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CHAPTER 1
IHTRODUCTION

Zenkeor was the first investigator to study ithe derenerative pattemrn
in striated miscle (Adsms, Dennmy-3rown and Pearson, 195L4). His tissues were
obtained from fatal cases of typhold which ocourred during the epidemic in
Dregden between 1059 and 1862, Zenker studied 120 cases and found that degen-
erative lesions of the rectus abdominis were not uncommon, Hany other ruscles
were also prone to this type of lesion, but the rectus abdominds was so frew
gquently invelved that this lesion became a significant manifestation of the
diseass. Zenker attributes the original desecriotion of hyaline degenerastion
to Louis who discovered this nhenomenon in 1830,

The lesion described by Zenker consisted of hyalinization of the cone
tractile substance of the muscle fibers ultimately ending in mlew or
nartial destruction of the muscle substance. Under gross observation the
mascle had marked pallor and was quite briitle, Hicroscopically the lesion
showed loss of striations of the fibers with a reculiar clumping of the hyaline
contractile substances This corbinabion of ovenis led to the complete breale
dovm of the fibere.

In the fow years following the discovery of "Zenker's Degeneration
mmerous persons undertook the study of degenerstion and regsncration.
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Forbus (1926) points out that notable among these persons were Waldeyer (1365),
Weber (1367), Hoffmarm (1069), Heumarna (1668), and Techainsici (1360). Hoffmanm
was the only investigator who based bis work on lesions resulilng fron disease
nrocensess The others produced :baai.ens mxperinentally and described the
Tosuiist.
In 1918, United States Army investigators studied degensvation af

mscle in fatal cases of rneumonia assocliated with the influenza epdderdc

(Forbus, 1926),

Forbms (1926) produced degeneration of striated muscle by introducing
vowarful irritants such as aleohol, phenol and boiling water, or by depressing
the blood suprly to the muscle for a period of three hours. He described
degonerabion as seen by Zenker, His chlef concern, however, was to gtndy the
character and origin of the cells which partake in these processes. Waldeyer,
Webor, and Zenker had all studied these cells and disagreed on thedr origin,
Zenker said that all eells within the sarcolemma, both phagogrtie and regens
erative, wore of comnnective btissue origin. Waldeyer bellieved thab a.’i.l colls
originated fron the miclel of muscle fibers. UWebor sald that muscle cells
might be transforaed into "inflarmabory cells”s He alss thought that all colls
were derived from muscle cells.

Forbae used vitally stained animgls and found ihat pharocytie cells
were of extrmpmscular ordgin and the regenerating mscle fibers arose from
cells ;%hic‘tx developed from the miclel and sarcoplasm of the old rreserved
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fibers, Torbus had en or-orbunity to study degeneration of miscle in bLwenty.
Tive ams of rnoumonia sccondary bo inflnencza or measles., ils deseription
parallieled that of Zenker,

Millar (1934) worked on regeneration in rabbiis and gave a olassical
pleture of the evantz, e notived that during the first three days there was
a blood clot present ab the site of injwry with a marked infiltration of leuco
cytes. In the next couples of days the most striking feature was the invasion
of the injured soms by larpe mmbers of nistiooytes. Degemerabing fibars
showad {ragrentation and their nuclei showed no signs of activily, while the
mwlel in the injured but living fibers were lining up in rovs touwards the
middle of the fibar., At six to eight dayp afber tramma, regenerating sproute
were seen arising injured fibers, These fibers increased in size and
mugber until the ares was barely discernible from the unirnjured pertions of
the miscles

Millar was the first to notice the rhombic shape of the mscle micleoli
afber bhreo to five days and called them "Rhowbomomes®, He thought that the
rhorbosomes were assoclated in some way with the laying dowm of now myofibrils,
Ha described the gimnt cells snd held taat they were not phagocytice He
thought that any debrls found within a giant cell was rerely not extiuded or
absorbed as yeb.

