculature
appear round m + photograph the most probable explanation »
that the photograph represents a cross scction through 1 nucleus
rather than that the nucleus 15 w actuility spherical  Vers fre
quenth the nuclo appear to have a izarre form (Figs 60 61 and
62)  Sometimes they also scem to be deeph indented  If a sec
tion cuts across such an indentation or several of them the rcsult
g picture mav seem to show one large nucleus and n addition
ane or more smaller nuclet {Fig 62) whereas in reality we are

deding here onhy with one or more additional pieces of the same
nusleus (Figs 59 and 62)  As repeatedly pointed out smee
:901 one always finds a collection of sarcosomes in close provimity
o the pucleus of cardiac muscle md 2 collection of plasma

E
omes 1n close provmity to cach nucleus m the endothehum of
blood vesyels

Sy

m\n;ﬁ 1; has been shown that the function of the sarcasome 15 to

Provide for the tissues an available source of NECessary enzymes
99
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This quthor has emphasized 1cpetedly sinee 1930 that the ultr
microscopic mner stiucture of the muscle fiber wd the presence of
its sarcolem excludes the concept of ats bemg 1 syneitam (1951,
p 25 1952¢ 1957g andsoon)

Concermng mtercilnted discs m the human ventnele see Chap
ter NI\ (Fig 95)
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THE NUCLEI

ngh( microscopy has known for a long ime that the nuela of the
cardiac muscle fiber are predommantly locited 1 1 central post
ton ‘This 1s 1n contrast to sheletal muscle where the nuclet are
predommanthy locoted towards the penphery that 18 1 close
proumity to the sarcolem  The number of nucler found 1 the
embryome heast 15 markedh 1 excess of the number found m the
heart of the adult animal This observation presiously made
the mouse (hasch 19517 can now be confirmed in the case of the
guinea pig and the human (author s unpublished studies)

Inthe ventricle the nucles of the muscle cells assume as 2 rule
an elongated ellipsond form with the long axis runming parailel
tothemyofibnls  Whenever the nucler of ventricular musculiture
appear tound 10 a photograph the most probable explwation 1
that the photograph represents a cross section through a nucleus
father than that the nucleus 15 1 actuahity spheneal Ve fre
quently the nucles appear to hav e a bizarre form (Figs 60 61 and
62)  Sometimes they also seem to be deepls indented  1f 2 see
fon cuts across such an mdentation or several of them the result
¥ picture may seem to show one large nucleus and 1n addition
one or more smaller nucler (Fig 62) whereas 1n reality we are
dealing here onty with one or more additional preces of the same
““E[e“s (Figs 59 and 62) As repeatedly pomnted out since
i?a;:‘\:‘all\m\s finds a collection of sarcosomes n close proimity

ieleus of cardiac musele and A collection of

o ! plasm
S close provinmty to each nudlens m the endothehium of
blood vesgels

ril\“flc it has been shown that the fanction of the sarcosome 15 to
provude for the tisues an avalable source of necessary enzymes

%
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This wthor has emphsized repeatedly smee 1950 that the ultn
microscopic mnar stiuctume of the musele fiber and the presence of
its sarcolem excludes the concept of its bung 2 synatum (1931,
p 25 1952¢,1957g and soon)

Concernung intercnlated dises 1n the human ventiele see Chap
ter NI\ (Tig 95)
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Fiwre 61 Nucleus from a Purkanye fiber of the cow s heart  Note the

Spongy structure of the threc nucleoh 14 000x
for chemical exchange the above obsers ation 1s an important mds
cator that the nuclews cven when 1t 15 not dwding has g constant
sable rate of metabohism (hasch 1931)
. uEl\er; fucleus exdubits a thickened outer bordermg layer the
o :niar;:xm)\hnn}f and one or more nucleo  The nuclcar mem
oiten has chromatin fra t
Bahg thers o F"gmen s a!ltached to1ts inner surface
ney < -
nu?i?:)x?n‘i Phenomena as they rarely oceur in satisfactorily fived
e umf?]nnl\ distibuted contents  Because of the ultra
sonde wes :n:t e possible by tod v s technology we now occa
158 s &c{ums of mucles depending on the plane of section
i no mucleok at alf (Figs 59 and 62)  With
s,

post mortem or
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Tigurc 59 Bizarre form of the nucleus 1z a human ventricle
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fibuls At other imes masses of sarcosomes crond m between
the nuclens and the myofibmls - Geeasionally ont sees the nuclons
fng 1 & wiee emvronment of cytoplsm (endoplism) sur
ounded by many sarcosomes  We bave not been able as vet to
demonstrate any typical differences between the nucler of the
aricles and those of the ventnicles  However 1t would seem that
the elongated ellipsord puclear shape 15 more prevalent in the
muscle fibers of the ventnefe whereas the auncles not wfre

quently possess the more bizarrely shaped type of muscle nucler
(Fig 59)



I'gure 62 Decply indented nucleus from the human hert surrounded by
sarcosomes (SS)

thicher sectioning one rarely sees nucler m the heart muscle which
do not contain at least one and usually several nuclear imclusion
bodies These bodies are not merely sold spots dark through
their ability to absorb osmium stun but rather the nucleolt exhibit
very often a coarse sponge like mner structurc of thewr own (igs
60 and 61) The rest of the nuclear content present n apper
ance of mote or less homogencous matern] or grinuhibon depend
mg on the quality of fixation and upon other processing of the
tissue  Sometimes the nucleus 1s piched tightly between muscle
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Figure 63 Intersutil cell i gumnea pie heart  Notc the long thin exten

sion of the cytoplasm running along the sarcolem of a neighboring, muscle
fber (From B husch 19363) 8000x
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INTERSTITIAL CELLS

In the space betw een the nd rdual muscle fibers of the heart we
find vessels, nerves and certun types of eclls which shall be dis
cussed now

The fitst type of cells found here are the penieyvtes or Rougets
cells which m prt arc found directly ndjrcent to the capillanes
These cells will be the subjeet of 4 Inter chapter (sce p 128 ff}
In addison one finds cells i the space betw een the muscle fibers
of the heart which most probably belong 1n the category of con
uective tissue cells  These interstitin] cells streteh by means of
wing shaped or lymella shaped etensions betw cen the srcolem of
adjacent muscle fibers They hwe large nucles and by compan
Son 1 scanty  compact quantity of protoplasm with far reachmg
Inmella shped extensions Plasmasomes aic found witlhm therr
protoplasm m proxumity to the nucleus In the electron micro
scopic picture of ultr thin sections the fine Jamclla s)npcd exten
sions of these cells have an appetrance 1dentictl to sections
through mcmbrues wlhich evtend between two sndividual muscle
fibers Only m ucas where 1sm our Tigure 63 the connection be
twcen these membranes and the protoplasm of the mterstitinl
cell can be shown does the true identuty of these mterfibrous mem
branes become elear  Such membrancs ean also surround entire
groups of cardine muscle fibers m which case they may become
what 1n an earhier chapter (Figs 5 ind 6) was referred to as 1

sareolem of the sccond order  These facts ¢ 1 be best seen 1n the

ultramicroscopy of teascd tissue prep irations

Tow (1953) has demonstrated for epithelnl cells of the lung
lveolus that the extensions of these cells can run i an ummag
nably thin layer along the surficc of Ahveoli con comg the cpil

104
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Figure 63 ln(ers(mal ce“ 0 gumen pig, heart  Note the Jong, thin exten

sion of the eytoplasm running along the sarcolem of a neighboring musele
fiber (From B Fasch 1936a) 8000x

Fipr ¢ 84

Human annc)
Pstoplanms v e with tmy s Hond brtween mush fhers The

tromgly smophilie deaplets giving the entigc

cel
an apperrance of § aving been sprayed with Confetts 17 000,
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Figure 65 A cell similir to the one shown m Figure 64 This cell was
abtamed from sections through the auncle of another human pitient suffer
g from rheumatic valvular heart disease 15 000X

Irnies Simlarly, fine extenstons of the nterstitial cells stretch, 1s 1
hue been able to show between the mdinidual cardine muscle
fibers s well (19561 1957g see also Fag 63) Tl particulr
arrangement undoubtedly has physiological sigmificance m the
cardine musele ithough 1t the present time this sigmific mee 15
still unknown to us

These obsery itions m the lung nd m cirdine muscle make 1t
requsite that histologists and phystologsts become aware of the
fact that the individual cells mn the tissue of a hving orgamsm are
not sumply compact masses of closely grouped entities (nucleus
with surrounding protoplasm) Rather the protoplism of these
umts 15 m mny cases connected with the space in between the
neighboring cells by mens of pseudopod extensions  Light
microscopy dependent as 1t 1s upon the use of stuns 1s not able to
demonstrate for us properly these findings which seem sigmficant
to an understanding of the posttioning of the individual el within
a tissue 1 was able to show sumilar conditions to ¢ust m endo
thelial cells of the smallest urduets of the Iungs (1958D)

The above obsery ations also help us to understand the structure
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of the suaph st capilines of which we oM speal. 1n more detad
w s ber chapter Lamella shaptd edtensions of the cudathielid
celfs whnch mke wp the walfs of the smplest eapiiancs epd
and surround the capitfans blood stseam in s tube Ylemanner  In
those places where the ectenstons finalls meet and overlap wn the
ponphens there anse the nwral shis of the eapillary tube winch ¥
bave vepeatedly desenbed {19333 1936b) and w Wl desenibe fur
thernthe next dhapter

{would 65l ithe to mentian onc specal tvpe of eell which Thave
oceasonally found bety een the cardiat muscle fibers 1o prepara
tions of the didated auncle of two human hearts contammg old
thetmsatse solewlar defects [ faund a utuque type of cell whose
entrre protoplasm was studded wath phbe drops of Snest
dutension (see Figy 64 and 65} These osmophilic drops cvhitnt
00 trtersal structre wlich vught affow them to be labeled as
plasmasomes  They are rather h ultra pue
dioplets made up of Ipid or some other osmophilic mavter 1
canniot ot the pre ent tsme say whether these cells are a pathalogs
cal mantfestation or not  Nesghbormg cells within the tissne of
these two hearts did not evhibit the unique traits enumerated
ahave Thave ocrasionally secn large quantibes of sanilar osmyo-
Ff’“hc droplets i the endothehial ells of the auncle o the ot In
3 ’m{ebais as i the humans the appearance of the osmiophibic

oplets was restiieted solels to ane type of cell winfe neighbonng

euls i the deeper cefl Lavers contarmed no droplets

}‘In(ers\ma) cells of anader wind are found near cipllanes 1

t; human ventricle (Rasch 1960h)  They contam myny ghasts

?Umﬂu'o;}l:ondna and an extremely wudened cndopl Tebien
eu appearance reminds one of plasma cells S

an't R eel) Chapter XI% (Fig 97 and 95‘; s See such
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THE ENDOCARDIAL CELLS

