
Chapter 18

CARDIAC MUSCLE AND ITS POTENTIAL FOR
REGENERATION IN THE ADULT NEWT HEART

.Jc-:urr C). C)nr.nmrr.r-r.:r. I r..rr ( i. ()u r.r lrr r.r.r. rr,

l)urn NI. lJ.lor.r..r:rr'I rrror rtt N[. NI<.I)orrr.t.t

ANr. or. rHL Ni()s-r srGNrr,I(;ANT health prolllems I:rcing ntedical research
ll-li, tlrn, of the ryocardial infarct. in orcle. to aJecluatelv exanline
experimental approaches to this problem, it is essential that one under-
stand the proliferative ancl regenerative cap:rcities of the cardiac mvocyte.
Sulpisir-rgly little rvork has been done in this area, presurnabll' becartse the
:rdult mammaliar ventricular myocvte appears to have little or rro capacitr
to respol.l to injury [l'a proliferative response (24, 25, 30, 39). Since thc
demonstlation by Overy and Priest (23), Rumvantsev arrd Snisirevska)'a
(33), Nlanasek ( I 3), and Weinstein antl Htrv (38) that a developine cardiac
mt,ocvte, containins rvell-dif ferentiated products such as cytoplasmic
rnyofilaments, may undereo cell division, a number of svstems have beell
exploited for the study of the dividing nr,vocyte. These include both il rrilro
uttl ht, r,ito studies orr developing svste[ls (30). Regeneratir c respcrrlses

h:n'c bcen studied in mamtnals bv Rurnyantscv (27, 2()) and Rumvatrtsev
and Kassern (3 I ) ancl in lorvet vertebrates i rz rrizro itl the lios bY Rum) antsev
(2U, 27, 28), Rumyantsev and Schmantz:rt-(32), and Nirvelifiski et al. (19)
arrcl in the ner{t by Oberpriller and Oberpr-iller (21,22), Bader ancl Ober-
priller (1, 2), Oberpriller et al. (20), atr<l Becker et al. (3). In uilro stuclies
h:rve been performed on liog (30) ancl lan'al salamander hearts (16), ancl

receltlv on the :rdult newt heart by Nag et al. (17, t8).
This cliapter llill begin rvitl'r a briel discttssion of the morPhology of the

nervt heart, follou,ed by a cliscussion of tu,o rnajr.rr tvpes ofexpetinrents rte
har,e used to examine the regener:rtive c:Lpabilities of the heart of the adult
ne\\'|, Natophtholtrtus liridcscttts. In the first tvpe of experirrent, t^e ex-
aminerl the rcsponse of the nervt heart to ventrictllar antputation, n'ith
emphasis on a stLrcly ol its proliferative capacity. In tlie sertnd tvpe of
experinrent, l,e ex:rmined the ch:rracter-istics of sm:rll miniventricles that
lirrm fiorn qrafts ot ninced ventride pl:tcecl on the amPutatioll surface of
21 \,eutriclc, rvith an emphasis on a studv of their proliferative anc[ his-
togerretic capacities.

Morphology of the Newt Heart
'fhe qcneral g-ross ntorpholog,v ol the salarnancler heart h:rs been rvell

clescriberl bv Davies and Fraucis (4). 'fhe lleu t hcart is :r three-charnbelerl

343



l'lte han.i.trn.r o{ (}routh Conb oL344

F.

i9
D=

-==

C2

u-a
-E

,Z

,a-

ra

:!E



Cardiac Muscle

he:trt consistirrg oI tu,o atri:1, sepal.ated bv:ur inter.atri:rl septum and ir
single ventricle, lr,hich enrpties into the bulbus cordis (Fie. l8-l). The atria
are cornposed oIa thin rval] with onlv or:c:rsio al trabeculae exten(line into
the lunren-'fhc atr-i:Ll wall consists ol thr.ee rrrdor cor-npartrnents. 'fhe
endocarclirrm is conrposecl of arr enclotheliunr urderlain bv a very thin
coirnectir,e tissue layer. The nttocardiurn or rnuscle cornpat-tlllcnt (.(,nsists
alnrost exclusivell.of myocvtes. f he cpicar-dirrnr consists of :r mesotheliurn
and a lelatively thick connective tissue layer.

