
Chapter l7

NEW COMPARATIVE ASPECTS OF MYOCARDIAL
REGENERATION WITH SPECIAL REFERENCE TO
CARDIOMYOCYTE PROLIFERATIVE BEHAVIOR

l',rvlt P. Rr rrr',rr r sr r

I r r ni rr-. borh bioloqists ancl clinicians believe that cardiac muscle is
.CL pra,rirallr deroid,'l rn\ (irl,it( il\ t" reqcne;,tc rir rnir,,rir Jiri.i,,rr
(hyperplasia) ol its c:rldiornyocytes. This concept seems to bc irr .rgr errrrenr
rvith stuclies o{ experimental ancl patl-roloeical n.rateri:rl demotstr.atirrg the
extrerrle larity or evcn cornplete absence of ntitotic division rnvorrutlei,
irrespective ol'the kiirti o{ m,vocardial injury (see rcvierls bv N,I<:N{inr.r,
1969; Polezhiiev, t972a, b; Hudgsonand Fielcl, 1973; R.rrrnyantser,, 1977).

Hou,ever, during the past t$.o clecades numerous d:ita \.vere obtained
that stimulated nerv inquiries into thc role of cardiom,vocl te hyperplasia as
a possiblc factor in mvocardial regcneration (fbr literatur.e, see Rurnvarrt
sev, 1966, 1977, I979:Klinge, l9ti7; Polezhaey, 1972a, b; Zak, 1973,1974;
Ober-prillcr et al., 1979).

It h:rs become evident that not all types ot terminall,v dil'f er.entiated
cardioml,oo,tes {:ril to slrrthesize DNA and to divicle mitoticallr,.'I he stable
inhibition of bottr these processes u,as tbund to be espcciallv typical o{'
mattrralian ventricul:rr l yocl.tes t[raL r,ere usecl almost universally riurir]g
the last centurv fbr studies of myocardi:r1 regener:rtion. Contr-:rrv to popu
lar concepts, less differenti:rte11 t,vpes of cardionyocytes, namelv \ientricLr,
lar mvocvtes of the adult lower veltebratt: s, lizards, and even mamrnaliarr
atlial rnyocytes ',r,ere found to possess a consiclerable capacit\, lbr reacti
vated hyperplasia (Rurnyantser,. 1966, 1973, I97.1; Rumyantsel anrl NIir;r-
kyan. 1968; Sulima, 1968; Oberpriller and Oberpriller., 1971, 1974; tsacler
and Oberpriller, 1978; Recker et:r1.. 1974).

Out results dcrnonstrating these urrexpected and profirurrd diflerences
irr proli1'eratile behirviour of various tvpes of carcliac rnvocytes are briefly
summarizecl in this chapter. Detailed descriptions of the nr:rterial and
methods emplo,v-ecl are given elservhere (Rumyantsev, 191i1, 19ti6, 1973,
1974; Nir'r,elinski et al., 1974; Rumyanrsev and Kassern, 197ti).

'fhe essential Jloints to be emphasized shoulcl be clear flon] rhe text,
illustratiorrs, and tables that follorr,. We should like to stress the irnporta ce
of the lollor,ing:

1. ldenti{ication of cells resuminq DNA synthesis and mitosis at the
ultrastructur:rl Ievcl by means of electron nticr.sr, rpir nto-
radiograprhv u,ith j)Fl-tlivnridine 

as a label.
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2. l.stiniation of the curnulative palalnctcrs of rcactivatc(l car(lia(l
m)ocl'te h1'perplasia usins nrultiple injcctions of 3H-t hl r'nidine.

'I'he experirnent:rl rttodels erlplovecl are clemonstrated scheniaticallv in
Figure I7-1.

In order to:lssess rlloc:rrcli:rl regcner:rti\,e potential, we must be al'are
of spccific traits of normal histoscncsis. As is sccn in Figure l7-2, irnrna-
turc carcliac mvocvtcs of cmblyonic and carlv postnatal hearts irre caJralrle
of DNA synthesis and mitosis, despite the presence of r,ell-difl'erent iatcd
myofibrils (for literature, see Rurnlantse\', 1!)77). The lalter (lisintcsral.e
into {l-ee nrvolll:rment bunclles alter the onset of rnetaph:rse (Rumvautser',
1967, 1972: Oberpriller and Oberpriller', 1971; Kastcrr, 1972; fi.oode,
1975) ancl reassoci;rte at the Lregin n in u ol the next rnitotic clclc (Fig. 1 7-2).
In contrast to this, myoblasts o{ skeletal mrrst:le <:easc to sr.nthcsize DNA
and to dir,ide nritoticallv afier the :lppearance ol thc flrst diftcrentiatecl
rnvolibrils. 'fhe main source o[-skeletal rnl,ouenesis - a pool of urorpho-
logicallv undiflbrentiated rnr obl:rsts is practicalll,atrsctrt irr nrost staqes

of cardi:rc nrvogenesis (Nlan:rsek, 1973). -flre rnaturc n1\,ocar(lium lacks
N{auro's nryosatellites (N{auro, l96l), rvhit:h are liequcntll' r'csarded as

dolmant rnvoblasts provi<linu tirr regerrer:rtion of skeleral nruscle ({irr
revie\{, sce Carjson, 1973. 1979).
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31.1 Nletlwtisns of Grtntth CttntroL