Speidel (1933) after injuring miseles by mmerous rebiods, found that
"rotraction caps of injury® formed at the site of injury. These caps formed
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ag a result of pretvaction of the contractile materials A muscle fiber sube
Jooted to hot water might have many "retractlon clots" throughout its length,
These were similar to ihe “caps® alihough the "elots" ocourred thwoughout z
fiber and the "caps" occcurred only at the sive of injury. Speidel corvelated
the retracbion caps with the eross striations. The egps could not be induced
in syoblasts or musele vlasmodia even though these were on the verge of
doveloping cross strise. They eould not be induced in fibers which had lost
their stwiae through injurye. They could, however, be induced in young fibeve
Immediately after regaining cross striations, According to Speldel, these
caps were advantageous in that they tended Lo localise an injury and prevernted
further retraction of the fibeys.

Speldel did his work on tadpoles. ie was the first to observe individe
ual mscle fibers in a living vertebrate over a prolonged period of time, He
was unique in rprodueing degencration in zome of his animals by electyric shocks,
One of the ocutstanding features of Speldel's work was the fact tiat he took
clne-photomicrogrophie pdcetures of a myoblagh dividing by nitonlse ‘

Lovander {(19h8) made some interssiing observations concerning regencras |
tions He noticed an sbundant development of mwesenchymatous tissue around
degenerated mscls fibers after injecting aleohol into striaed mscle, He
believed that new ruscle {ibers ware induced to form from the mesenchymatous
source and not from old degenerating fibers.

LeGros Clark and Blomfield (19)5) described regensration after blocking
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the blood supnly to the musele of rebbite for various lengths of time. Their
main inberest was to trace the anastonoses of vessels within wmscles and to
indicate their irportance in rerensration. Thoy found that necrotic areas in
devascularized miscles were vapidly replaced by regenesyating muscle fibers.
This led %o z partial reconstitution of the muscle. They also studied the
effects of gunshol wounds on the vascularity of musoles They pointed out that
a gunshot, four to five millimeters in diameter, may produce a gone of do-
vasculayization extending over large syeas up to fourteen by eight millimsters.
This was shown by injecting the animal in the ear vein with SrormowPhenol blue,
a dye which penebrates tissues rapidiy, but doos not color devasculariged
areas. They sald that the effects were evidently due to lack of blood suyply
to the area becsuse the unstained portion was too extensive to be ascribed to
the direct traunmatie injury to the mgole created by the bulleb.

LeCros Claxk (19L6), aleo using rabbite, studied regeneration of
strdated muscle in excised portions of miscle which were immediately replaced.
Regeneration took place in the normal way. le also replaced excised pieces of
mscle at rigit angles to thelr original position. lHe found tiat as muscle
fibere from tha normal ruscle entersd the graft they orilented themselves in
the direction of the grafted fibers. This indicated the importance of the
sarcolermal tubes and the role they plsyed in directing the new fibers.

Sissons and Hadfleld (1953) studied the efiects of cortisone on re-
gensration of masele in rabbits. They found that rereneration occurved, bud
that cortisone retarded the processs Regenerating sprouts, instead of gypear=
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ing about four days afber injwry, were soen seven to elight days after crushing,
Unphagocytized necrotic fibers remained for some time after regeneration
commenced, Some of the necrotic fibers showed caleification, and focal areas
of necrosls were found in misele remote from the injured area similar to that
found in Zenker's degeneration.

Baunders and Slssons (1953) are the only men who studied regemerntion
of strigbed msclo after denervation. They found that muscle in the yat does
regenarate when infured three weeks after densyvation even though atxephy was
found throughout the muscle. Thelr vrocedure included exedising one centimeter
of the sclatic nerve. Three weeks later the denervated miscle was crushed.