'f he histoktgy and ultrastmctule of the adult antphibian veltr.itle has
been clcscribed by a number of invesrisarors (1, 7. 9, 10, 1.1, 35, 36). The
newt ventficle is avascular and consists of :r thin outer.rvall r ,ith a meshwork
ol tr-abeculae extendin g into the lumen of rhe len triclc (Iiig. I 13- 1, 18-2). As
it Nectutus (9), the rnyocar-diun or nruscle cotnpartlnent of the outcr rvall
alrd tr-:rbeculac contains few fibroblasts arrd is cornposed prirnar.ily ol'
m),oc) tes. The rDuscle compartn)ellt consists of t\\o types ol myocl tes,
lieht and dar-k, as vierved rvith the elecrrorr rnicloscope (I.'ig. t8-3). The
dalk nryocytes have a rnole dense cytoplasm antl nrore nryofibrillae than
lieht mvocytes (Fig. l8-a). Tlic sisrrificance of lisht and dark mvocytes is
rrnknoun. Horvever', Hirakor.r, (9), rr,ho also clcscribecl thesc cells in Net:Lut
'L.t, suegests that the liglrt rn\,ocvtcs mav possiblv lunction in concluctiorr.

'fhe u ltr:rstructLl re ol the ventlicular rn\,octtes r.eve;rls that they have :r
basal latninir ancl loutinely contain el,vcogen, dcrrse sr-:rnulcs. pinou rrrrir
yesicles, subsarcolemnral cisternae, an<1 :r numbcr olnryo{ibrillae that. :rs in
other forrns, are not aln.avs clistilcrlr .cparaLcd. t hr sarcoplasmic retior-
lunr and Golgi are l:rther sparse. The mvocvte sarcolem ra does not have
tr2ursverse tubules (l I). Horvever, it h:rs a trunber- ol pr.ojections exter.ling
fl'onr the cell (18) that o{ien interdieitate l,ith neigliboring myocytes. Ai
the junction betl'ecn light;urd dark mvocytes, the dar.k cells mav h;rve
nar-r-orv projections, u,hich invaginate the Iisht cells at tlic level ol-the Z and
H bands. lntercalated disc junctions :rl-e not:ts elaborate as observed in
rnamrnals and the major-junctions appear to be rlesmosomal in natu re {Fiq.
l8-4). With routile transmission electron nricroscopv, rve have not posi-
tivcly identificcl gap junctions irr the neu.t ventricle. Hou,ever, they have
been identified in the Nartzrzz.i ventricle bv Hirakorv (g) and b,v the {reeze
fi acture method in the Amby.stonru r,entricle bv Nlazet (15).

Thc irrternal surf:rce of the ventricle rvall aud tr.abeculae is covered by
endocardium. Beneath the endotheliunt, there is a rclativell small amount
of-connective tissue con[rining a consider:rble numbel- ot cells with eran-
ules that stain lnetachromaticallv u,ith toluidine blue and that are probably
rnast cells (Fig. 18-4). The epi.aidiunt Lousisrs ul :t nres(,rhelium underlain
by a thicker connective tissue layer than that ol. the enclocar-dium.
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I;igure l8-2. Scanning electr_on Dricrograph of vcntlicular_ tr-abectrlae lhirt Proie(:l into Lhe

rerrtr_icular ltrmerr.'fhe bulgcs on the surface ol the tlabeculae lepresent endothelial
nrrclei. x i110.

Me.chanisms of Growth Control.

-p



Cardiac Muscle

Figure 18-3. Electron micrograph illustrating dark and light ventricular myocytes.
x 14,000.
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Figure lB-.1. Electron micrograph of portions of dark aDCl light verlrricular mvocvtes. A
pollir)n of a granule cell (GO) can be observed berrveen the n)\.()cYtes. lrr this secLion_ rhe
charactclistic Iiatures of tlle nvo.\ rcs. surlr .rs clcsr osuntal trlre luncl.ions U), dense
qr,,llUle.,Lr(lr. rrrd clr,,,c.rr ,rr, te r.r,lilr ol,, \ed. . Z{;.r,UU.
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Caxliac lluscle

Amputation of the Apical Portion of the Newt Heart

349

In the ventricular :rrnput:rtion experinrents, the apical rcsion ol the
ventlicle \\,as 2rmpLlt2lted apploxinratelv irt the reqion indicatecl br the lirre
in ligure l8- l. Alier:rntputation, the ventricles l'cle strrtliecl at various
itrlervals in orcler to determine c) tol()sical and proliler:rtive cltanges at
both the light ancl electrorr rnicroscopic ler-els. Autoradiographic tcch-
niqucs rvcre utilized firr the rletermination oI DNA syl)thcri( prttct ns lr
both light arrd electr-orr rnicroscopic levels. 'fhe aniurals use<l in thc
arrtor':rdiouraphic studies rvere siven sinule in-jections of tritiated thyrni-
dine onc r-o thrcc hr.rurs prior to lixation. l)etails of these techniqucs have
been rcpor-ted pr-eviousl,v (21, 22).