The endothehal cells of the mner surface of the heut hive nat
yet been extensnelt mvestigated with the electron miscroscape
Some 1solated observations an the wncle of the gume pig hue
already been published (1956a)  More recent obser ations are 1
rgreement with these ewher findings  As seen m Figure 66 the
endocardiat eclls have Irge nucler and then bl membrne
bounds on 1 v er of very fine granul w matersal which 1s m drect
contact with the sarcolem of the outermost muscle fibers I called
it the sub endothehial or sub endocudil, stratum

One 1s struch with the fact that certun of these endothelra! cells
especally 1 the embryonse hewt are extremeh nech in plsmt
somes  Smee one ¢ generily demonstrate that tissues with ¢
tive chemterl exchange are also rich m phismasomes the above
obseryition would scem to mdicate that the endothehal eclls of
the heart possess 1 very aetive metibohsm md therefore most
probably hnve mamportant lthough as yet undetermmed fune
tion  We are 1t present engaged n 4 speesal study of this com
ponent of cwdiac musele

The many unmyelinated nerve 1ons which can be found 1 the
subendothehal stiatum between endothelum of the heart and
sarcolun are probabhy the fferent brinches of the Bezold Jansch
reflexes (hasch 1956b 1957g)  Ther evsstence hs recenth been
confirmed by electron mucroscope pretures of the atnum of the
turtle (Frwcett and Selby 1955)
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Fiure 67 Endocardial cclls from the ventricle of the ribhit - Big nucke
and sc ity plismusomes 8 000X
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Figuee 68 Endocartha) cells from the heart of a coy
nucles wath Phasmasomes 1 thewr naghborhood and profil
sm llest channels 9 pQpx

{ventncle) Big
les of 2 system of



XV

THE CONDUCTIVE SYSTIM (PURKINJE FIBERS)

The lustory of the discovery of the stimulus conducting system
m the hert can be dinided nto two phases  In the early Nic
teenth century (1646) the Breslw physiologist, ] E Purhiye dis
covered withm the ventncles the subcndocrdial sy stem of speesfic
fibers, wlieh still todry be wr s name

Purlnje of course did not yet reahize the physiologienl signif
cance of this structure At the end of the Nmeteenth Centurs
(1893), W His Jr discovered the muscle bundle which connects
the auricles with the ventneles and recognized the phy swlogeal
function of this structure generlly referred to as the Bundle of
His L Ashoff and Ius collaborators, particularhy Tawart (1906)
then stuchied the rimficabions of the conductive sy stem (Tawars
Bundle Branches) whosc finest sub divisions are Purkmye s fibers

Textboohs of istology usunlly mention the bundle of His audats
branches only as a hind of succulent muscle fiber sich wm proto
plasm
It seemed enticing to study this hind of tissue with the electron
microscope

As mater], the author used Purhinjes fibers and the chordac
tendinere spunae of cattle and rabbits espeenily the ribhon
trversing the nght ventncle (moderator bind)

These i estigations of the conductive system which are by no
me-ns s yet completed have thus far vielded the followmng re
sults
Whenever one of the smallcst penipheral trabecube ilso hnown
s Parkinje s fibers or one of the bigeer false chordae tundmse
fixated sn 1% Osmum Ringer s solutian one o distmgush 1
strongly osmuophuhe mner thread Tike the wick i 1 candle sur
rounded by 2 much less osmioplulic cawripping mantle

ne
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On theyr surface all the above mentioned filse chordre or
trabeculae contaming Purkinjes fibers are covered by the endo
cardium {endothehial cells) Inside as 15 W oll known they we
sery nch m sarcoplasm and poor muscalr elements  The latter
mdmduzl mofbnls ate very sumdar to cvery other msofibnil
Therr protofibrils are recogmzable and the different zones such s
ZMIH edubit thewr usual significant dif The Z-band
which 1 the myocardiam connect the mdinidual myofibrds the
tevel of the Z-zones scem to be entirely mussing mn Purlamje s fibers
In the heast muscle the 7 bands ate connected with the sarcolem
but as ¢t T have not been able to find the typieal garland type of
sa colem connected wath Z-bands n these trabecules there 15
rather a strght double hined sarcolem

Ve often one finds a smgle myofibnt surrounded by = large
amaunt of sarcoplasm and sometimes tw o or three muvofibuls are
found Jy mg close together  The famyhar picture of masses of mvo
fibmls hng parallel to each other sepirated by long rows of sar

cosomes as can be seen 1 our different figures of the heart muscle
does not east here apparently

One gets the impression that
Puskmye s fibers 1 the false chordac simply do not contam narmual

mvocardial muscle fibers of normal structure separated from cach
other by great amounts of sarcoplasm but rither that Purkinjes
fiburs contam witlun therr sarcolem many individul myofbrls
distobuted withm a great smount of sarcoplasm  Such musclc
Bbers are concentrated m the central osruophulic evlinder of the
big false chordae and of the small endocardial trabecnles of the
heart The mumber of sarcasomes found between the myofihnls
seems less than that present in the muscle fibers of the myocardim
of the same amimal  Thet have & membrane and <OMam an mner
lamunar structure and aho oceasonally small vacuoles  This
smaller amount of sarcosomes 1 the conductne system of cattle
!\1}\]&\ \;v]: a emphasized hetore connected with the obscrved fact
. :t:s\ :{ tst:m{ucme system s more eastly exhansted under condh
T of ‘1‘; !ahaln 1;r lack of oxvgen than s the myocardunn
P mnﬁ:n v !’)e conductive system hut the myocardium of
St (ma;ns (B;es sarcosomes than that of small animals and
of bt ot ‘p du)“nc\‘:n;tnilm‘hng 1s the very Jarge numhcr

baeunes of wiery size found
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Figure 69 From the finest trabecules m the ventnicle of 4 cow contaming

1solated myvofibrils (Parkinge fibers) in 1 great amaunt of cytophsm Mo z

bands can be seen but different sarcosomes and the Z zones of the myofibnls
12 000x

within the cy toplism of Purhinje s fibers ind between them This
astomshing finding leads to the conclusion thit this system of
vacuoles and channels which may correspond to the endoplsmic
reticulum 1n other cells 15 m some way mvolved n the greit
capacity for quick simulus conduction of Purhinje s fibers - Lrger
concentrations of plsmasomes (mitochondria) e often Tocated
just adjacent to the chamnels of this system  In line with the fact
cmplnslzed ahove that the enzyme bearmg plasmasomes are
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Fiure 70 Purkinje Rbers of the heart of a cow
‘en scanty and the system of small channels { { ) in the cvtoplasm bun
dantly descloped  Notice also Tike i the pervious figure the presence of the

fbnlar zones ZM HI 16 000x

The sarcosames {SS) arc

alwavs aggregated near organelles with a hugh rate of metabolism
such as the musele fibnls 1 the myocardim or the nucler in the
heart and 1n the capillanies this accumulation of plasmasomes
would speak 1n favar of a ngh metabohsm 1n this system of chan
nels That suggests agun theirr having a significant function in
stimulus conduction

From the view poit of the pinsiologist one should notice that
there 15 mi0 dufference Instologically betw een the myofibrils of the

msocardum and the myofibnls of Purlanye s fibers Therefore 1t
# nat understandable wiy

y these fibnis should conduct a stimulus
much quicker than do those of the myocardiim but phy siological
vesearch has proven that the stimulus 15 conducted much quicker
 Purkinjes fibers than 1n the myocardium  This suggests that 1t
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Figure 71  Questionable Purhinje fiber of rabbit {moderator band) Much

¢ytoplism between the mdnidual myofibrils also sarcosomes also by arrows
wndicated vesicles 20 000x
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A
p of protoavons surrounded by a Schwann s sheath from a
contaimng Purkinge fibers 1 the cow s heast 18 000x

Bioure 52 4 groy
verv small trgbecle

s the substance found 1n the muscle fiber between the m ofibrils

more plentiful thin 1 the
mhocardium (Figs 69 70 and TL)  The ¢oncept that this part of
?ldxn]e s fibers and the entire conductiy e system serves specific
tliction 15 welf compatible with a sumiay opimion of H Ruyscq
et il (1935) about th, endoplsmic reticulum
N s:;:ﬂ an be also found mn Purtlanje fibers and occasionally
iy :r; uurhﬁgure one finds vessels whel, represent capllanies
s"m))emiﬂp \‘ essels Nere axons are also present even in the
o kEhcu es of the ventrcles (see Fig 72y
iy own from Nt Ctoscopy that the trabeeulae and

¢ Chordae an wfyeh Purhimes fibers gre enclosed are e

1
"emely nich 4y bmphatie | essels It may well be that all the
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mentioned very soall vesieles, enils and Jacunes or enste s,
which ewm e sean m Pardanges fibers we the finest rumc tions
of haphatic vesscls wd not put of endophismc rebeutum
Nowheic ean onc find the smll puticles attiched to these cmils
which Palide found to be typreal satclhites of the endoplasmme
teticulum (1958)  Of course where 15 the stnet borderhine be
tween endoplismic retientum and the finest ramifications of lym
phatic vessels?  The location alone (stercellubr vs mtricelulir)
15 sigmficant but sbll may not be decisne  In distinction to the
protocipillunies (see nent chapter) whose wall alw s consists of
n endothelinl cell the profiles of the system of cnls wd Icunes
n ow pictwres of Parkinge s fibers nes er show a surrounding endo
thelill cedl but dwavs m ewsihy 1ecogmzable membrue onb
The big Iymphitic vessels outstde the muscle fibers howerer e
tubes built out of endothehal cclls, simular to the eapillines