Mammalian Ventricular Myocardium

Expeliments rvith single 3I-i-th,vmirlinc injections fbllowirrg lr eumariza-
tion of rnouse ventricular rnyocardi;r (Rllnl\'antsev, 1966), ligation of the
rat leti cor-onar',v arterv (Rlrnrvantsev and N{ilakyan, 1968), and constric-
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l'igure 17 3. Cumularive indices of 3H thlnlidine labeled nl\'onuclci irr 'lillirrent 
hexlt

cor-npartn,ents ul r"ts rrith lelr ventricle infarction. l\ILrltiple 
jlJ-thvnridioe inlc(liuns \\Er(

macie at olelve hour inleltals sLat Lirrg fi-orrr dar' 3 ro 5 alrer inf:rrcrion. Each point repre

sents the l:rbeiing index for one a'imirl- A, leli:lltium; B, righr atriunl: (i. l'er'lnctl"tiL
r'entlicular myocalctium; D, intervenLrictLlat septuru; !i, r'ight tentlitle; F, atriolenLl icular_

conductile svstem ol the hear_r. Vertical bars atc st:rnderd errots of the means.
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FigLl'e 17-4. The intensity of jjH-uridine labeling of perinecrotic myocyte nuclei and
nucleoli a{ter injury to the mouse left ventricular myocardia. The,:lata ar-e expressed as

grain count percentages, taking as 100 percent the labeling o1 nucleoi and nuclei of the
ventricular myocytes from uninjured controls (dashed line at the 100 percent level). Time
in hours alier 3H-ur-idine administration and postinjury days are indicated belorv tl-ie
graphs. Vertical bars are 95 pelcent confidence limits. Background density (when existing)
is indicared by hatching at the basal parts of the graphs.

tion of the rat abdominal aort:r (Rumyantsc\', 1970) re\.eal no mole th:rn
0.5 percent labeled myonuclei in both the pcrineclotic and hyper-
trophying myocardia inespective ol the postoperative stages. A stable
irhibition of DN-A svnthesis in the bulk of \,entricular nryur \ rrs is irr
agreement u,ith thc usr-ral observation of thc cxtrerrely rare occurrence of
nlitotic division of these .ells Lrn.ler expel ilncntal and pathokruical concli-
tions. Er.en aftel many sequential 3H-thvmicline injections, the nurnirer- of
labeled rryonuclei in the perine crotic m,vocar.lilrm of rats increases onh'
about 2.5 to 6 percent (Fig. 17-3). A similar estim2lte of ttre cunrul:rtir,e
indices of labelecl cardioml.ocvtes in highlv l'r,vpeltrophiecl leli ventr-icular'
mvocalcliurn of rats u-ith the sane labeline condition s leveals pr-:rt:ticall\, no
L)NA svuthcsizirrq myonuclei. rvhile the maior-itv of errclothelial :rnd stro-
rnal cells are l;rbelecl.
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Figure 17-5. Percentages of rl{-th}midine pulse-labeled (Iilled circles) and mitotically
dividine (open citcles) m)-'onuclei in the left atria oftats at differerrr posrinlarction stages.

Vertical bars ar-e standarcl errors of the mea[s. There are aL least three zrnimals per point.
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'fhe:rbove experiments {rive further e\.idence lirr t}re old theorv that
cardiomyocvte hvpertrophv rather th:rn hyperplasia occurs dur-ing in-
crease in size oI r,entricular tissue. In contrast to the paucity of DNA
synthesis, the actil.ity of RNA and protein svntheses in the ventricular
nl'onuclei incrcases considcrably, r'rot onlv in hypertrophving mYocar-
diurn (forliterature, scc N'Iccrson, i!169; Zak, 1973. 1971: Zak arrd Rabino-
l{itz. 1979), }rut also in cartliac myocvl.es slllrounding t]re sites of injurics
(rig. l7-a).

Mammalian Atrial Myocardium

In studies of the extent of cardiac muscle cell hvperplasi.r, :rttcntiun is

focused, irs a rule, onl,v on thc ventricular nr,vo<:arrlium, thc atria being
frequentll cut arvav anrl discarded. Hol,ever,:r spet:ial study'ofthe prolil-
erative behavior-ol atriirl nryocvtes |eveals the quite urrexpected fact that
these cells differ basicallv fiom ventricular muscle cells in this respect.

P ostinfqrction Repercus siue Reqctirution of Atrial MjocJte
Hyperplasia after Left Ventriclc Infarction

Up to dar' 11 follorvirrg ligation of the left rcronary arter], the nrtutber of
atrial nrvonuclei labelerl aftcr a single 3 FI-thl'nri(line irrjcction, as rvell as tl.re

numbcr of atrial m)ocvtc mitoses, remains ck)se to thc zero level (Iig.
l7-5). At the errrl of thc first postinfarction 1\,eek, there is a burst of
nvonuclci prolil'elation (Fig. l7-ti), the nraximal level of DNA svnthesiz-
ing rrvonuclei and that of ml'ocvte nritoses ar:hieving values ol 4 and l.ir
percent, respecti\:el\, (Fig. 1 7-5).

Accorcling to data obtained b,v nreans of <:urves of labclecl mitoses (Fig.
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Figure I7-6. Nlvonuclei prolileration in lhe left :rLr ia ol rats
bv dav 7 afier Iigation of the leli cor-onarv arterr'. -4. prop)rase
m)oclte (arrow) atrd two nlvonuclei (arrolheacls) labeled
alter a single:rH thvnridine injection;R. telophase rnrocvte
(arrow). PAS-hernatoxr lin.
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17-7), atr-ial ntvocvtes prolilel-ate ;rbout tlo times morc skru,ly than thc
connective tissrrc r:ells of the rnyoc;rrclitrrn. fhe nunlbcr of proli{irating
at r ial rrrr ocr lcs rle, r c:rre. sr.r.lrr;rllr . Lr cn ir rnulrlr l,rrr-r. rlre lrlr ;rrr irrrn still
conuins up to 1 per:ent of DNA-svnthesizins or rnitotically clividins
m,vocyres (Fig. l7-ir). It should be notecl rllzrt rcactiYati()n of DNA slnthcsis
and ntitoses proceeds throughout the rvhole lefi atr ium. Holvevcr, the
above ildex of the freq uencl' of proliferaiirrg rnyonudei can be uncleresti-
matecl arld consicleled as being too Io\\,.