Dulirrs the llrst neek afier arnputati()n, the major events ale clot forrna-
tion and clegeleratiorr irr the trabecnlar cells imnrecli:rtelv adjaccnt to the
plane of :rmpuLrtion. Inrnrediatelv alter amputation ol the ventrictrltrr
:lpex, the llorrncl n,as cklsed b} a bkrod r:lot tlrat r:an lte seell one hour after
:tmput:rtiorl irr Figur-e 18-5. l tre area of this bkrocl clot is also cr,iclcnt in the
ventricle file clays :rftcr arnputati()rr (l ig. I 8 U). Cellular deseneration and
necrosis occurs in both the bkrod clot arrd in the tr-aber:ular cells acljaccnt to
the:rnrprrt:rtion:llca. as seell in Fisure l8 6 at file dal,s aftcr anrprrtation.
During this perioc[ of dcgcncration. u']rich is pr-ominent into t]re seconcl
l'eek alier amput:rtion, macroph:rues coukl be observerl in the necl'otic
areas of the trabcculire (fig. l8-7) arrd in the are;r of the bktod clot.
N,Ivocvtes rvithin this neclotic area of the tr-aber:ulae containecl a consider-
able arnount ol lipid and the rnyolibrillae ri ere observed in var ious .ragc.
of disarra,v. Except fbl nlvocvtes, u,hich r,ere in extreme phascs of net:ro-
sis, the stase at lrhich thc pr()cess ol degeneration u,:rs still revcrsible rvas
riillicult to cletelminc. During this sarne time periocl, the blood clot area
betrrnes cor,erecl on thc inside llrst u,ith a rnigrating enclotheliunr arrrl
slishtlv later on the outsicle nith a mesothelial crrvering (Fie. llJ-8). ,\s the
mesothelial cells oI the epicardiun] rniqrate over tlre dot, the ce]ls takc orr a
varietl of slrapes and manl havc nunrerotrs rrricroappendages and proces-
scs (Fig. l8-9). 'fhe exact natufe of the stirnulus :rrrrl tlre nature of misra-
tion of these cells is not knr.rrvrr.

llecinnirg in the se<r>nrl week afier anput:rtion and continuing into thc
sccond n)(xrth, DNA syrrthesis anrl rnitosis rvas observed in the musclc
conrp:rrtnlcnt of the tr-abectrlae arrcl u,all arljacent to the bltxrd dot (Fies.
l8-10, 1U- 11). Verrtricular I)NA svrrthesis in the rnust:le cornpartment has
not bc€n obser-r'ed irr urrinjur-erl or shan)-ol)eraterl r:ontrol anim;rls. 'f he
DN;\ svrrthetic an<l rnitt.rtic acti\,ity in this r:ompartnent rear:hecl:r peak in
the third rveek afier arnplrtntion (-lable l8 I).'Ihis prolifcr-:trive acti\itv
appealccl to be a loc:rlizecl response to 2unputation ;rncl generallv did not
exte ncl rnuch bel orxl 300 prn fi-om the :lmputation site. I n orcle l to
rleterminc rvhcther labeled or rnitotic cells such as those seen in Fisure
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Figure 1li 5. Scarrning electron rricrogtaph
anpulalion. The area in Lhe center is the
inrmecliatelv aliel amptlt:ltiort. x 120.

ol a verrtricle onc hottl alier r,entlicular
region ol the blood.lot (ts(l) thal lblms
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Figure l8-6- [-ight ]ricrograph ofa ventricle live dars afier amPutaLion shol'ing a Portion
of the blood ckrt (B(l) that lbnns acLoss the amputation eap and trabeculae that are

untler going parlial degeneraLion (D) in the area immediatelr adja.enl to the amPutalion
zone. X 200.
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Figure l8-7
anrPlrtation

Nlethanisnt of Ct oiLth Oontol

Illectron nticrograph oI a por-tion ol a degcnerating tlabecula six davs aiier
A macrophage (N{) can be obscr\ecl beneeth lhe e,rdotlreliLrnr ([). x U.:]00.
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Figure lll-8. Scannins elecrron micrograph of a sectioned degenerating blood clot (DC),
u,hich spans the amputation qapat rcn cl.1\ s llteramputahon Arrhirtime,endothelialcells
(ll) cover this area on Lhe inside and mesorhelial cells (NI) rl1 r.he epicardium car be observed
o[ t]re olrter surface of the clot. X 350.
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Fig-ure I 8-9. Scannins electron rlicroglaph of nresorhelial cells, rvhich appeat Lo be urigrat-
ing over tire degenerating blood clot (D(i) area at ten days alter amputation. I'he mesothe-
lial cells appear to be very active, as seen b1 the processes ard manv microappendaees orr
Lhe srr r_l ace of the cells. I n one cell, the stl.uctu r-es e|ident beDe2lth the s ul^face ar'e typical of
cells that have a phagocy-tic natlue. x 1.S00.
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Control
5 Da)