In the moderator band of the rablut we have found many muscle
fibers cvacthy, resembhng normal myocardial fibers of the sume
anmnl, with great masses of srcosomes We have also found
there wother type of muscle fiber with wsolated myofibnls em
bedded m 1 Twge amount of evtophism and fewer though sl
M1ny, STCOSOMLS

It 1 known (Monchcherg 1908) that some of the spwious
chordae of the hert contan onh Purkange s fibers some onls segn
Jar myocardsal mnscle fibers wd some contun bath  The hist
seems to be the case m the moderator bind of the ribhit  Inter
calated dises of the same appearince s m the mocwdium hue
been found m Parkmye fibers also

In the ehordae spurite are found mam cypillaries and mdnsdont
nesve 1xons s well as smallest nerve fibers It s noteworthy that
a4 structure hike the ribbits moderator band trmversmg the night
ventricte freeh and having 1 drimeter of onh 1 fraction of 2
mutmeter 1s not supphed wath blood onh from the content of the
nght ventnele vin the surfice but rather from mnumerable eapl
Iaries 1swell  This factor pomnts to the importance of an abundant
blood supply to Puskinje fibers w the moderator bwd nd to the
ph\smloglml mportance of sts normnl function
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THE CAPILLARIES

A NORMAL CAPILLARILS

Earl\ n my imeshigations 1 had assumed on the basis of the
électron microscopic pictures that some porion of the capiitanies
of cardiac muscle did riot merely run between the muscle fibers
but rather penetrated to these fibers this opinion had seemed to
e borne out 1n the examination of stamed hight microscopic prep
aratons  With the desclopment of electron microscopie tech
nque and more especially 1n study ing the ultramcroscopic tastd
tissue preparations we have recently been consistently able to
demonstrate a fine membrane the sarcolem betwcen the capillany
wall and the muscle fibrils  Assuming that this fine membrane
dlways represents an actual muscle fiber boundan 1t would scem
appropriate to assert at least until it can be proved otherwast that
capilanes 1n the myocardium run 1n spaces betw een muscle fikers
(1958b) and not within the muscle fiber proper

In the text that follows when we speak of the structure of the
Gpillars wall we will have reference exclusively to the capillanies
of heart (anncle as well as ventncle) and of skeletal muscle  Itis
avell known fact that the capillanes of other organs such as the
Iver or the ladney exhibnt nmique peculianties of structure
(krogh)  Even the capiflaries of the Jung have been shown to
g&sscss certamn peculiantics of structure and 1t should thercfore be

essed that the capillaries under discussion 1 this section arc
only those found tn muscle tissue
Prg:\‘:‘:‘:r:afﬁhnemrr:;lc the thu}‘;nc&s of the wall of the mast
ereept o pla‘:maw;\sma ﬂiﬂ"«m" 02and 05 & This 1s the case

h ¢ the sections contain a nuclens or the evto-

‘zlmmcn cushion 1n which the nuclens 1s embedded At such places
f;‘\(0(\\21 O‘ithempdhn may have a diameter of 1 s or more  This
tanalso be demanstrated by examining seral sectinns,

119
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Figure 73 Dnigrammatic sepresentition of the simplest bipe of capiliy
(protocpiliuy)  The three schemitic scction phnes 1 b and ¢ illustrite
the varous possibilities 1s to 1ppetrance m the cJection microscope prcture
which such 1 protocapillary can present Al scetions are assumed to have
prssed directly perpendicular to the long s of the capillry  In oblique
scetrons the possible appe wrances re of course much more vaned stll N
1s the nucleus P s 1 pericyte (Rouget cell) surrounding the capillary tube
with its ¢y toplism

When they e not totally collpsed (Iigs 84 and 83) the
stmplest ciplluies viewed through the electron microscope ev
Iubnt one of three forms depending on the plane of sectioning
The first form wssumed by the expillary 1s that of @ morc or less
perfect circle surrounding 2 highth grinulnted surface The see
ond form if sectioned obhiquely s that of an ellipse ind the third
form scen when the pline of section cuts the cipilliny through 1ts
Jong s 18 that of two nibbon shaped structures running parallel
to one aother The finch granulited et surrounded by the
capillary wall is the space which 1 Iifc 1s occupred v the blood
s 1t flows through the cypdlwy In s space one frequenthy
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sees sections of red or wlite blood Lm*pnschs (see Fres 73 78 7%
ote ) or thrambacytes

The simplest type of eapillary 15 1 tube consisting of 1 scquence
of smgle endothehal cells only  Thus have called a protocapit
Lary A sectson thrangh such a capitlary cxdubats the elnty and
smpliaty of structure of the capiffary all 1t would seem inct
deptally Shat the fuchness of this wall depends m part on the
evtent of fillg of the capiliary self (A Rrogh 1936 fasch
1934c 1936h)

Two types of capillanes can be distinguished  One winch 1
aoll the protorapiian, 15 A sequence of wregulucds shiped endo
thehal cells with a widely expanded evtoplasm each of which t
Jeast 1n some plices enw raps entirely the capitlany blood stream
Figure 73 shows w2 diagram thus sitwation and the electron
mictoscopic appearance of different sections through the proto
capillaries 1n the beart musele tuncles and ventneles Liectron
mucroseopy, was able to revenl the enarmous amount of such proto
capillanies n the heart

Wherever the diameter of the capillary blood stream 1s too bng
{s permt & single endothelid cell to embrace & completels two oy
tore such cells will be needed to bmld the capillary tube  The
hnstologml picture of the capiflary w ol will then present that of a
mosaic of endothelial cells farmbiar from Light microscopy  In
;mlis sections there nev v will be only one shit iy the capiflary wall
l‘:{’l;;irll::slts‘:oo[ql:\s“:“‘ even more and the evtoplasm of these
ad th et agﬁr] s: wadely cxtended s 1 protocapdlancs
conderaton thne ic] :r wall than sn protocapillanes  In thrs

Perveten sun 3 mention made onlv of the endothelial cells

ound protocapilanes as well as enpitnes with

f‘:‘\’::cl‘z ii;ilgtsre;x\::;d They become more frequent and smooth
A led when the pre or post capillary stage 1s
}ﬂ:?\\: ‘i\iﬁg\a ;:gularls exhibits an outer fairly regular mem
doutl g externa}  The thickness of tius membrane of

3 pprovmately 300 A Tt 1s the boundar bev

1111: iﬂl[:\:llan m\:)d the surrounding tissue and may be r‘eg::red\e\de ‘:;

oty nembrane of the endothehal cell  This simplest t f
s made up of a . T

of swale endothehnl eolls




Tigure 74 Protocaprlhiny from the night auncle of 1 gumea pig An arrow

indicates the sht m the eapillary wall the other arrow the endotheln! tentacles

orvilh  The nucleus N plismisomes near to it and profiles of finest channels
i the cvtoplism can be seen 11 000X

adjacent to one nother The line which separates the capillainy
wall from the content of the capiliry (membrana mterna) alw wvs
1s seen 10 electron microscope pictures as 1 single me  This Iime
does not run exactly puallel to the membran« externa but rather
1t pursues w uregular scalloped course  The membrana mterm
exhibits nlso fine processes wlhich extend ke psendopods or
fringes wto the lumen of the cipillann I cdlled them the endo
thelial valli or tentacles of the eypillinies
One 1s especially struck by these extremely fine long (m Tongs
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Figuic 7o Capallany of the human ventricle  Tn the upper part the eyto-
plasm must be sectioned near the nucleus as suggested by its diameter m
this place and the presence of plasmasomes (P) which arc wsually found
near to the nucleus  The arrow mndicates the sht i the capiliary v an endo-
thelial tentacle PE part of a penicite {Rougets cells) Aa neighboring nenve
aon  The arrows m the cytoplasm hint to profiles of a system of finc

channls  {Endoplasmic reticulum) 12 000

tudinal sections) thread Iike cxtensions reaching from the cndo
thelial wall into the lumen of the capiflary (sce Tigs 74 73 1)
As sections sometimes cut these extensions through thewr entire
length 4t mi ht he more correct to regard thum as thin nbbons
:;!her than as bair ke alia It 15 only 1 longitudinal sections

at these extensions appear as alia In some pictures one sees
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Figure 76 Longitudmal section through capillin n the ventrele of 1

mouse N endothelnl nucleus  The mows pomt to two shts in the wall the

crosses to profiles of 1 svstem of small chnnels i the ¢vtoplism  No cement
custs between the endothelnl eclls 13 000x

them s separated pieces Iying withn the caprllary content cut
off at their bases  Tlus appeunce 1s illustrated 1n our Nigure 83
designated by astar - Such extensions are frequently found it the
slits within the eapilliry wall that will be discussed ltcr on
They measure 1pproximately 300 to 500 A in drameter and the
m1y be scveral microns m length  Our Figures 74 nd 75 show
them m ammal eapallanes s well 1s 1n human ones