It scerns of special interest thcrefbre to evaluate the extent o{ accurnula-
tion of labelecl atrial rnvonuclei fblk.ruing multiple 'r H-thr,rniclinc inicc-
tions. A ten-times lcpeat.erl precursor adnirristration ljonr dav 5 to clav 9
alier infarction r-esults in the labeling of 51.5 + .1.r-r percent of lefi atrial
m\,)nuclei (RunrranLser .rnd K:rsscrlr, 1976). After m:rn\. repeated
'H-thr miclirrc in-iections. tlrc cumul:rtire irrdices ol mvonuclei labeling
incre:rscd a<lditionalh. tx. aborrt lt) lr(rcelr. reut hirru G!..1 * 2.i3 pcr.ccii
(Iigs. l7-3 ancl 17-i3). Irr sonre r:rts, the liequenr:y rif labelecl atrial mvo-
trrrclei :rppr-oat:hes 70 pcrcent. The llftcclfirltl irrcrease of labeled mvonu-
rlci irr thr':t rxl,rtitrrcrrt. r.,,,rrrp,rrc,l r'itlr rrlrrr:,,1,r:rinrd.rller sirrqlc
'H-thr mitlirre prrlses (Fig. l7-5) ntal bc teltlti\,el\. expl:rined :ls follows:
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Figure 17-7. Curves of lrH-thyn-ridine,labeled mitoses fbr ]eft atrium myocytes (filled
circles) and connective tissue cells (open circles) fron rat hearrs lvirh lelt ventricle infarc,
tion. :lH-thymidine rvas siven at clay 5 :riter infarction. One can calcrrlate ll-om these curves
that myocvtes proliferate about nvice as slolvly as nonmuscle cells. G2 and S phases of the
nlitotic cycle last five to eight and eleven to rhirteen hours r.espectivelv fbr the myocyLes and
three to four and six to seven hours for connective tissue elemenLs.
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Figure l7 8. Labeling ofthe majoriLv of nvonuclei in the leli atrium of r:rt, nineteer davs

foiic,*ing ligation ofthe Ieti coronar-y arrery. JH-rhvmidine l'as irrjectecl thirtl lbtrr timesat

fir'elve horri intervals beginning {rom c]ar 3 to dav l9 alter inlarction' PAS-henatox,vlin'
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I . Clumulativc inclices o{ labeling in<lucle t}re labeline of all mvoo'tes that
reenter the S phase during the u,hole peliod of prolonged precursor
availabilit,v.

2. N{itoses of carly labeled nrvocytes shonld r-esult in the accumul;rtion in
atriurn of r)umerous pairs of l:rbeled daughter mvonuclei, l,hich rvas

frequentlv observed in our radioautographic prcparations (see ftrr
illustrations, Rumr':rntsev atrd KasscIn, 1 97(l; Rurnvarrtser', 1979).

Left r,entride intarction stirnulates tnvolruclear lrvperplasia uot onlv in
the lefi but also in the lisht ;itrium. Reactivat.ion of DNA svntltesis in the
right atriun is corrsiclcrably retardetl. Honet'cr, at l;rter p()stinfarction
stages, the degree of ncu, DNA svnthesis in thc riqht atriurr irrcr euscs str

that cumLrlative incliccs of labeled mvocytes arc at Irt'actic;rllv tlte sarnc le vel
as irr the lefi atrium (Fig. I7-3).

In the above experiments, the nlost impressive flndins is the virtual
absence of labeled rnyonuclei in the ad jircent ventt'icrtlar mxrcarclil o{ the
sa[re rats, thc atria of rvhich c<.rrrtain up to tio percent 01 :]H-thvrnidine

tagged mvocvtes.
According to preliminarv courrts, thc total number of rnvorruclci in the

Ieft atria of the rats is lbund to increasc br, about 50 percent bv the thircl
month nfter ligation o1'the coronary artcrv.

It can be demonstratecl by nreans of Fculgen-DNA c,vtophotometrv that,
at aclvanced postinfirction stages, the majoritv ol atrial rnlonuclci become
polvploid, displaying ploidv classes highel than ?C I)\A (Fig. l7-9). This
is a consequence oI m1'onuclear- l)NA endolcduplication rather tharr nor'-
mal DNA synthesis occumirrs before tnitosis. Taking into accourlt the
current concept ol somatic cell pol,vploidl (Brodsky and Urvvaer,a, 1977),
u,e irre inclined to think that myonuclcar polvploidization, i.e. endoledu-
plication, rnay be reqarded as one of the mech:rnisrrs of myocarcli:rl regen-
eration. -fhis process would pror,ide fol an incr-ease in thc toul car-
diomvocyte genolne in al.r'ial muscle.
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Ieft coronary arter-l ligation (solicl line) as corttpared u,irh ploidv of atri:rl mtocvtes of
unopcrated control rats (dashed lirre).
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Extracardiac Atrial Muscles snd Their Behaaior after Left
Ventricular Mlocardial Infarction

In r:lts, :ls rvell as in other-rodents, the pulrron:rrl, veins lu-e covered bl.
extcrrlal sheets of tvpical atrial myocvtes, which contilrlre into the nruscles
of tlte zruricular rvalls. Despite the fact that these extr:rcardiac ml'ocytes
have:rn ultrastruct.ulal organization iclcntical to that ol the bulk of "nor-
mal" mvocvtes of atria (Klika :rrrrl.] arkovska. 1976), the folnrel are r:u-elv
involvccl irr reactivated hyperplasia lbllor.i irrg left r,cntricular nrvocarclium
infarction (f ig. 17- l0).