l0 Day
15 Dal
20 Day
25 Day

I 8- I I at the light microscopic level are lryocvtes, sixtccn and t\\'ent) da)
p()stoperative ventriclcs !\,ere studied by usirlg tlre tcchtlique of electrorl
microscollic autoradiosraphv. !-roln these stu(lies, it u'zrs fbuncl that be-
tu,een 80 ard 85 percent of the labelcd cells of thc muscle comPartrllerlt
r{ere n)yocytes, irr that these cells colltained nl,voflbrillae and Slvcogen and
possessed a basal l:unin:r :rtrd olielr dcstrosonal ccll junctitrns.

ln Iiigurc l 8- l 2, a Portion o{ a m\oc\ te is seerr rvith a labeled nttclerts art<l

a clesr.nosonral r:ell-jurrction. The myolibrillae rvithirr this cell appear similar
to mvofibrillae observed il crintrol nrvocvtes. Nlyocvtes obset-r'ed in the
nritotic phases of ccll clivision appear to hale tttrdclgone considerable
changes fronr cells in DNA svnthesis, especiallr irr res:rrd to the rn1'ofibril-
Iae. In prophase (l'ig. 18-13), orre can observe rnxrflblillae rlith intirct Z

bancls. However-, these b:rnds aPPear to be sonter'hat less prominent ancl

the mvofibrillae appear to be utrdergoing clis:rssociltion. A1 a later staqe of
mitosis (Fig. l8-14), the mvoflbrillae :iPPear to hlle under5;one rnore
clisassoci:rtion , oftetr appertrirrg to Lle seParated lts sarconlcrie uniLs.

Hou'cver, in cross scction, even these aPllaleutlv separatecl m1'ofibrillar
urrits contain both thick ancl thirr filanrents (as can be seen in Fie. ]8-l'tr)

N{(}st ofter), Z bands are not observed in ntetaphase.ells. However, Z

bancls are occasion:rll1- seert in sonte rnetaph:rse cells ([ig. 18-i5). This
obserr,ation that r.narrv Z bands are lost itr rlitotic n)Yocvtes lbllorving
prophasc h:rs beeri nr:rde lirr the:rtlult frog (28), cultulcd chick healt (5),

the chick heart ir uilo (8), and the aclult neu t heart. It seems possible that Z

bancl desraclatiorr rrrav be necessarv lirr cvtr-rkiuesis irr these cclls. Horvever,
I(ell,v und Ohacko ( I 2) h:tvc clemotrstr-trted alr cxtensive ttr-Lrlber o1-Z b:rucls

present in the mitotic rnl'oc) tes of cnltttred cliick heart. Thrrs it appears
that thc cxtent ol Z b:rld bre:rkcloun necess:lrv firl cltokincsis is trot rvell
undcrstooc[. N'[itotic myocvtes remain :tttacl]ed to treighborins rn]oc1'tcs as

thel prosress thrortgh cell clivision (Fig. l8- I 5). Althoueh tle h:tt'e Irot
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* This table indicarcs percentages and standard deviarions of rrabecular ceLls *hi.h have lal,cled
nuclei. ln theexperimenral groups, cell counts were made in lhe area extending uP to 130 pM fro the
wound margir. At leasr 1,000 calh, excludirg blood and erdocardial cells. were counted lor each of
t$,o animals in each conu'ol and experirnenral group. Each aniulal used tbr this study u'as hjected
intraperironeally nith 2.5 pCtoftritiated th,vrnidine and fixed lbr light microscopic autoradiography
one holr after jnjection.
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Figure lB-i0. Light nicroscopic :rutoradiograph ol a yentricle trventy days alier amprrta-
tion. A mitotic cell and Iabeled rruclei, indicative of DNr\ synthesis (arro$,s). can be observed
in the rrabeculae adjacent to the region of the degenerating blood clot (DC). x 200.
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Catdiac illustla

Figure lil I l. l-iglrt rricl.oscopic autt-rradiograph oftrebeculae adjacenl to lhc amPutaLion
site 20 rtat s alier anlputatiolr. l'rro labelecinuclei (ar-rorts) andt nritotir:cellcarr beobse|r'ecl
r'ithirr a Lrabecuh. x 1,.100. (Frorr.1. (). Obclplillcr and.f. fi. Oberprillcr,l. Lrl. 7,aol,