The two membranes discussed 1bove the mner of which 1s more
of the type of an mterphase than ¢ true membrane enclose be
tween them the protoplasm of the endothehl cells and form to
gether w ith this protoplasm  the capillary wall  Tlis fact w ould
Iead one to suppose and mdeed our figures bear this out that the
capiilary wall does not have 1 umform thickness throughout It
has, for example been mentioned that at the plices where the
nucleus together with its plismasomes s found to lic betwecn
the membrana extern1 1nd the membran . interna the thickness of
the c"xp\“’lt\ wall atthat phce where the nuclous s its mximum
diumeter, will approach 210 3 » or ¢ven more  In contrast an
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areas far remov £ from the nuclens where theress vers itle pro
toplasta near the membrana externa the dinmeter of the capmany
wall1s found to Yie oy about 3060
Tnths type of mestigation ont s gun and agun struck by the
fact that the heart (auncle and ventnicle and even the moderator
band) contams a far greater quantity of eapilanes trw does the
sheletal musculature of the same animal
The protoplastmce mass between the two bounding membranes
of the capiliary wall contaws nucler plsmasomes fine granvles
and vacuoles all w2 uniform connectmg medivm  The proto
phsm also contans an ultramtcroscopic systerm of canals sl
1o that which 1» designated as endoplismve retiealom m the cvlo
tlasen of other cclls (hisch 1957b 1957g Moore and Rusha
1%7h) and many smallest droplats
From the phvadiogic pomnt of view all of the above ssgmfles
that, thanks to the corrugated contour of the membrant internsy
with its extensions and tentacles the mner surface of the capillany
wall must be far greater still than our present estimates (hrogh)
would fead us to believe  Perhaps thus archstecture of the mner
surface of the capilfary wall may contnibute to a slowing down nf
the penipheral blood flow within the capiihry  Perhps the Jong
processes evtending mto the blood stream plny some part in clot
if;lnnltmn Our figures alsa pomt out that it 15 not correct to regard
the capdlary wall simply as an extremely thin permenble or sems
germeable membrane  Rather 1t1sa comphcated protoplismic
mvzt.";gsmem whose active scluctive function may plas a Lev role
m“‘:nifz‘;m‘}!'lﬁ) of the capllary wall Tynolly one can casily
- Pﬁh)) : 5;‘1 lgaaa, bI 1856b 1957g) that a tinchening of the
piins | under pathological conditions to twice its normnl
- er 2 plienomenon which wauld completely elude the ight
Toscopst t0uld present an snsurmountable barner to th
2ad other chernieal excha: ich er to the gas
w2 o the papif Inges which normally take phee i the
 Wms an ap; sy Tho thought poses a whole new senes of
in Pens new vistas to the feld of circulatory patho-
P ‘;\10';1\11]2“4‘ so do the droplets 1n the capilany wal) P
o mel)ho?x:flsa;;";);(aw:":l e e up of @ sndle endothlal
of sevcral Appearances ;l G ot g marns eam present one
ost often the cells will overlap 1 the
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Figure 76 Longitudinal section through cipilliy m the ventncle of a

mouse N endothehnl nucdleus  The 1rrows pomt to two shts i the wall the

crosses to profiles of a systcm of smalf channels 1n the cyvtoplasm  No cement
custs between the endothelnl eells 13 000X

them s separated picces lying within the capillary content cut
off at their bases  This appearance 15 illustrated in our Figure 83
designated by astir - Such extensions are frequently found at the
shts within the capillary wall that will be discussed fater on
They measure approumately 300 to 800 A m diameter and they
may be sesernl microns mn length  Our Figures 74 and 75 show
them in tmmal capillanes as well as 1n human ones

The two membranes discussed 1bove the inner of which 1s more
of the type of an mterphase than 4 true membrane enclose be
tween them the protoplasm of the cndothehal cells and form ta
gether with this protoplasm the capillary wall - Thus fact would
lead one to suppose nd mdeed our figures bear this out that the
capillary wall does not have 1 umform thickness throughout It
his for example been mentioned that 1t the plices where the
nucleus together with its plismisomes 15 found to lic between
the membran 1 externi and the membrn1 mterna the tluckness of
the capillary wall at that plce where the nucleus s its maximum
diameter will approich 2 to 3 4 or cven more  In contrist
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Fguwe 78 ¢
Soetiem N ix;:\l:ﬁrg flmm the human ventricle € Lumen of capillany  S1
wdat the ooy x:m S‘S Sarcosome  Many droplets in the eipillary wall
el colem  Arrows indicate where droplets empty ant
space (Droplt transfer Droplet-dialysis) 40 ()OOXy e

Tthas been
are made up o‘f“:):: {m a lang time that capillanies whose walls
msuch a manmer th %e ﬁhdol\\e\m\ cell laver are not constructed
are posiioned wit} ahce s of cybindric form and parallel base ines
‘“ng cyhndnie t \,l their borders touclung one nother to §
fashon (B ut em iialher the cells are arranged m a Ds;:‘n:;
thombord shape u(h h%O) corresponding to thur polvgonal or
transecting g ¢ Wﬂ\aug ) Because of this phenomenon a section
es nat necessariy “\at an angle perpendicular to its long axis
v although 1t may produce 1 picture of a Ting
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Tigure 7% A prece of 1 capillary from the human auncle showmg the
ongin of one of the thread shaped extensions of the endothelnl cells
46 000

manner of 4 rolled up prece of paper leaving 2 diagonal sht be
tween the borders (see dngram Fig 73) In other cascs, the
borders will fit tightly with close indentations or will intermesh to
form 7 joint (dovetal or zigzag) (H Rusha 1954 hasch 19552
b d,1956d 1957g Palade 1956) In each of thesc enses the final
result 15 1 sht or = split wlich connects the mside of the eapillry
to the outside  As vet I have never found special materul fo be
contained within these mural shits  The electron microscopic pie
tures seem to exclude the custence of any hind of cement within
such shits (1957g) These shts n the capillay wall could well
serve to facihtatc exchanges mnto and out of the capillary  One
frequently finds the 1bove discussed endo capillary extensions
(endothehal villi) reaching mto the capillary blood stream exacthy
At the site of these shts in the capallary wall
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Figure 79 Capillary from the left ventricle of the gumca pig heart

A
percyte {P) 13 scen to be sitting bke a cap over the capdlary m the region of
the endothelial cell nucleus (FN)

“The structure directly above the pernieyte
(X) presents a group of nerve axons

1t contains as da ssmalar pictures not
published 1n thiy volume longstudinally and transverscly sectioned fibrils of
the finest dameter

To the It there 1 seem an extension shoped bke a
membrane (IM) suvounding the caplary  Its connection wath the celt
bodv of an mtersttial eell can be seen ahove  To the nght and to the left of
the capillacy there 18 a muscle fiber whase myofibnls and sarcosomcs can be

easily dentified 10 000¥
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composed of 1 single endothelial cell Although thus type of struc
ture 1s seen 1n some pictures, one frequently finds that the sechion
has cut across two, or even three, endothehal cells  Our diagram
matic Figure 73 illustrates the possible resultant configurations
when a capiflary constructed in the manner desernibed above 15
sectioned 1n a pline perpendicular to sts long axis  As the sche
matie diagram shows the section can also contam either one or
more nucler  In this connection, 1t should be kept m mind that
these endothelial cells sometimes possess more than one nucleus
(Bennmghoff 1930) It 15, of course also conceivable that the
ultra thm section cuts through no nucleus at all - This 1s 1llustrated
n several of our pictures (Figs 75 and 80) If m such 1 sec
tion demonstrating no nucleus, one finds an aren m which the
capillary wall seems unusually thick (see Fig 75), perhaps even
contunmng a few plasmasomes one can assume that the section
passcd 1 close proximity to the nucleus bringmg mnto the section
the cytoplasmuic cushion mn which the nucleus had resided, but
mssing the nucleus itself Generally, the nucler bulge the mem
brant mterna in toward the lumen of the capillin  The nucler
can occastonally also push the capallary wall toward the outside
As our schemtic diagrm (Fig 73) illustrates the capillary wall
can exhibit one or more mural shts depending on the pline of
sectionmng  Tt1s only rrely that one sees no mural shts at all and
when this occurs 1t 15 more probably the fault of 2 poorly focused
photograph than the result of the absence of 2 murl sht

The above described ultrimcroscopic structure of the capillary
wall1s found only in the simplest unicellular capallnes the proto
captlltries nd 1s 1 hallmark of this category of vessel The next
step 1n the development of the capillary towards the pre cipillary
or post capillary 1s 1ts widening to the mosaic hhe arrangement of
endothehnl cells around the blood strexm  There 1s further on an
Addition of certun cells surrounding the eapillary tube wlich are
collectively termed pericvtes Rouget cells or satelhite cells
(Rouget 1873 1879) These cells are closely apphed to the outer
surface of the capillany wall  Thewr nucleus m cross section 18
sometunes secn to sit lthe 1 cap over the nucleus of the cndothelrl
cell (see Rusch 1956b Figs 5 wnd 6) The protoplism of the
pencyte surrounds the capillary Iike = hood without cnclosing 1t
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-2
Figure 80 Capillary from the human ventncle between two muscle fbers
:l:d an wnterstitial cell with big nucleus {N)  \ cndothelal vtk A Two
SSr\se %08 10 contact with the capallary  SL Sarcolem of the muscle fber

osomes - The thick part of the enduthelal ¢y toplasm s 4 part near
to its nucleus
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completely, aind nowhere does the protoplasm of the pericyte m
termmgle with that of the endothelial cells  Our pictures ilustrate
vanious sechions which show how the endothelial cell of the capil
lary 15 swrrounded by one or more Rouget cells 1n whose proto
plasm one can repeatedly identify nuclens and plasmasomes By
means of the clection microscope, we ean differentiate the mem
brana externn of the capillary clearly from the cell wall of the
pencyte, 1 statement which was understandably not so easy for
light mictoscopy ~ Several pencytes occasionally overlp one 1n
other, or surround the capillary from different directions therr
protoplism enclosing the eapillary Tike a sheath of surrounding
tissue (Ings 79 and 80)

In the put of the vascular system which 1s known s the pre
capillary and posteapillry vessels, the diameter of the tube in
crenses n size, ind the endothehal layer of these vessels consists
then, 1n each section not of one or two smgle endothelinl cells, but
of 1larger number  As arule the typicl picture of the protocapil
Inries then disappears  The ndisidual endothelial cells are no
longer flat thin Iy ers of cvtoplism but the cytoplasm tightly sur
rounds the endothell nucleus i globular form  In this wuy
the endothelnl layer of such small vessels presents the picture
known from hight microscopy 1s being 1 mosaic of endothelil
cells surrounded by Inyers of other cells and finally, further w2y
from the protocapillaries also surrounded by smooth muscle cells

1t should be emphasized that in these pre and post capillarnes I
also have never seen any matenal mtercalated between the ndi
vidual endothelial cells which could be interpretcd as the cement
famulsar to hight microscopists [ have emphasized for mans sears
that [ strongly doubt the custence of such a cement wlich my
either be n optical artsfact 1 Iight microscopy or a precipitation
due to the processing of the matenal for hight microscopic
vestigation

The result of our awn mvestigation of the vessels concerning
the border lines of endothelal cells must thercfore be  a connect
ment between endothehal cells docs not exist in the capil
laries, nor in other vessels mvestigated by us to date The opinion
has been differently proffered that m scurvy the bleeding to the
tissue 1s due to any 1bnorm ality of the connecting cement between

mg ce:



3
THE CAPILLARIES

Figure 82 C apifary from the feg muscle of an albino mouse  Two undo
thelia} nuclet are visible as are endathelial cell extensions  The capiilary 15
surrounded by bwo Rouget cells whase plasmasomes are visible 11 000%

such evperimentations are at present n progress It 15 tempting

to suppose that red or white blood cells m diapedesis do not

higuratively speakmg dnve wath thew heads into the wall when an

opendoor is avulible to them  Of course however such specula

t;‘:ms are of ittle valve without the microscopic proof to support
em

Tver since Rouget discosered the perievtes the hiterature con
cerming, these cells and thew physiologieal significance especially
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Ngure 81 Capillary from a leg muscle of the syme moust ke Frg 82

Most probably another section through the same capilliny 1s that sustrated

n Figure 82 The nucler of the penicytes (PN) surrounding, the caipiihn
are clearly visible in this picture 10 000X

the endothelil cells of the capillines grvng the blood cells free
space tolewve the intracapillar blood strexm  In our opinton such
~ theory must also be rejected first because even normlly no
such cement ewsts second becruse this awthor n studymng
the vessels of ammals with sevcre scurvy electron mucroscopielly
has never found conditions that w ould justify such an rssumption
Tt 1s 2t present xmpussxblc to sty what plnsmlomm] and patho
nificance the mual shits of the capillary mn have

Py siologiel st
Further expenimentation ¥ Ml be 1equired to determme this and
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. A { +
Figure 84 A tatally collapsed capillary  VWathu 4he capillary wall vanous
Plasmasome s and extremely fine cangls settianed lengnudmnl)y and trans
‘essely arc sisble  Note an clongated threqd bke endotheligl extension i

the Yumen of the jawer portion of the capillary ( §) The illustrated capif
Yary 15 from the et wentncle of g prgheart 23 gpy
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Fipnwe 83 Totlly colpscd capillary from the heart of 1 gumer pig

Withm the Jumen whose dismeter at the widest put 1s pprostntely one

Wl 1 mmuon mamy elongited endothedid ol extensions are vwble
20 000x

their possible conncetion wath v ascular contrictility. has been e
tensive mdeed (see hrogh 1936) At present our pictures do not
pemmat wy conclusions on this pomt  The obvious foldmg of
the membrina externn m our Figures 81 wnd 82 would of course,
be comptible with 1 theory that the state of tenston or contrac
tion of the penicites scen surroundmg these vessels 15 the cust
tive frctor of the obscrved state of the capillary walt

B THL PICTURE OF THL TOTALLY COLLAPSED CAPILLARY

Up to th pomt the capilliries wineh we have shown m our
Hustrations have 2l been morc or less Slled by material m thewr
hunen lthough these capillanies under the hght microscope
might well have appeared 1 collapsed  Some of our crpithwies
even contun red or winte blood corpuscles  The filiform exten
sions which we noted srunnmg from the membrant internt mto
the lumen of the expalfiry guve w appe wrance of bemng suspended
m 2 flusd mediom In cross section these oitensions often hud n
orrhese 1pperHIce (sce Ties 75 77 791

The preture of the totally collipsed capiilany 1 vers different
Here the membrn wternt in Jongitudin il scetions 15 separated
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C AB\ORMAL CAPILLARIFS

1t was mentioned above that the probably wbnormal configura
tion of the capiliary wall under pathological conditions may be of
fugh and as yet not appreciated smportance  The exchange of
matenal betw een blood stream and tissue eells is thus affected nd
consequently trssue metabolism at large may be vitally affected as
well Tn this regard due to the severe handicap of our work 1
mentioned m the mtroduction our own expenences are stilf very
hoted and mamly imole two pathological conditions  One
cancerns acute pulmonary edema which we have produced
rabbits by intrarenous iwjection of suprarenin The ammals were
kalled when 1 dying condition with pulmonary edema fully de
veloped or when the symptoms of pulmony edema had just
started to develop  The capillanies of the lungs were then m estt
gated (1958a)

As our prctures show our mam findngs were that many of these
capillaries showed a thickening of the endothelial as well as of the
epithelial ¢y toplasm  The endothelum became swollen con
tamed vacuoles and displaved large blisters Finally 1t dissohed

entirely - Symilar changes were found in the epithehial Iner of the
capillanes of the lung

These findings correspond closely to those of \eessen and
Schulz (1959) based on other expenmental methods and pub
hished shordly pror to our own findings  In acute pulmonan
edema as shown by us (1938a) the endothelial cells 1n the
smallest arducts of the lung produce abundant droplets wlich
must also contribute to Bl these aur spaces with fuid * These find
mgs lead to considerations as to whether the capillaties of the Jun,
arereally the only capillartes suffering under conditrons leading to
acute pulmonary edema  Indeed this does not seem 1o he the
se  Under these conditions for example we found a thxckcnmg
of the endothelial wall 1n some of the capillarics of the heart ang
we have noticed smufar changes in scorbutie guinea pigs m experi
\hm‘n Tthin), that 1n

agic
a should be kep!x G ion Een

eralized capillary edem nmuind i1t can be y,
entation o

fied b further ¢ Ypermy
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from the mtcrnal houndary of the opposite side by onls the finest
separition, mesuung pproumately 500 to 5000 A Sometimes
the membrana sntein of one side actually touches the membran
mtern of the other side however 1tis alw 1y s possible to recognize
the existence of two distmet membrane lnyers m such 1 case  The
sellopped nature of the surface 15, sn general, not oblsterated, and
the very fine tentacles noted above, whose druncter 1s 1pproy
mately 300 to 800 A do not disappenr, but are found to be neith
stietched out and packed into the narrow space which represents
the collapsed Jumen of the cypilry Al this 1s sllustrated clearly
m our Figures 83 and 84 which show collpsed cipillanes from
the guine 1 pig heut (Jeft ventricle)

If 2 cross scetion throngh 1 totally collipsed eapillars passes
dueetly through n endothclinl nucleus the picture may be some
whit diffcrent Here s elsewhere the shit which represents the
lumen of the cipillars 15 ultrymicroscopieally small  Despute this
however one can easthy sec that the nucleus projects f1r mto the
lumen of the expilliny so that the tiny space which represents the
mtersor of the cipdlry comes to ssume the form of 13 orof a
tmy sht Seemng such pretures one e concene that m the case
of total collwpse of 1 cipillary the nucleus projectng 2s 1t does
mto the lumen contributes to the total obliter ition of the space

In sections passmg through the long 1us of 1 capllany oran
driganal sections one e see that totl collipse such as deseribed
above may oceastondlv occur m onh 1 porbon of the vessel s0
that  totally collapsed portion of cipillay mav be bounded by
another portion whose lumen 1s patent ind 15 secn in some of our
sections esen contuns some blood corpuscles  Thus while 1
cipllary mav be totally closed to the blood strenm m rethty the
section of the vessel whose lumen 1s wctutlh closed to the pomt of
disappearance m1y b only several microns m length  In adyzcent
though patent sections of the capilfary the blood strewm 15
stopped so that blood corpuscles 1mss m the stagnant hqud

The author s ows reserrch his not vet adv weed sufficenth to
llow for an exiet deseription of the ultristracture of the more
cated components of the curculatory svstem such s pre
astenoles ete It 1s our hope however that m the not
future we will be able to discuss these subjects as well

comph
cqpllhrles,
too distant
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Figire 8 Endothelum from the
nucleus (N) 1n the endothelial cell
which separates the endothelial

atum of a norm] guinea pg Abg
' seen I the sub-endothelial stratum
cells from the sarcolem (SL) a nene
axon (A) 18 000¥

Other structures of the heart nichly supplied with nerves are the
capillanes both of the atria and of the ventncles The nerves here
are again single axons which make direct contact
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INVESTIGATIONS ON CARDIAC NERVES AND
THL MECHANISM OF PAIN IN ANGINA
PECTORIS?

Lxght microscopy nd phystology have provided us with mam
basic frets concorning the cardie nerves It 1s common knowl
edge tht the hert 1s well supplied wath neives of the rutonomie
system (sympthie wd pa wvmpathic nerves)  In certun parts
of the heirt sueh 1 the bundle of His or the stnus node, this by
becn demonstrited best 1t 13 2lso known that centupetal nenes
are mvohed m refleves of the heart such 1s the Bunbndge rflo
or the Bezold Junsch reflon Centripetal nerves of the heart must
lso be v olved m the p unful sens iton of angina pectors

Previously (19567 1957b) ttention was called to smgle nom
which e be found to eust m great numbers m 2 homogenous
subendothelnd stratum  that spreads between the endocardnt
cells nd the sareolom of nesghboring muscle fbers m the aunels
aswell as m the ventricles  Most of these wons we 03to 051
diameter md are surtounded In v membrie  They cont un o
or more oblong bodtes of ¢y hindned form up to 2000 A m divm
cter and so httle dots wnd fibrds 200 Y or loss m dimeter which
represent mternyd structutes  To dite we hne found no nenies
betw cen the endothedial el propes

The custence of the subendothelnd stritum wd ats content of
anons hs recenthy heen confirmed for the s of the turtle v
well (Frucett and Sclbn 1955}

& Part of this and the follawtng Chapt r of the bak ind the defferent pretuns
wed therem have previously heen puble b o wm the jounsid Lxpecim ntat Medheme
nd Surgery  They are seproduce T here wath the find permsion of sty publishir
Brocklyn Medsedd Press New York

138
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Figure §7

Guineapig  Part of a capiliary wall (C) with an adjacent nene

azon (A) which contains some big osmiophilic particles Two of them cx

Bibit an wnner Jamellar structure Different small vesicles are scen 0 the
aton {endoplasmic reticulum or droplets)  (R) Red eells 40 000%

bodies and ocensionally finest Bbrds similar to those scen i the
avons of the subendothehal stratum of the heart  The bigger
(1000 to 2000 A diameter) bodies are probably plasmasomes
(mutochondrra)  Some of them even have a visible internal lamel
It structure  The fact that n ultra thin sections of the heart
many of the capillanies exhbit nerves at their peniphery 1s proof of
the enormous number of axons Ppresent at the capillanies of tins
organ - This constitutes a very defintte difference betw een the

capilfanes of the heart and those of the Yungs wlhich have been
examined previousty

Besides the numerous 1xons attached directly to the capilanes
there are also other avons of dufferent dameters ocenrnng singly