Actiuation of DNA Synthesis by Atrial Myocytes after Aortic Constriction

To eluciclatc thc nat.urc of thc stirnulus causinq reactivation o1 DNA
synthesis in atrial myocytes, it is intclesting to studv this question dur-irre
cardiac hyperfunction indcpcndcnt of myocaldial in{;u-<:tion. Cardiac
hy,per(unction mav be inducccl bt, scvcrcly constricting the abrlrrrtirral
aorta (see Fig. l7-1), accordinq to lJeznak's nrethocl modiliecl by Koean
(1961).'fhis treatment results in the development of a pronounce<l car-cliac
hvpertrophv as u,ell as DNA s,vntlicsis and rritoses in:r sm:Lll fiactiorr of
atrial myocytes on thc seco d postoperatioll leek ('f;rble I7 I). Iitis is
demonstr:rted after a sinslc injection o[:rH-t]i,vrr idine. In a multiple label-
ine experinrent (thirty irlections), there is an accumul:rtior of up to 30
percent of l:rbeled nrvonuclei in the left atria ('fiible I 7-l). I tre <lesree of
rekindled l)NA s,vnthesis correlates rvell rl,ith the increase in the heart
lr'eiglit. I he ;xr:umulated fiequencv of labeled nrvocvtes fbr-the leli atria
surpirsses signilicantl,v (p < 0.05) that for the right atria b,v 1.8 times (Iable
I7-I). 1he abundance of labeled myonuclei in r:rt atr-i:r :rfier rnultiple
3H-thvrnidine in-jections contrasts sharplv u,ith the :rbsen<:e ol labeled
mvonuclci irr ventri<ies r.r,here onll' endotlrelial and stnrrnal cells cr.rntaitr
radio:rctive DNi\.

Local Injuries of the Atrial Myocardia

There have been few investigations into the effects of local injuries on
the proliferation of atrial myocytcrs (Kolossova et al., 1970; Galankin and
Paltsin, 1975). Our results are based only on preliminary data obtained
after single 3H-thymidine injections following local burning or linear
crushing ofthe left auricular appendage. Judging from the data presented
in Table 15-II, perinecrotic atrial myocytes respond by a pronounced
stimulation of DNA synthesis and mitoses within at least the second and
the third postoperative weeks. The fact that single radioisotopic pulses
result in labeling ofno more than 3.6 percent ofthe perinecrotic myonu-
clei cannot be regarded as evidence for low proliferative reactivity of atrial
myocytes following local stimuli. In view of the previously described ex-
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tigLrre lT 10. Clenetal vierr',4) of the 1rcr'ilertous sheet ol atr-ill mvocarclium (arr-o\\'s) $ithin
a r:at Iurtg a,rd c,tr::rsional(R)lH thr micline labeling ol the rnvonucleus from a sinr ilal sheet '

(a) nineieen ancl (b) Illieen davs lollorring ligation ol the left cor-onarv arterv-'JH
'lihlmicline was givcn thirtv-thlee tinres (,1)and 1\\'ent,v lbrtl times (lJ) beeinning frorl the

third postinf:rrction dav- PAS-hematoxllin (a) and hematoxtlin eosin (b)'
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324 Mechanisms of Grouth Control

TABLE 17,II
3H.THYMIDINE PULSE LABELING AND MITOTIC DIVISION OF MYONUCLEI

IN THE PERINECROTIC ATRIAL MYOCARDIUM OF RATS WITH
DIFFERENT INJURIES TO AURICLE

sutu of
7c ! SEtrt of

Latult:d Nuclti
7o t: SEM ofDarj After Nulnbat of

Operatio Aiimal:

Unoperated controls
Unoperatcd controls
Local burning
Local burnirrg
Local burning
Local burning
Linear crushing
Necroses aftel consuiction

Necroses afier constriction

Necroses af aer constriction
of aorta

Righr 7'10

Righ. 11- 14

Right 17 18

a 0.040
a 0.0;.+

:t 0..1til)
11.i00

0.049
0.n17
0
1.4011

1.020
1.00
2. l5

:t 0.004
a 0.009

1 0.100
1 0.lgt)

3.950 a l 57i)

3.520 a 0.600

2.t2U t r:).330

Leli
Right
Lefr
Lefc
Left
Left
Left

u.I22
{1. t87
0
1.3'10
2.500
1.00
3..10

0
0
3

t1
l4
21

1

16
l6
2

2

2

1

I

3

3

4

0.t50 a 0.090

L260 a 0.380

0.500 :! 0.1l0

periments emplo\.ing ntultiple :rH-rhvnridine injcctic.rns afier mvocardial
in{'arction or:rortic constdcti()n, one carl predict similar results here
narnel-v, that a considcrable nunrber ol atrial m.ronuclci rvill be labeled. A
sirnilar stimulation of DN,\ s\ rtlresis is chalactcristic ot rrr,vocvtes locate d
rround nccr(rtir lo,i tlr;rt appeilr in lisltl ,1lia alrt.r aortir rrrrrrrrir liurr
(Table l7-II). As is truc in the r:ase of the injuled lios heart, which is
describecl later, scarring occurs in spite of the renervecl prolif-eration ol
perinecrotic at.dal m,vocvtes.