-187:249-20ti, l!17.1. (brrrtcs\' of the \!istat-Institlrte. l'hilaclalphia.)
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Figure l8- I2. Electron microscopic :ruroracliograph tu,entl davs alier-arrputation. A por-
tion o1 a cell is seen rith a labeled nucleus (N), indicating DNA synthesis, ancl nyofibrillae
(l\'IF). x 17,000. (liom.f. O. Obe lpriller and.f . C. Ober-pr-iller, J . Etp. Zotl., 187:206. 1974.
Cour-tesv of the Wistar Irrstitute, Philadelphia.)
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Figure i 8- 13. Electron nlicro5iraph of a mvocyte in pr-ophase al sixteen days after anlPLrt:t-

tion. The r:ryolibriilae of this cell appear to have somer!hat less so-ucLural integrity than
th()se observed in control luvocytes. Holvever. they still possess numerous btrt somewhaL

smaller Z bands. A desmosonral cell.junctiorr calt also be seen (:rrrorr'). x2'1,000.
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Figure l8- 14. ElecLron microeraph ol a miLoric nryocvte at sixteen days alier amputation.
This myocvte contains chromosomes (C), clense eranules, elvcogen, basal larlrina (BL), and
nrr,rlrlrr illur sirlr I'orh rlri, I en,l rhirr fil.lnenr\. . 2b.00t).
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I.igure i3- l ir. !.lect ron rnicloeraph of a rritotic ntvocvte at sixteen dars aliel anrprrtation.
_lhis portion of rlre cell coDtalns chlonlosonlcs. ((l) dcnsc gr_anules, desrr()sonlal (ell
jrrnctions, sl\coscn. xnd a por-tion ol nr\oiibrill:re rlith Z bands (Z). x2,1,(X)0.

Cardtac lluscle
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TABLE 18,II
I,IIOTIC ,{ND THYNIIDINE TNDICES OF CONTROL ATRIA AND EXPERI]VIENTAL

ATRIA A}'TER VEN'IRI']ULAR AMPU-|A'IION*

ConLrol
5 Day

l0 Dat
15 Dav
20 Day
25 Da)

0.001)0
0.0000
0.0't't )

0.3.{ 62
0 168l
0.0000

0000
0000
1091
36.18
0612
0000

0.2796
0.42.19
0.7 422
6.3583
3.1230
0..1530

2626
3055
91.{5
2530
358i.1

1005

10
t0
:t0

r0
a0
r0
:t0
:t0
:t0

* This table indicates percentages and son.lar d de\iations of mitol.ic and labelleci r:ells in the muscle
compartment of atria. lD the experinlental grorrps, approxirnarely one-fourth oI the lentricle l'as
amputated. The control groups consisted oI unoperated animals. An average of 1,720 cells r.,ere
counted for each of rlvo aflituals in each LUntrul rrld experinrenratgr,,LLp Each anin al used tot. this
study was injecred intraperitoneally wirh 2 5 pCi nf tr itirted thr rridrLre end fixed for light microscopic
autoradiographv on€ hour afrer i jecrion.
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obtainecl all ol the stascs of mitosis in our studl, ure do fcel rhar cytokinesis
does occur in this systern as it does in the tiog (28) and as it appears to do it)
our minced ventride experiments. Polyploicly may trlso account fbr a
portion of this proliferative response: at the prescnt time, \\,e are attemp-
tinq to study the possible role of polyploidy in this s)stem.

'l hese studies demonstratc that trabe.ular rn\.ocytes adjacent to the
amputation sitc haYe the capal;ility of DNA s\.nthesis altd mitosis. The
exact n:ltrlre of hou, this response is used by the in-iured ventricle is

unknown sin.e thc amput:rtion gap is filled initiallr" rvith ?r blood clot that
degener':rte s ancl by thirt,v davs contair.rs rl considerable amount o[-connec-
tive tissue r,ith usu:rllv onl)-, a fcw myocytes lvithin. It is thought that this
variable number of m\ocytes rn:ry re prcscnt dille1-erces irr the ases of the
animals used. At forty.lavs after:rnlplrtation, the cornective tissue in the
amputation gap becomes much denser (Fig. 1tt-16). 1his type of healing in
response to injur,v has also been observcd ilj the fios by Runrl,antser, (2ti)
and in the lizard by Sulima (37). Thus it ap1;ears that the amputated newt
ventricle can respond to injur.v by proliferatior of myocytes, but that the
amputation qap gradu:lllv becornes fillecl lar-gell bv connectile tissuc. 'fhe
reason {ior such healine lnav be that ncrvly lil-nred myocvtes Irave dillicult,v
in penetrating the connective tissue th:rt frl-r'ns in pl:rce of the tleqenerating
blood clot.