Figure 86 Gumea pi,  Capillary m the left ventricle (N) Endothelal

nucleus (V) endothelial villt (A) two groups of axons and a smgle one

(A) Notice the difference in the diameter of the indn idual axons  Arrows

mdicate very fine fibrls m the protoivons some sectioned longitudimalh
some transverse  (R) Red blood cell 15 000x
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Figwe 83 Small nerve fibn) from the Jeft sentricle of a normal rabbn
ss sectioned protoaxons are surrgunded by a Schwanns sheath
the very ifferent diameter of the axons
and small vesicles

18
Nohice
‘They contam osmiophilic bhodics
Between the axons 1s some cytoplasmic matcnal constst
mg of lighter and darker droplets and vesicles 10 000X

supgests two conclustons the one concerns the sensibility of the
eapillaries of the hieart in contrast to those of other organs espe
cally the lungs while the other concerns the structure of small
nerve fibers and consecutive phy siologic problems  (See the next
chapter )

Of comrse the lungs Lke the heart are well supplied with
nerves Howenver the capilanes of the lun

gs are not supplied with
nerves whereas as our pictures show there 15 an abundant

amount of nerves n close proumty to the capll
aries 1 th
as well as m the ventncles of the heart m;mi; of them mcd?:;:;



142 CARDIOVASCUL AR FLECTRON \ICROSCOTY

and i bundles  They can be found ncar the pencytes (Ronget
cells) and betw een the individutl muscle, fibers of the hewet They
probably supply both the Rouget cells ind the fibers, but they have
never been found mside the muscle fibers betw een the myofibnls
No speafic nerve endings at the muscle fibers of the hearthave vet
been found  See I'g 83 and Chapter XX

The most outstndmg feture of these groups of wwons found
near the eapillanies and between the muscle fibers of the heart 1s
the fact that the avons are very different both m dimeter and m
therr contents  Somc of them show the hove mentioned big
cyhndne enclosures and others show mstead very thin fibers
winch appe 1 m cross sections 1s httle dats and i oblique sections
1s very finc parallcd hues  Some axons show both of these strue
tures * T'rom these groups which are surrounded by the sheath of
1Schwann cell the smgle nans apparently separate to reach their
final destinahion the capilianies or the musele fibers

The mternnl stiucture and size (05 to 2 » dameter) of the m
dsvadunl axons i the sub endothehnl stratum 1s vers sumdr to that
of most of the 1vons v contact with the eypllwnes Wehweasyet
no me s whereby to differentiate the dfferent nery e ons {affer
ent and cfferent) 1ccordng to thewr appewnce  All the wous
found m the hert so far re of the non my elin sted tepe

A clue to differents itmg nerves mw be gnen by the fet that the
wons m the sub cndothelna] stritum we 11t of 1 sumbar fipe the
dimeter bemg 05 to 2 1 and that they wynalh contun o hndned
bodics (or carcular cross sections of them) wath 1 diameter of €1
1500 to 2000 A They also contum fine filnls wth 1 dimeter of
200 A orless  The endothehum of the heirt s not to our knawl
edge supphu\ by centrifugal nerves However nfluences on the
endothelium arc known to start reflones such 1s those deseribed Dy
Francois Frank, Bezold Jarisch nd others  This proves the pres
cuce of centripetal nenve fibers  Probabh the fibors are those
found m the sub endothelnl stratum

The c1p1H 1ries are reachcd by smgle naked 1ons which we i
direct contact with the epihiry wdl s ¢ e seen from our
pietures They sometimes show 1 tul hke extension along f{"‘
capillary w M1 These contictmg nony e of 2 type sery s
to that found m the sub endothehal stratum  Tlus obsersation
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firue 83 Small nerve fbril from the. et ventricle of a normal rabbit
asksectioned p

18
e v 1 Sehwanns sheath  Notie

oo dleent dumeter of the axons  They contun osmiophilic bodics
adsoall vescles  Between the axans 15 some evtoplismie material consist
ing of highter and darker droplets and vesicles 10 000X

$13gests tho conclusions the one concerns the scnsthility of the
“epufaries of the heart in conrast ta those of other orgins espe
;QR\ the lungs while the othier concerns the structure of small
cﬂr:Pel eﬁrbsrs and consecutn e ohy siologe problems  (Sce the next
¥ O counse. e lungs Ihe the heart are well supplied with
n:es However fhe caplianies of the lungs are not supphied with
mo;i . \\fhereas as our pietures show there 1s an abundant
s of nerves in eloge Proumsty to the capillaries in the atnia

€4 a5 1t the ventricles of the heart many of them n direct
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contact with the eypilluy wall Tt seums very probable that this
£t 1 responsible for the ntense pun i conditions of imdequate
blood supply to the heart s for mstance m attacks of coronary
spasm (leading to the pam called angmn pectonis) or after ovcla
sion, even of 2 relun ely small coronary vessel By contrast major
destructions of the Tungs even such secondry to madequate blaod
supply may occur without any associated acute pun

Concerning the mternal structure of the smyl nurve fibers m the
heart, our pretures show that nerve bundles of < diameter of only 1
few mmerons, searcely visible to hight microscopy contun mam,
distimetly sepwated mdnadual avons of vanable dumcter Such
entire groups bang bundles of protorxons are wually eowr pped
by the sheath of 2 Schwann cell Trom tlus observation it
cn be concluded that mn sepirating from 1 nene fibnl, the
finest «xons do not follow 1 pittern of rborrzation m Tuch one
bigger avon fiber sphits i two smaller br inches Rather, witlin
any nerve fiber there are many mduidual avons (proto avons ), il
separated from one another (1855¢) These wons probably run
unmnterrupted from the central cell to the penphery Thewr

brnching from the nerve Rber 11 reality onhy a separating of
indn rdual umts from each other It 15 not 2 dvision of one com
mon fiber I also he neyer seen the dividing of one monmto two
m dagonilly scctioned axons or m Iongxtudxml sections  The
recogmtion of this structure of the nerve fibers creites new
problems for the phvmolopst wd for the pithologist toa  For
mstance  the usuilly aceepted concept of the wonreflexes 18
ncompatible with these Iustological frets  (Sec Fig 65 wd
next chapter)

The 1pdividual most primitive 1ons or proto axons have nvens
different dtameter  Various re wons mm be responsible for such t
phenomenon Perh 1ps wathm 1 nerve fibnl, axons of diffcrent &
ameter and cvhndnical apperrince cust nest to cacliother 5w

coven to be the ease by Tisaki wd Ius coll \borators (1944) and
G Rudolph (1956) m my ehnated nerves Recently symilar abser
\ations were made i the atnum of the rurtle by Twcett wd
Selby (1958) The single non 15 not evcdimdney but chinges ity
width srregulirh ceordmg to 1ts content of phismisomes (mito
chondria) {hasch 1958¢)  (Sec Tig 88 and Chapter AVAW
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Ttmav also be that the appearnice of the cross sections of avons
1 the heart should be attributed to the presence of different hinds
of nenves for wstance centiipetal ones and centrfugal ones  In
this case T would be imclined for resons mentioned above to re
gard the big axons with evlindrieal and sphencal osmiophulic 1n
dlusions as centripetal nerves  Further mestigations will be
needed to clanfy this pomt

The chimeal syndrome of angina pectons 15 well known for a
long tme  Our hnowledge conccrming the mechamsm of the
sesere pam observed 1n acute ischermia of the heart muscle 1s vers
‘ague howeser  This wschemic pn 1 present m ny tpe of
coronary insuff m coronary occl 1 attacks of severe
tachy eardia and 1 tight aorhic stenosis The usual explination
that sensory nenves become wrmitated under such conditions and
cause pain 15 of course mot satisfactory bee wse SCNSOT, nerves
srerrntated m any kand of pan We know for example that sum

lar defictencs. of blyod suppl to a portion of the Tungs docs not
produce sumfar mtense pun despite the fact that the fungs too
are well supplied with ners es

Fyen the pan following multiple
embolism to the lungs 15 hardly comparable in mntensity to the pgm
of angung pectons

heme ;;(;rel:nelw nuchnene su—ppl\ of the capillinies 1n the Luman
e “elen noticed (1958¢) and some evidence has been
e ’:a iese capillanes are supphed by ce ntopetal and een
Smpi- mi?e axons mamh by the former 1In clectron micro-
0osy “I:es ‘f;‘n the ultrastructure of the arculatory system
wm”:’m \r: {m sections of the heart muscle (atria as well as
A d;reg:\ requently showed nerve axans i close proximity
et o et ‘csoniau with the capiltary w 1) Censidering thiss
aple L“:p hze the incredibly nich nenve supph of thesc
°mclunws Iy rast this author g OWDN previous mestimations
Lresof 1o o shexr capillanies established the fact th 1t the caps)
ol B8 have na nerve axons i contact wth them
" ations lead one ta the conclusion that of the m
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contact with the capillury wall It seems very probible that thus
fict 15 respousible for the mtense pam m conditsons of m dequate
blood supply to the heart as for instwee m atticks of coronary
spasm {leading to the pun called anginn peetorss ) or after occla
siom, even of relatively small coronary vessel B contrast major
destructions of the lungs, even such secondrry to midequate blood
supply may occur without any assocated acute pam

Concerning the internal structure of the small nerve fibers 1n the
heart, our pretures show that nerve bundles of 1 dimeter of onhy
few mucions, scarcelv visible to hght mieroscopy contam mamy,
distinethy separated mdivadual avons of vanable damcter  Such
entire groups, bemg bundles of protoavons are uswilhy enwripped
by the sheath of 2 Schwann cell  From Hns obsen stion
can be concluded thit, m separating from 1 nerve fibnl the
fincst axons da not follow a pattern of whonzation m which one
Ingger won fiber splts m two smaller branches  Rather, within
any nerve fiber, there ave many indvidual nons (prote asons ), A
separated from one another (1958¢)  These 1ons probabh run
unmterrupted from the central cell to the perphery  Thew

brinclung from the nerse fiber 55 i reahity only 1 separating of

mdnidual umts from each other It 15 not 1 division of one com
mon fiber I also bave never seen the divading of one avon mnto two
m digonally sectioned axons or n Jongitudinid sections The
recogmtion of this structure of the nerve fibers creates new
problems tor the phvsiologist wnd for the pithelogst too E‘or
wstance  the usually 1ccepted concept of the  monreflexes™ 1
meompatible with these astologeat ficts  (See Tig 65 wd
next chapter)