Proliferative Behavior of the Atrioventricular
Conductive System Myocytes

In experimcnts with rnultiple :JH-thymidine injecrions fbllon'ins
myocardi:rl infarction or:rortic stenosis, we demollstfated fbr the flrst time
that m)ocytes of the concluctive svstenl of the hcart arc cap:rble of a \,erv
Iiniited desree oi hl,perplasia (Rumyantscv and Kassem, 1976). 'f he rela-
tive nunrber o{ DNA svnthesizing rnyocytes in the atrior,entricular part of
the conductive s) stelD is :rpproximatcly llf teen t<.r twenty times lorvcr than
in the atrium (Figs. 17-3 and I7- I 1). fhe occasional presenceof mitoses is
indicative of the possible rlivision of some specialized myocytes. It should
be noted that necroses ol the specialized r:ondrrctive svstem are allsent irl
rats \.vith either Icft ventritle iniarction or aortic constriction. Since the
workins ventricular nyoc:rrdia located iar fllm the inl:rrcted area are
practicallv devoid of DNA synthcsizing myonuclei (Fig. l7-3), one can
condude that myocytes of the conduct.ive svstenl are much tore rcspon-
sive in terms ol-reactive hypel'plasia than rvorking ventricular musclc cells.
It ivould bc interestinq to investigate the deqree ol-reactivated li;-'perplasia
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Figure I7-ll. l-abeling o1 thc rnlonucleus lvithin atriovenlricrrltr hundle of rat.'JH-
thvmidine rvas injectecl ten rimes liom da\'6 to day 9 alier inlarction. PAS-hernatoxl lin.

of myocvtes in diflerent parts of the colrductive svstem lirlk)$ itrg dilJerent
injuries to these regions.

Regenerative Eyents in Injured Ventricular Myocardium of the Frog

Durins the fi-st fbur to Iive davs afier tr-ansverse linear crushing of the
liog ventlicle, two <lifTcrent kincls of react.ive processes take place. Filst,
there is the beginninE of resorption o{-the nccrotic debris; second, therc is

a plogressive rno rphobiochernical reolganization ol thc survivine
mvocvtes located 1\ithin a perilecrotic zone some 300 to 500 pm in rvidth.
Thc latter process is Inanif ested bl an increasittg enlargement of mtrrcytc
nuclei antl nucleoli, as lt'ell as chromatin rlccondensation. I'hese changes

are accomp:rnied b1'an increased incorporation ol 3H-uridinc (Fig. l7-12)
and 3H-leucine into RNA and ploteins. Until the fifth day after iniur,v,
onlv the nuclei of nonmuscle cells incorporate nH-thvrnicline. On clays 5 to
6, nurnelous I)NA svnthesizirrg rnl'onutlei appear n'ithin tltc perinccrtrtic
myocardial tlabeculae (Fig. l7-13). The number <lf myonrrclei labeled

after a single 3H-thymidine pulse reaches a maximum of l3 to 15 percent
b,v the end of thc first v'eek.

It should be stressed that myt.rcardia of the operated vertricles, located
lar liom the site of injury, are con.rple telv devoid oi 3H-thvmidinelatrcled

myonuclei. Bcginning the fourth rveek alier injurl-, the nttrrrbcl o{ DNA
synthesizine mvocvtes decreases proelessivelv, appr-oaching the zero levcl
by the end <.rf the second month (Fig. 17- 13). 'l his rcincides u'ith a practical
normalization of RNA synthesis activity bv rnyonu<Jei at Iater stages (l-is.
17- l2).

l'aralleling the activation of DNA s,vnthesis, nunerous tttt ocvtes irr
mitosis appear. 'fhe number of dividing cells increases gradually and



&.
r!

Iechanisrns of Grouth Conlrol

s00 NUCL EOLi

! aoo

=z.

{ roo
E
(5

1

900 CYTOPLASM

E,
L!.,
f,)

== 500
z.

=E
(D

300

100

2 3 t1--12 11 122

70

1 ?

DAYS

3 11-12 11

AFTER iNIUNY

I

122

326

1



M1 oturditl R e gtn cra tion

+,,

;

j30

F

2A 25 35

nrYs AFrER iNruRY

Figure l7-13. Percentages oflabeled nyonuclei after single pulse (rpen circles) and after

thiee times repeated 3H-th,vrnicline injections (divided circles)' Percentages of mitoticallv

dividing myonrrclei are shown by solid circles Alldata:rre obtained from counts within the

.ju"trrr.i.,riic region of irlured frog heart ventricles. Vertical bars are standard errors of
the eans. Ther-e are at least thtee animals perjoirrt.