In :lddition to a localized proliferati\,e response in the ventricular muscle
compartnlent to ventricul:rr :rrnputation, a response is also elicited in the
atria of the injured heart. Cells lvithirr the rnuscle rcnrpartrnent of the
atrial r,ali unclergo DNA svnthesis and rritosis ;rs a result of venricular
amput:ttion (Table 18-II). -Ihe DNA synthetic response bcgirLs s,,rncrime
during the first l,eek afier anput:rtiou and reaches a peak at lifteen davs
p()stoperative. It gradualll t:rpers off at the end of the I'ourth lveek.
Althoush these results have beel obti.rinetl at the light nicroscopic level, it
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appears that most of the t:ells of the rrttst:le colll P:lrtrnellt are 1I1\ ocvtes.

Hou'ever. conflrrnat.iott of these results ltl 1hc electroll rnicrosctlpic level is

under-tar'. Statistit:al strtclies rtsing :rnalysis of t'ari:rtlt:e irrdir:alr: that this
response in thc atrirtttt is:r geueral fcsPolls€l thlrlttghont the rlrirlrl alrd
not :r locllizcd tr,pe ol t csponse as obscn'etl itt the ventricttlar rcspottse. ,{
sinrilar respr.rrtsc o{ the tat atrirtrn to vetttricular itljttrl rvas llrst rePorled
bv Rullvantsev in l96ll. His srtbseqtte nt ttltrastmctural rvrllk h:rs utre-

<luixrcallv denonstr:lte(l that r:rt 2rtrial rlYo(:\'tcs trtrderso DNA svntlresis

anr[ nritosis as a respol]sc to ventr-icttlar infarction (29).

Minced Ventricular Grafts

In older-tr.r firrther studv the proli{eratilc and histogctretic capacity of'

thc adllt ne\\'t veltlriclc, $'e tleYisecl :tn expcrirrentltl sitrtatiolr itl l\'hich a

po rtion ()f thc r,en triculat- ;rpex u as relrtor cd. trincecl intcl slttall llieces. antl
thcn grafied back onlo the anlputated yetrtl icle so that the grafi spannecl

the ampxrtatiotr gap. fhe mincecl crafis ucte then stucliecl rtt various
postope..tiyc interials itt order to determine rVtt.rlosical clt.trt{es rt'ith

rcgard to cleecneration, pr-t.rli1'elation, attd histosetrcsis. 
-fhe 

a:rafts rlere
stuclied at both the lieht and elcctrolt tllicrostopic levels an<l DNA svrr

thetic pattcrns u'ere deternirted frorIl :rutoradiouraphs. Details of these

tcchni<lues have beetr repttrtecl previouslr' ( 1 , 2).

I)urins thc {irst u'cck afier claltine, Illuch desettcratiott artrl uecrosis

occrrrr-ecl uitliin the grali pieces atrcl tto reorganization ol thcsc 1-,ic.cs rt':ts

app:rrerrt. '\ nuntber of ttrl oct tes undergoine clegeneration hacl prr:notic
nuclei ancl :tpparerrtlv lere irrcversiblv c[:rtll;tgecl. Hol'ever', othcr
mv()cvtes, tttler in nulnber-. hatl cuchrontatic nrtt:lei artcl presurttablv rc-
rn:rine<l viable. I)eqener:rti()n of the srafi and phauocvtotic a<rivitl of
macrophaucs colttirtuecl itrto the secontl and thir-cl rvceks. During this
perio<l, continuitl bctu'een thc main ventricul:tr lttmcn ancl grafL lunlen
1\,as establishe(l ancl the urali pieces appeared to have sritlesccd. 'fhe

extensive clcgenerat.ion :rnd initi:tl coalest:ence of graft picces is elident in
the sixteerr clav g-raft in Fiqure 18-17. In thc terr;rrd sixteen tlav slafts,
nryocvtes hatl cuchromatic trur:lei, itrcre:rse<l alllotrnts o1' rough ertdoplas-
rnic reticulurn, polvrilrosonres, arrcl Golgi conrplexes, all ol n'hiclr u'oulcl

inclicate activc protein svnthesis. Thc nrvolllrrillae ol tlresc cells l'ere oftetl
in ii state of tlisorierrtatiou atrd itr the sixtcctl ct;rv srafts appeared to be

lerier-in rrumber than in the urliljured rltloc\:tes.

In the secortd rveek a{tel grafiilrg, DNA svnthesis ancl mitosis rvere first
observeC in the muscle urrnp:rrtment ol the trabecr-rlac aud the grati u'all as

inclicatecl in I able 1B-tlL Il the orlLrol group, u'hich cottsisred of sltam-

operatecl anirnals in lvhich the pericardiurn \!as oPened:rntl then closecl,

no upt:rke of thyrnidine or mitosis las observecl in the muscle compart-
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366 Mechani-sms of Grouth Control

TABLE I8.III
MITOTIC AND THYMIDINE INDICES OF MIXED CARDIAC MUSCLE GRA[TS'].