The 1ndividual most primitive 1sons ot proto axons have 1o
different damcter  Vanous reasons my be responsible for such t
phenomenon  Perhips with 1 nerve Rl axons of different dt
ameter mnd ¢y hindsict] appe wance exist net to each other 15 w1

roven to be the case by Tasakt wd hns collaborators (1944) and
G Rudalph (1956) m myebnated verves  Recenth sumilar obser
yations were made 1 the atram of the turtle by Fawcett and
Selby (1958) The smgle 1xon s not vehmdnenl but changes s
width srregululy ecordng o sts content of plsmasomes {mito
chondna) (Rssch 1958¢) (Sce Tag 86 wnd Chapter M%)
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THE MECHANISM OF ANON REFLEMES

The expenience which this author has ganed m mvestigating
the neres of the heart by means of electron microscopy have lud
Tum to certamn conclasions concerning axon reflexes  These will
be proffered here because a great deal of the literature on xon re
Bexes concerns the cardiovascular system  This 1s true for the in
restigations of Mmuan Bruce (1913) on vasodilator axon reflexcs
and for the mvestigations on sumilar reflexes reported by A hrogh
Sir Thomas Lewis and others  Because recenthy there has been
doubt as to the ewustence of underlying axon refieves for some of
these observed reflex reactions (Schaefer 1932) 1t scems neces
;ary here to confront the physiological aspects with the lustologieal
acts

According to the 21st Edition of the American Wustrated Med:
cal Dictionary (1948) an axon reflex 1s “a reflex resulting from
stnulus applied to one branch of a nenve whach sets up an m
pulse that moves centrally to the pomnt of division of the nene
where 1t 1s reflected down the other branch to the effector organ”

This defimtion expresses well what one usually has in mind
when speaking about axon refleves
It was probably the physiol

and bioch Wilke Kuh
who m 1859 6rst descnibed an axon reflex Btting the above me‘:xe

tioned defimition though he did not yet use the expression “axon
reflex At the centenary of huhnes discovery of 1859 3t seems
appropnate to check and revise our 1deas concerning the mecha
msm of avon reflexes 1n the light of electronmy
. 14 cToscopic expen
Ruhnes basic expenment his fam
ous Zuer 7y fel V.
(twotips expersment) was performed n ersuch
t]
W P P with the musculus sartorys

pLid
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mayv be the imtant which stumulates the sensory nenves of these
capiilanes  Smslu changes m the wnmediate surroundings of
these capllaries due to an tbnormal crreulation may have the
sume effect on the centyspetal nerves m contact with the capil
laries  Such 1 concept could for mstwce explun the following
well known fact  In wn anovemiy test, the lungs < well 15 the
hewrt wre msufficntly supplied with ovvgen  There 1s no pun
the lungs, even 1 lugh degrees of anoxemit but there 15 pressure
amd pam precordnlly espeenlly when a coronary msufficiency 1
present  This pain 1s also scen withont 1 coronary mvolvement
c1ses of gencrdhized wmovenma of the beart 1, for mstnce m ¢
severe tichycwrdin or 1n aortic stenosis Ve Aso hnow from ex
periments of & Zak that 1f » tourniguet 15 put around one 1rm of
henlthy person and he then docs the same mount of cveraise with
both 1ms, he will soon feel se vere pun n the arm with msufficient
blood supph  The pun expertenced by prtients with intermittent
claudiertion 15 1lso well known  Electron microscopic studics of
sheletal muscle revenl that mdeed the capillanes of this type of
aissue 1150 are well supplied with nerve wons (our absery atrons)

Tlus author s findings coneermung the abundmt nerse supph to
the capillnes of the hert (19575 see [igs 80 wd 69) hase re
centlv been corroborated by Meessen (1959} Avons djwent to
muscle fibers of the ventndle e much rirer but they too hue
been obsenved (Risch not yet pubhished)
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with some 110 on the pilomotors of the dog aud on v omotor
reflexes of the shin of oth these ammals T conclusion was tht
Tus obsers thions mw lso he 1pphied to 2l clisses of cflcrent nenves
ewsting m the svmpathetic svstem (p 364)

% M Bruce veported m 1913 on Vaso Dilator Axon Re
fiuxes summanzing m the mtroduction 1l the previous hiterature
onthe topic

Axon reflexes especially some snvolving the vessels of the shin
were reported or at least suggested by mamy authors  Among
these were Th Lewis hrogh L R Muller Ebbeche Flessch
R Tigerstedt summanzed most of the pertaimng work up
to 1923 m fus classic  Phystology of Cweulation  Recentlh haw
ever Hans Schaefer (1952) has uttered some doubt concerng
the real ewistence of some of the axon reflexes desenibed an the
Iiterature

Not many of the authors reporting on refleves have cared to
ghe thewr opinion on the finer mechamsm of such 1 reflee Most
of these 1f not all seem to have m mmnd 1 mechinism as sug
gested by Wilhe hubne 1 Figure 20 We should hke to eall this
the classic concept of axon reflexes A sngle nerve fiber diides
itself nto two branches  Within this unit the impulse trw els up
one branch ( centnipetally ) to the point of division and from there
down the other branch (centnfugally) and probably also up the
undmided fiber  Nimtan Bruce expresses Jus 1dea of the mecha
nssm of an axon reflex as follows (p 351)

When the fiber comes near to the penphery 1t must bifureate
bke the letter 1 onc hmhb passing to the sensory end organs ele
@ the shin and along tius afferent ampulses will pass while the
other wall end m the bloodvessels and long this cfferent impulses
will pass”

Such a concept 1s made of course, under the neyer proven as
sumption that a pnimitive nerve fiber 1s able to hafurcate 1n the
penphe:{v hte tl‘;e leu{er Y It seems that nohody ever has had o
serious doubt about thns prerequ
axon reflexes preresasite of the chissieal eoncept of

In study mg for many sears the electron mi
stituents of the cirewlatory svstem 1 have recy
gated the cardhac nerves  The result of thes

croscopy of the con
ently mainly 1y esty
¢ studies gave reasan
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Figure 89 Ventnele of the heart of the rat - Neat to eypllany € with endo

thehnd Nuddeus N s o fine nerve fiber cross sectiomed contanms, tselse
protoaxans % 000X

Our Ltgure 90 15 a reproduction of Figure 9 m Kuhne s book. of
1860 {p 98) [he sartorius 15 cut 2t ats tip wath scissors to 1 pasnt
where therc s finally w upper common part of the muscle wnd
two separate tips (A md B) 15 m our Figure 90 A s wellas B
e supplied by anc branch respectively of the nerve N which s
can be seen, divides atself at pomt t mto two branches These
branches do not reach further than to hne M The muscle be
neath this hne 1s bare of any nerve supply  That just mrhes the
frog s sartonus fitted for Kuhnes expenment Il observed that
chemcrl or mechamend stimuly applied to the nerveless part of tip
B, f1 atthelevel of v 1 2 produce 1 contrction of the fiber B
only A remams at rest  If a stamulus 1s ipphed ta the brnch of
the nerve 1 B at the level of lme b (Iig 90) both tips of the
muscle (A and B) contract  huhue offered for thy phenomenon
the explnibon which remamed untl today the concept of w
won reflex s mdicated by wrrows n his figure  The unpulbse pro
duced by the stumulus in b goes according to huhne centripetalls
withn the nenve up to pomt t and from there centnfugally down
mio branch A Ruhne reguded this expenment 15 1 comvmeng
pmof of the 1bihts of motor nerve fibers to conduct 1mpulses m
hoth directions {Doppelsinmges Lotungstermogen der molor
isehen Nerven)

It was n 1900 thet ] N anglev desenthied evicth the same

rocess for pregnghonic fibers of the sympathetic system with
out reference to hubnc s cxpenment I wglev created for these

seudoreflexes the pame  avon reflex  This name has been
enerally accepted cver since m neurology  Langley s cxpen
S ote were mainhy performed on the pilomotor nen ¢s of the cat
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Fioure 91

Diagram of an axon reflex. A The classical concept B The
tew concept based on the electron microscopic pictures  See test

tions are n best agreement with plctures of nere tissue preseukcd
by other el pists as for the fine work of H
Gansler and others  These authors however abstaned from dis
cussmg the ultramicroscopic facts 1n regard to the branching of
nerve fibers or the important repercussions of the electronmicro
scopie findings on phy stologcal problems

Our Figure 91 shows in form of diagr ims in A huhnes concept
of axon reflexes and 1n B the Tnstological facts and the only pos
sible methanism for axon reflexes if such reflexes really exist

It seems remarkable indeed that the very same problems which
se have just emphasized with regard to the electmnmlcmscopxc
structure of protoaxons and the dwiding of nerve fibers were
discussed alreadv more than a hundred years ago At that time
the discussion mvolved the smallest nenve fibers wisible to the

miked eye or those visible through the very Prifutive miscroscopes
ofthistime  Re) then regarded the thinnest nene fibers to have a
diameter of a harr of the scal

p whereas other scientysts th
such a guess to be wrong (H E Weber 1830} Trllzel;r ssup?y:;sg:c;
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fagure 80 Wilhe hubnes (31859 drawing to explun the mechanism of his
two tips expenment  Sce explanation i the text

scriously to doubt whether branching nd doviding of an mdividual
most primibyve nerve fiber really entsts 1 was able to prove for the
unmychinated nerve fibers of the heart and 1 not et published
mvestigations for the ry clmated nerve fibers of the leg muscles the
followmg fact The smillest nersc fibers evst either as sngle
axans (dinmeter 0 3to e1 8 p) or 1 bundles of such protorons
surronnded by 1 Schwann sheath  In dingonal or {ongstudn o
scepons Lhave not vet scen the dividmg of 1 protowon Teame to
the conclusion that ceording to clectron nncroscopie ¢y idence all
branching of the finest nerve fibers 1s onh 1 separating of pre
formed mdnadual protowxons or groups of protortons never 1
dvidimg of 2 common stera sl to the stem of 4 tree dnading
mto branches

3F this new aspeet proves to he correct the chssic concept of
avon refexes s unteuable  Our own clectronmicroscopie obsena
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SOME PICTURES FROM THE HUMAN HIART