reaches ?r maximum of approximatelv 1.3 percent in the middle o[ the

thirrl week (Fig. 17-13). Later, nritotic activit,v falls quickly
To assess the cutnulativc percentage of prolilerating myocvtes, a total of

three 3H-thyrnidine injections are giYer. This experimental apProach

brings about the labeling o1 -10 to ti(l Perccnt,rf nrvoc) tes exclusively tithin
1 pe;inecrotic reactive zonc tIig. l7-13t. \\-lrerr ]'H thymidine is given

minv tin.res throughout the entire period of most intensive mvocyte hyper-
plasia (i.e. liom day 5 to day ltl after injur,v), the number of labeled

myonuclei in this regiorr reactres 9'1.1 1 0.78 Percent (Fig l7-14) 'Ihese

lait autoradiosraphic experiments clearly demonstrate the stimulus for

iig.,r. f7-f2. 'fhe intensiry of 3H-utidine labeling of the juxtanecrotic myocvte nucleoli

ani c,vtoplasm at cliflerent surges after the injury to {rtg heart ventl icle lsotope was given

ovo to six hours before fixatiorr (nucleoli labeling counts) or t\qentv-fhrrr horrrs hefore

fixation (cytoplasm labelinpl counts). 1he data are expressed as Pel'centages (open circles)

from grairr counts irt controls (filled circles at the 100 per-cent leveJ) Ver-tical bars are 95

percent confidence limits.
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Figure l7- 1.1. Labeling ofthe majority of myorruclei injuxt:rnecroric rlyocardium (,,1) and in
the regenerated mvocardial tlabecula formed n,ithin the crushed zone (B) ofthe frog heart
ventricle- Repeated injections of 3H-thymidine rvere made ar twelve hour intervals frorn
clay 5 to dav 18 following heart injury, fixation being delaved up ro the dav 73 postopera-
tion. Hematoxvlin eosin.
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the resumptiorr of nlvocvte proliferation aftcr. irrjun' of the lios heart
operated upon loc:rllr.. No labelecl nryonuclei arc ever- lbuncl irr rhe llor-
phologically normal tnvoc:rrdiurl bel,ond thc perinecr.otic rea(.ri\ e zune.

In spite ol thc intensive mv()crvte prolifcritt.ion at thc borcler-s ol the
necrotic area, this zone is flllcd ur2rinl\. r\.ith scar tissue. Slender lruscle
:lnastonloses appear \,er_\ I;rte afier injurr,(two lo tlrree months) betu'een
the basal 1;art ol thc injured ventlicle at)d its apex isolatcd bv cr-ushins.
'I he niajority ol thcse arrasromoses are forrnerl in the subepic:u clial laver
(Fig. I 7- 15). I n the :tbor.e rnultiple labelirre cxllcrinrents. practicallv all thc
rnvoc-vte nuclei of rcgerrer-:rted nrrocalclial an.tstornoses r:ont:rin silvcr
gr-ains (Fie. 17-1.1). Rceener:rtion of even thc sicnder n)uscle ani.stonloses
o{ien permits t}re establishrncrrt of svn<rhr-onized contractions of t}re }r:rs:rl
ancl apical parts of operatcd ventri<les th:lt \\.ere beatine independerrtl\ :lt
earlier st;rges (Rumyantscr, 1961).

Ultrastructural Changes Accompanying the Reactivated
Hyperplasia of Adult Cardiomyocytes

Our electron nrit:roscopic irrvestisations (Rurnvantscr,, 1973. 197.t,
I 977, 1979) pcrrrrit us to conclude th:Lt in spite o f the eviclcnt rlif{erenr:e in
stirnuli (lor:al or distant) leadins to car<lionrvocvte h,vperplasia in frog
r,entricle ancl rat atria under cliffclcrrt exper-imental conditions. thc ulLr.:r-
stmctural reorganization o[-mvoc_vtes is r-ather- sinti]al irr both svstclrs.

Rqt Atrium Myocardia

I)urins the three to five clav period prer:eclinq the onset of atrii.rl n)\'ocvte
proliftration, there is a progressive errlar-gement of nuclcoli arr(l sorne
chrornatin detrrndcnsat.ir.rrr. This is o{ten ac:<:onrpaniecl b1 cvtopltrsrnic
chanses in the lalgelv u ndifferentiatcd c\,t()pl:rsm. 'f hese chanecs inclucle
an accumulation of nunrerous ribosonles as rvell as hvperplasia of the
roush endoplasmic reticulum ald (iolgi appar:ltus (Fig. 17-1U). Nrrnrer-
ous lysosomes appcar that gi\,e .r strorrs reaction [or acid phosphatase (rig.
17-17). Despite the fact that somc rnvofllrrils are loosened. thcv persist in
all reorganizcd m\.ocvtes (Fig. 17,1t)) together l'ith inrcrcalated cliscs and
specilic atrial eranrrles. N{:rrrr. rrrvor:1'tes beconrc clrriche(l in nonmyo[ibril-
I:rr cvtofll:rment.s (so-calle d intermediate-sizecl filarnerrts 80 to I l0 ,{ in
diameter). The abor,e changcs are indir::rtir.e of an itrcrcascd ltiosynthetic
activity of atrial myocvtes as rvell as of a partial clecliffclcntiation or "re-
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juvenating reorganization" (Rurnyantsev, 1974) since a lcr-tain resem-
blance to irnmature embrvonic cardiac rluscle cells is achieved. As sholln
by electron micr-oscopic autoradiograplly, thele is no direct correlation
between the degrce of myocyte partial dedifltrentiation and resunlption
of the DNA svnthesis. :JH-Th,vmidine labels not only nuclei of most "dedif-
ferentiatecl" myoc,vtes but also those of moderatel], changecl (Fig. 17-18) or
even practicallv unchanged cells. Hor,r,er,er-, one sees a plolounced nu-
cleoli enlergement and dec, rnclens:rtion of chromatin in the majority of
'H-tlrr rnidirrc tagged n)\or )tes.