Gralq

Control
5 da,v
10 dal
16 ctay
30 day
70 day

0.1]0
0.00
0.18
2.61
0.28
0.0{l

0.00
0.00
0.07
0.27

0.0(l

0.00
().00

2. l2
2.+.3

5.02
0.1 I

a 0.00
t 0.00
a 0.34
:t 0.4
t 0.05
:t 0.09

+ This ta6le indicates percentages and srandald deviations ofcells rvhth are miloric ol have Iabeled
nuclei. At least 1,500 glaficells, excludirgblood and en docarcl ial cells. were counted for rwo animals in
each control and experimental group. Each animal used for this study l,as injected lntraperitoneally

'vith 
2.5 pC' of tritiatecl th,vrnidine ard ftxed for light nicroscopic autoractiographv one hour alier

i.jectior. From D. BadeI anrt.f. O. Oberpl.illet:J ExP Zaa,2L)8:177 - 194, I979. Cotltesy oIThe Wistar
Press, Philadelphia.

nert at sixteen days aiter the operatior]. The peak oflrrolifclarire J ( ti\ il)
is at sixteen davs afiel grafting. At this time, numerous lllvocvtes were
observed in rnitosis at the ultrastructural level. 'f\.vent\LSe\ren mitotic cells
in the Inuscie conrpartnent werc ollse Ived at virrious stages of mitosis and
of these, twenty-three wel e mlocytcs, in that they had myotilame[rts,
glvcogerr, arl.l, in marry cases, an associated b:rsal l:rtnina. The ultrastr-uc-
ture of tirese nritotic m) ocytes is sirnilar to that reported in the :rmputated
Yentricle sectiolr.

The thirty day rnirrcecl sraft contained more mvoc,vtes and in general
appearcd more organize.l as a continuous nriniverlficle thair dicl the
sixteen day graft. At thirtv cla,vs, the myoc-vtes \\'ere observed in r':rrious
stages of r,vollbrilkreene sis and corltained numeIolrs 10 Irm filanrents. In
this thirtv da,v gr-oup, tu,o of five grafts examine(l clemonstratecl a fitnc-
tional rhythmic contraction, \r'hich u,as asynchronous \\,ith the contrar:tion
of the ventricle to which they rrcrc irtti(hc(L l his trpe,,l asynchronous
beat u,as also obsefved in sorne of the fift,v da-v arrd seventy cl:r,v gr:lfis. 'fhis
indicates that the new l\,all formecl by the graft can be functiona]. T]re type
of stimulus to u,hich thr: glaft muscle responds is unknor,n, Horvever-, it
may be that it responcls to thc filling oI the S-.raft lumen afier the host
ventricle contracts.

Bv seventv days, the grafts form snrall, lnirly well-integratecl mirti-
ventricles (Fig. 18-18), uiith an outer r,all and trabeculae t onsi:tirg p,ri-
marill'of cardiac rnuscle rtith a variable amount of connective tisslre. 'Ihe
seventy dav myocytes have numerous rvell-org:rnized m1'olibrillae (Fig.
18-19) ancl intelcelltrlar junctions similar to those obscrved in uninjured
ventricular m-voc,v tes.

Clell counts of thc muscle colnp:rrtment o{-minced c:rrdiac rnLrscle grafts
('fable 18-IV) r.r,e re lnacle in an attempt to cletermine the charges that
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Expellm? n tal
crcup CraJi Cdk

Auagc

0-day group
5-day group

I6 day group
30 day gr-oup
50-day grolrp

+ Averages and standard de!,iadons of cells courted in trabecular ne[vork and oLlrer rlall of the
graft. lindothelial and blood cells were noL included in the counts- Grafts ol three ernimals were
counted at the widest point of the graft for each expclimental group. Aiso indicated are the percerr-
ages of the cells seer it1 the grafi considering 0-dal grafts ar 100% of rhe cells gr.aated. The right hand
colurnn represents the average graft a1-ea fbr each experin1eDtal group. rneasured at the rvidesr point of
lhe gtaft. Three grafis rvere measur-ed for each expertDental gloup. Flom D. Bader and.J. O.
Oberpriller: /. Erp.2oo.,208:l1J-194, 1979. Courlesl ol The Wistar Press, Philadelphia.