The material for the following prctures was taken from patients
who died 1 2 condition of chronic heart farllure  Particles from
the ventnicle of the heart were taken immedntely 7fter the death
of the patient by needle biopsy method by Dr Mehmed Cvosugln
of the medical division of City Hospital at Elmhurst New York

Special attention 15 called to the many sarcosomes with disinte
grated mternal structure (osmiophilie degeneration) 1 these
hearts  Such sarcosomes are not found i the hearts of noimil
ammals  (See husch Cavusoglu and Marangom 1959)
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that the diameter of the smallest nerve fibers 15 one quuter of a
hur diameter only  Robert Remak reports  remarh of Ins master
Johannes Muller, that probbly the so ealled finest nerve fibers e
by nomeans really the finest ones and that the renlly fincst ones are
surely not yet hnown at that time (ca 1835) In this respect a
remark of the great anatomist and physiologist H © Weber
{1830} about ramificition of nerves made m 1830 15 noteworthy
In hiteral translation 1t reads on page 277 of hus book  Most nerves
divde approumately like 1 tree mto smaller and sull smallker
branches but in most cuses one can prove that Al thesc brnches
sturting from one nerve consist of fascicles of nerves ar nerve fibers
which already before the division were wsolated withm the stem
and have had thar own mdwidual enwrapping, wherever this
< not be proved the rewon 15 the smallness of the branches
However it has never yet becn observed by anyone that 2 sunple
nerve fiber has divided into brinches

This statement of Weber holds according to our espenence for
the protowons too  They are probably or better surely just those
finest nerve fibers (diameter from up to 03 ) of winch Johranes
Muller nd Robert Remak dre ymed 120 seass ago (Rasch 1954)

As mentioned above the physiological consequences of the
recogmtion make 1t necessaryv to bolish the dssieal concept of
the mechanism of won refleses 1s concen ed by hulme {Fig 914)
1f avon reflexes really do cust thor mechanism ought to work ac
cording to the diagrim m Mgure 918 That of course creates 1
new very great difficulty  an mpulse ought to be trnsmitted from
one protoaon 1Cross 1ts own on membr e transsersath to a
nesghboring one across the membrine of this second pratoen
and through the matm that separates the protoisons 4 bio
chemienl shmulus transmussion scems to fit such 1 setup much
better than an electric trmsmission

That means that m case of wxon reflexcs we would have to
sume that at least all the protorcons enwrapped by the sune
Schwann s sheath are onhy ) tomicalhy but not functionall nnits
1solated from ech other

Such an aspect of cowrse ¢ ills for 1 host of new experuments
the ficld of neurophy siology wdd 1pphed bochermtry
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SOME PICTURES FROM THE HUMAN TIFART

Figure 83 Another picture of the buman ventricle
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of sarcasomes between the double Imed syrcolem

and between the mdnsdual myofbs

mes show an
d disorgimzed

14 000%

moet lamellur structure the content of others 15 retracted an
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The zones Z and M are

Myofibrls with typical stration

omes with an mner Inmellar structure fill the sprce
ween the

Figure 92
clenrly visible sarcos
between the sarcolem (SL) wnd the myofibnls wnd the sprce bet

ndividual myofibrils  Two sarcosomes mdicated by arrows show osmiophyhe

degeneration  Ther membrane 1s still present but their content 15 retracted

and dark  Length of each sarcomere (the distance between two Z kines)
1s about 2 microns  Human ventricle 12 000X
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} i
Plgure 93 Arrows pamt to an mterc Vated

e the humap heart A
double ined zg zay, membrane can be secn  The itercalated dises are
tegarded by most authors as buundary hnes of the myscl. ceffs of the hrqrg
\otice the mam sircosomes (SS) some of whech are gy osmuophyhe de

Eeveration 17 000X
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&

Figure 94  Sarcosomes of the human hewt Some with normal mner
structures two in osmophvhic degeneration  Sarcosome mdicated by amow
1s very big and 1ts content 1s 1 more or less homogenous materral  Next toat
mdicated by astensk an osmiophylic body 12 000X
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Figure 97 ER-cell of the human hey
W also found between muscle Bbres
tndoplasmie retculum (FR) spaces by many

7 Usually located pe w

Characterized munly by the 4 dencd

ghosts of plasmasomes {P)
{mutochondri) and by many small granules 1 the vioplasm  The nuclens
N\ s usually excontiic  These cells e femumseeny gf Certan types of

plasm cells  (hysch 1960 ) 12000x
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Tgure 96 A cipihny wall from the human hewt  C mdicates the Jumen
of the capillay  EN = nucleus of bizarre form of an endothelnl cell In
the ¢y toplasm of the cell arc mitochondr and smallest droplets Atmche:}
to the extermal membrane of the capilliry 1s 1 Penevte PN = nucleus of
Pencyte Ax = nenecaxons RE = part of i RE cell (sce next pretures)
Arrow points to shit 1 the cpillary wall - 8 000X

the
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Figure 99 Section of 1 small nerve fibre between muscle fibres  Three
avons (Ax) are surrounded by a Schwann (Sch) cell  “otice the difference
between the diameter of the ng axon Axl 1nd that of two small axons Ax?
They probably represent two different types of nenves It scems that the
avons are free of the Schwann cell at one side  The body indicated by arrow
mav be a naked won  \itochondna can be seen i the Schwann cell as well
as 1n the axons and also 1 the smallest vesicles  Outside of the axon finest
fibnls probably callogen fbres can be seen 31 000%
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Plismsomes
Iso ghosts of

Figure 98 Enlarged part of an ER cell of the human hert
{mutochondrn) with their dark content can be seen  There are X
plasmasomes (P)  Small granules are attiched to the widened channels of
endoplismic reticulum  (Palde grnules)  The sime grnules are seen
everywhere in the cytophism  ER = endoplismrc reticulum 17 000X
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3 Muscle Bbrtls of cardie muscle wnd the fbnls of other types
of strtated muscle exhibit no basic differences  The possible ex
ception to thus might be the Z bands which connect the mdnadunl
muscle fibrls of the my ocardium  but not those of Purkinje s fibers

1 Electron mcroscopic studies of the capilines wnd of the 1m
mednately adjoming Rouget cells have revenled several thus far
unknown facts For example 1t was found that the endothelni
cells of the capillary contained plasmasomes and an endoplasmic
retienlum  The capillry wall contained even protocapillrnes
always one or more mural shts 'These shts do not occur only 1n
places where two separate endothehial cells touch but rather they
are also found to occur where the margms of a single endothelinl
cell, surrounding the lumen of the tmicst capillary (protocapil
fary) overlap  We could never discover anv speenl substance
{cement) occurning withm the capillary wall at the cendothelial
<ellboundartes or in the endothelial shits

Physiologcally 1t 1s especially notew orthy that the iner surface
of the capflary 15 scalloped and that Tong nbbon like extensions
from the endothehial cells may stretch deep into the blood stream
withm the capillary lumen (endothelial villi or tentacles)

§ The cardiac nerves have been studied and their location and
ultramicroscopie structure snggested certan concepts about the
mechanism of the pun 1n Angina pectoris and the mechanism of
axon teflexes  Avon endmgs at muscle fibers of the human ven
tncle have been found for the first bme
(‘O?ld;fg?\‘::“hs of the 'vi:emlm tmeroscopic vestigations of the

vstem (Purkingc s fibers) seem noteworthy as the first
of thushind

7 The mature red bloodeells 1n mammals ar
the hody gno pl (mtocl
plasmic reticulum

8 In chromic heart falure 1 man a
degeneration of sarcosomes has been foulx);;l?:;s}:&0:[";‘01;1“1[0
tional dustarbanees and to the presence af kpofu o e
lipids 1n muscle Bbers of such hearts pPotuscine and other

9 Droplets of ultramicrosoepe
capifian P“ W m muscle ﬁbexf an:]’lzl ':;:iebzi‘(‘)nfsom}rdl - e

e
supposed to present an important &y pe of matenigl exg\mnle]:;

e the only cells of
dra) and no endo
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FINAL REMARKS

Plnsmlogxsb wd cirdiologists will always be suspicious upon
hearmg conclusions concerning the function of ergans which we
substantitted by histologreal pictures onby  The author lumself 1
physiologist and eardiologist entesed npon the extremey ifficult
field of electron microscopic histology with the greatest of trepidt
tion nd onh for the express purpose of finding gudes, m the
ultrymicroscopic structure of the hewt towards the solution of
certan unsohved problems m cirdiologs While the results of
more thw ten vears of resewch under the woist financial condt
tions we not oveswhelmmg they are still encouraging enough t0
msprre further work  The following aclier ements seem, 10 the
author most worthy of note

1 The understanding of the functian of the sarcosomes md 1
recogmtion of the importance of ther varing quntities the
diffcrent tupes of musele has provided 1 Brst solution to the Jong
stnding problem of whv the heart e beat throughout 2 hfetime
without requnmng 1 extended period nf rest  feat impossible to
sheleta] muscle  Through further comparatne studics, we have
come to reahze thit the abihty of 1 musck to do henvy steady work
can be mathematicalh st ited 16 1 function of the number and type
of sarcosomes found witlun sts muscle fibers  This would seem 0
hold not only for the v wrving muscle groups within the syme W
mal but 2Jso for the sume muscle m diffcient speetes W thin the
ammal kingdom (big mamm s Iike cattle smalt mamuals Iike the
rabbit gunerpig it mouse bat cold blooded ammnds bhe frog
Hs}‘;) Differences i the sarcosomes of the wrick nd ventnecle of
could be determmed

162

the same hert
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hving cells and create many new problems m regud to droplet
transfer versus melecular transfer of materal m hving cells

Many rtems mentioned m the varions chapters wnd demon
strated in the figures have 1 physiological meanng which 1s as yet
not eluctdated  Such tems mmelude the mter fibrillar membranes
m the muscle fibers, ind also strasght parile] and concentne
lamels, and the varations m their appearance i the different sar
cosomes The uncertamty s to physiologieal function which sur
rounds these stems extends lso to the ultrimicroscopic cannl sys
tem, which 1s found m the crdiac muscle of humans as well as of
ll other msmls investigated to date and 1n the cytoplasm of the
capillary wlt {endophsmi reticulum)
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