N{,vocvtes in prophase differ liom their neighbors onl,v because of the
appealance of chrornosomes. Hor,ever, metaphase is accornpaniecl by the
disappear:rnce of Z-lines, resulting in the release of-numerous sarcomeres
and myofilament bundles at the subsequent nritotic phases (Fig. 17-19).
Such a t|ansitorv disintegration of the rigid myofibrils r,ithin the perinu-
clear region seems to be necessar'\, {br the separation of chromosomes. A
similar disorsaniz:rtion of the corrtractile machinery is tvpical ol mitotic
ntvocltes in rrormally der,eloping rnvocardium (Fig. 17-2). At all phases of'
mitosis, dividing rrlyocytes lemain attached to ad.jacent muscle cells bv
means of desmosornes:rnd intelcalated discs, rvhich are urrchanged at their
boundaries. As a rule, rnitosis proceeds rvithout cytokinesis, so that a
binucleate rnyocyte is lbrrned (Fig. 17-19).

No evidence is fbuncl for the formation of true myoblirsts devoid of
myo{ilanrenls, interciil?tted discs, and speci{ic atrial granules. Nonmrrscle
cel1s are idcltifled as endothelial ancl connective tissue elernents.

Frog Myocardia
The ma-jor electron nricroscope data described abo.,'e for-rat atrial cells

are liker,ise valid with respect to the fine structur;rlchirnges seen in injur-ed
frog rnyocardia. The rnain dill'erclce cluring the preproliferative period is
the presence in fi og tissue of nulnerous phaeocytes that resorb the necrot-
ic materi:rl of the myoc:rrdium (Fig. 17-20). \thile nuclear reorgrnizrtion
precedes the burst oI DNA s\,nLhesis and mitoses as in reacti\,ated atri:tl
myocl'tes, the cytoplasmic m:rnif est:rtions of "partial cledifferenti:rtion"
(accunrul:rtion of ribosontes, roueh endoplasmic leticulum, etc.)ale some-
u,hat del:rr-ed until the seconcl to third post-irrjun' r,eek (Fig. 17-21).
Dediflerentiatior is incontplcte so that Ir-ee nyobl:rsts are not formed.
DN,\ s1'nthe siziug (Fig. 17-2 I ) and rnitotic:rllv clividing (Fig. 17-22)
perinecrotic lnyoc'r'tes are cha|acterized b,v the sarne Lrltr-astructural fea-

Figure l7- 15.,4. Slender myocardial anastomoses (arrorvs) r-egener-ated in the subepicardial
region of the crushed zone oI the flog heart ventricle, 122 days after injury. 1r. Framed
portion of A at higher marnihcation. Iron hematoxylin.

l\
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Figure 17-16- Hvperplasia of the roLrgh encloplasmic reticulun (RIjR) in lefl atriun
myocvte of raL. Da,v 5 after lefl coronar-v alterv ligation G : Golgi apparattrs; SG : sPecif ic

atrial granules; N : nucleus; NIF : mvofibril.
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Figure 17- 18. 3H-thymidine pulse labeling ofthe left atrium myocyte ofrar; day 6 after ligation
of the left coronary artery; two hours after isotope injection. P : polysomes; RER : rough
endoplasmic reticulum.



Figure 17- 19. Portion of the Iare telophase mvocvte from the lefl atrium of rat on day 6 after
lig"ation of the left coronary arter.y. Mvofilament bundles (MFL) are clistributed randomly

in the vicinity ofLhe reappearing daughter nuclei (DN1 and DN2). Z-disc material is largely

absent. SG : specific atrial granules.
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Figure I7-20. Acid phosphatase rich lysoso[res (L) in the phagoc,vte cytoplasr[, rv]rich is in
close contacL nith necrotized mvocvtes (NNI). Day 5 after the injury to iiog hear-t ventricle.

tures t,vpical ()f the correspondine phases o{-the rr}itotic cvcle in the nor-
mally developirrq rr)yocardium (Fig. I7-2). 'I he majol'it,v of the above
ultrastructural changes are Iess pronouncerl or bccome normalized at thc
most advanccd stages studied (one month or later').



Figure 17-21. 3H-thymidine pulse labeling ofmyonuclei from.juxtanecrotic ventricular myocarclium of
the frog heart; day 16 alter heart injury; two hours after isotope injection. Note the abundance of
polysomes (P) and Ioosening of myofibrils (MF). G - Golgi vesicles; D : desmosome-like structures.
Arrows point to the apposed cell membranes.
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Figure l7 22. !Ietaphase nyocyLe fronr Lhe.jur.Lanecl.ot ic r.egion of rhe injured Iios hear-t
veltricle, day 16 alier fi^r.rg heart rentr-ide injurv. C : chronrosomes: \Il : spin,lle
rlicrotubules; \IFL : scartered mvolilamenr bundles; Z : lJe.sisting porrion ol the Z-clisc.



Mt1 o c ar dia L R e ge ner ati o tt

Discussion

The results ofour contparative investigations on the regenerative poten-
tialities of cardiac muscle with special reference to the proliferative be-
havior of myocytes are summarized in tl're scheme sholvr in Figure 17-23.
We can conclude that all kinds of myocardia studied contain variable
percentages of myocvtes capable of beinq reactivated in terms of DNA
synthesis and mitosis. The number of reversible postmit.-,tic rnyo() tes
reaches 60 percent and more in rat atrium and frog ventricle. The latter is

in agreernent with data obtained from tl're ner'vt heart by Oberpriller and
associates (Oberpriller and Oberpriller, 1971, 197 4; Bader and Oberpr-il-
ler, l97B; Oberpriller et al., 1979). Irrespective of the kind of myocardial
tissue investisated or the systemic position of the animal species studied,
we found no evidence for sisnificant dedi{ferentiation leading to the
formation of actively rnigrating myoblasts devoid of myofibrils (Fig. 17-
23).