2,010 cells/mm': t 7l'l
1,9{}0.ells/rD r: a 175

.110 cells/nrm! t 87
1.050 cells/mm'! 1 ll0
I,2l0.ells/mm: :i l5l

0.4U mm:
0.40 mrr!
0.39 mm:
0.,t.1 rnnr'
0-43 nrm:

occur irl the gr:lli :rs a result of degeneralion and pt oliferation. During the
degencrative. prolifcrative. an(l redi[ [brenriatir-c phascs of rlle srafis, the
cross-scctional :lleas of the srafis ]'ell:1in relativcly unch:rnge(1. -f herefbre.
one cAlr liet a tlirlv c()nsistert conrparisolt of thc srafl.s ol the Various
phases. lirorn Tablc 18-I\', it is obvious that cxtclrsivc (lcqencr rr.i()u o(.(.u15
durinq the Iirst thlce \\,eeks. with onl\,a]lptoxiln:rtclt, 21 percent ol the
counted cells srrrYivirig. Bet$een the prrlifc|ative phasc ar sixteen davs
and thc diflerenti:rti\ e 1)hase at {lftv da\,s, thc nurrrlrer of cells observed
\\,ithin the urali h:lvc rllor-e tlran doublecl, inrlicatirre that a consirlerablc
number ol ne\\i mvocytes are fitt-tttecl in thc rni ce<l r'eritricle sYsteln.

'fhesc nrinr:ecl \,cntr-icle sturlies cletltonstlittc that a rninircntriclc rhlrl
can be fittrctionalcan lirrrl fiorn mincecl picccs ofvcrrtricle. I he fi)rnratiolt
ol snr:h an inteeratecl stl LlctLlre fl-orn ntincecl Jlieccs in(licirl.cs lhat tlte ne1\,t
hcart is :rble to Lrndergo:l ccl'tuirr rlegr-ee of histogcncsis.

Discussion
-fhe above expcli terlts inrlicate that thc nc\\'l hcitl-t is r::rpalrle ol:r

certain desree of prolit'er-ation :lnd histoqctresis as a 1-€rsl)r)u\( t,r iljrrrr.
f)onsequcr rtl-v, a number of (luestions arisc in this svslerl. Orre is that o{ the
origin of the nerv ln\ocytes thrLr [,,r nt. .\lthoirqh \\c ha\c rrol 1,lerfirrlted
elal)or:rtc cxl)erinrents. it rlould appear that thc cclls arisc br rhe r:eil
division of alread) cxistine rrrv()c\-tes, a|ter a lrutnbcr of cellular c]rilnges.
This same oPilliol is hel<l bv Runryar)tsc\. (28) lol the frou. Horiever. onc
has clifficultv in mline out the oriqin front r.rrhcr cell tvpes. although the
sequence of events obserrerl in the cell clivision of rlroc\,tes seenls not to
:lppear to rerlrrire :trr ()rigin ('t there cclls frorrr otlrcr ecll tvpes.

lnothcr rttajor qucsti()rr to be consirlclc(l is rlirat the t\ [)e o{ nrechanisn}

100
9.1
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might be whfuh serves as the stimulus lbr initiation ol cell division in these
cells in the ventricle in response to amputation. Since the I espunse is il
localized phenomenon, it nray have to do rvith injurv or loss of an:rdj:rcent
part. Hol.ever', in the atrial response to ventricular injur\,, the mechanisrn
appears to be quite tlillerent and perhaps represents a phlsiological le-
sponse of .rn ,,rerltraded \)slctn :r) te\\hrrt :irnillr tu tltc reqcncrdri\e
hypertrophy o{ internal oleans (3,1).

Finallv, anothe r qucstion is r ,hy the arnphibiarr r,entricle is so much rlore
responsive thirn the mamm:rlian verrtr-icle to injur,v. Thele are esscntial
difTerences betl'een the tu,o. n,hich might play a role. The arnphibian has a
lorver and variable body tcrnpcrature. The arnphibian hcart is highly
trabeculated and avascul:rr. rvith r-elativelv littlc corrlective tissue. Thele
are ultrastructural features that differ troru thc manmrlian heart. such:rs
the lack o{ '.f-tubules and the presencc of clense sranules. Cioss (6) has
suggested that the increased capacitv {br rcspondinr to injur,v could be
due to a grearer ability of hcarts in lou,er- \,er-tebratcs to erow throughout
liie.

At the preserrt time, there ale feu' :rnslers to these questions. It is
reasonable to asslrfire that if one is to sLinulere the edult mimalian ventri-
cle to:rssume a role irr prolif-eration ancl histogenesis, one mrrst begin b-v

studving ttre svsLems th2rt readily demonstrate these capacities. Surely one
of the better morlel svstems n ould be the heart of the lorver ver-tebrates,
such as the frog or the nen,t.
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