The incompleteness of myocyte r.ledifferentiation arid the absence of
"dormant myoblasts" (comparable to Mauro's satellites of the skeletal
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mnscles) in all adult mvocardia studied sccm to bc responsible lbr cicatriza-
tion at the sites of myocardial necroses in spite of thc proliieration of
pel ineclotic mvocytes, \r hich rnal procccd rathcr activelv (lioc heart, atl ia
of rat heart). The outgrowth of proliferating rryocytes into the necrotic
ar-ea is lirnit.ecl b,v the relatively long pleproliferative period (fbur to {ive
tlavs), bv the increased lengtfi of the reacti\,;ited mitotic cydes in mvocarclia
of the adult anirn:rls (Fig. l7-7; cf'. Rurrrvantser,, 1973), and by the mainte-
nance of ml,oc,vte-to-rlr,vocyte itl tachments r'i ith persistence of specializecl

.junctions and intercalateri cliscs despitc partial dedifTcrentiation of
m,vocytes. All the :rbove factol-s seem to favot oyerqrou,th by the more
rapidlv prolif'erating non-muscle cells u,ithin thc nccrotic mvocardial area.

llecause ol the fixed position of thc actively clivicling pcrlnccrotic
mvocl.tes anrl overgrorvth bl conncctive tissue cells. there is a preclominat-
ing :t:curnulation of postmitotic muscle cells :rrouncl but not insicle the
necrotized areas. I his is cle arl,v dcmonstratecl in the experiments lr,ith
multiple :rH-thvrnidine in jections after irrjurl to thc frog heart (Fig. l 7- 1,1).

When atrial myocyte hr. perplasia is sLirnulatcd from a distance, as a
result of lefi ventricle infarct.iol or aol ti. rorrstricLion il r:its, ner'v dauqh-
ter m),ocytes or postmitotic rnyonuclei ancl mlogenomes (in the case of
acytokinetic mitoses and poll ploidization) are aclcled "cliffusel,v" through-
out the entire atrium. 1t rnal,be assurncd that all these proliferative events
r:ontribute additional corltractile units for the supJlort of heart function.

It is rvorth notins that cardionryocvtes that resumc the mitotic cycle,
nanrelr, :rtri:rl rat rnr-oc) tes and yentricular fi og myocytcs, are less special-
ized morpholouically than rut ventricular muscle cells. Compared l ith the
latter, the {brnrer tlvo kinds of rnyocvtes are rnuc}r srn:rller, are relatively
impoverished in myr.rflbril conterrt, have practically no 1 -tubules, ancl have
intercalatecl discs that ar-e less enricherl rvith contrasr material (lbr liter:r-
lure. rer Runr\ a lll\(\. l9;7,.

Horvever, there is no sirnple irrverse correlation betu,een the clegree o[
rnorphological declif ier-entiation :rnd the c:rpacitv of mvocytes to resume
the mitotic r:vcle.'fhe capacit,y to divitle is fairly lorv in the case of the
concluctivc svstem myocvtes despite their well-knorvn "primitive" ultra-
structural or-ganization. Certainly these mvoc\tes should be regarcled as
"cover-tl,v" niore dilferentiated rvith respect to the specializecl electrical
properties oI their membr:rnes (cf . Challice, l97l).

No m:ltter wh:rt the real nature may be of the observed variations in the
capacitl, lol reactivatecl prolileration :rmong the clilferent kinds of heart
m),oc!'tes, it is essential that there be a reconsideration ol'the old classical
concept o[ rnyocarclial re5;eneratiorr, r,]rich takes into:rccount the prolil-
erative beh:rvior of the mammalian ventricrrlar mvocytes onl-v.

Our comp:rr':rtive investigations seem to pelmit tlie distinguishinu of at
least t\\,o cliflerent kinds of stimuli fir the reactir,ation of the adult car-
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<liornr. ocvte nritotic cvclc. C)ne of these stimuli, rvhich appears to be ritther
local, is m:rnitesterl bv the reactivatecl prolileration ol perinecrotic:
rnyocvtes in the in-juretl liog ventriclc or rat atria.

Another tvpe of stirlulus, rvhit:lt tna!'act IioIrr a tlistance, involves Iteirrt
hvpellunctiorr.'fhis is eviclcncerl l]\' r:lt atrial mvocvtc hvperplasia firllol'-
irrg lieation of the lclt c()rorlill ! :lrterv ol coarcLrtiorr ofaorta. Arlditional
er,iden<:e of the role of c:rt-diac hvper{irrrctiotl ilr the reacti\ation o{ tlte
atrial nvocytc h) perplasia is fi)uncl in the fhct that the rn{oritl'of exracal:
diac atrial nl)ocvtes of the perivcnorts rttvocarclial sltects itr lungs do not
palticipate in the postin[:rrcti()rr lr]itotic lrurst seen in atria] m\'o(rYtes. It is

highl,l' unlikcl,, that these extracarcliar: lllyocytes are involvetl in hvper-
firnctiorr alier ilrftrrction or lc,t tit cutrstrictit,n, iII LL,rlllJst to "cat'diac"

atli;rl nryr.rcvtes r,lrich rvorrkl be ailecterl.
It \\'ill be intercsting to irrYcstigate itr the firture the rlLtcsrirrtt as t'r

r,hether the observcd variations iu the activitv ol lcli and right atrium
nr\'ocyte hlperplasia fir]lorlirrg inlarction or aortic cotrstrictiott mav be

explairrecl in ternrs ol-r:ot-respotrcling chatrQes itt circulatiotr rlvnamics.
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