Gay and Hant (195h) studied striated mascle of rats abt various
intervals after transection, Thoy macerated and inspected the teased fibers
under the phase microscope, They wanted to see whether individual fibers

from one side of the incision united, with direct contimuity, with fibers
from the other side. This was shown to coour. In the early stages, the two
fibere are comneocted Ly an amorphous cytoplasme At the end of thirty days
cross and longitudinal stristions appeared in many ansstomogsess ihe melei
vare reduced in nmumber and had moved to the pexvinhery of the £ibers. The
fibars were nearly narallel to one anobher and in line with the long axis of
the mascle so that the entire muscle mass appeared close to the normals
Constance (1955) found that skeletal musele of puinea-pige had remarie

able powers of regeneration, but the degree Lo which regeneration cocurred
depended on the amount of proliferating Cibroblastic tissuwe and the typo of
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trama. In a slmples erush injury, regeneration might be corplete. If the cut
ende of a musgle were widely separabed, rogeneration misht be halteds Three
deys afler terama produced by exelsion or incision, Constance fourd what
arpeared to be "cellular tubes® resulting {rom the inwvasion of dead fibers Ly
Metiocytes. There was proliferation of the fibroblasts in the endosyalum
betwesn these flbers. Constance also reported glant cells. He saw no evidence
of mitotic activity in the repgenerating sprouts.

Ellie (1955) treated rabbits with cortisone for various lengths of
time and produced lesions, in mscles, wilch became more extensive with the
rassage of time, The dopenerative changes grossly were similar to those scen
by Zenker. UNicroscopically, the earliest signs of degeneration were swelling
of fibers and loss of ryofibydllze. The mcled were alicped in paralliel rows
in the centey of the fiber, Iepanerative changes were first noted in the form
of protoplasmic tins growing out from wninjured nortions of fibers. After
tuenty-one days, some forty to elghty percent of the ruscle fibers in any
given field displayed all the stages of depenoration and regomerstion mentioned
above, Five rabbits wore treated for twenty-one days with cortisons. From
six to twonty-two weeks alfter discontinmuing the trectment, mscles were histoe
logically normal 4in every instance.

Godman {1957) described revemeration as seen by previous wmai*a. He
¢ and alse "Hrdropic” vacuoles

roportod giant ¢ells present in the slw-day stap

in degenerating fibers. He said that true regencrative elemenis have been
obgserved to arise only from preexisting rmscle segments, One mitotic Si-ure
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wag rerorted in a sarcoblast ribbon. Godman also presented some figures of
elongaied mwleoli similar to those first described by ME1lar,




CHAPTER II
MATERIALS AlD HETIODS

Sxty-gix Spracue-Dolly white rabs were useds Ether anesthesia was
difficult to control so was sbandoned in favor of pentobarbitel. This onos-
thetic caused convulaions malting it impossible to do deballed work on the
andmale 7This was also discarded in vlace of using a combination of the two.
Sometimes breathing would stop and artificial respiration had to e performed.
Finally ether wag sucoessfully em-loved. Losses during overations all occurred
in preliminary experimenta,

The rectus abdominis mascle wme used in all operations. This was
choson beeauss of its accessabiliiy and also beconse it is frequently ineised
in surgleal procedures,. The rectus is Lmmervated by thoracic nerves five
through thirteen vhich enter the miscle from its lateral border.

A verticnl incision wae made in the sgkin from the myrhoid Iﬁi“wGﬁ*" o
within one centimeter of the puble symphysis., The skin wns reflscted by
outbing the subcutaneous tissue tims exosing the rectus muscle on the left
side. Uiduay betwaen the superdor and inferior borders of the rectus mascle,
the anterior rectus shealh was exposed and a transverse incision was nade
throusi: the entire denth of the rmsele down to the posterior rectus sheaths
The anterior rectus shesath in the wrner one half is closoly adherent to the
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underlyin; mscle. The fact that this sheath im 50 closely adherent to the
msele racilitates exesl ent approximation of the cub ends. Aller nmany nrew
liminary operations the technicgue Lwmoroved and the inferior epigastric artery,
wdch runs along the labteral border of the recius ruscle was avolded. Two
sutures were nlaced across the gap. Jeimabel, tWriple 0 bralded aidk murgieal
subure was found to be most advantageous in this procedure because tlds type
of suture dose not swell when dampencd, it ties easler, and when oub, the ends
do not Lray. lHurber 20 stainless tissue mwedles wore used,

The second irneision was made nlong the entire length of the lateral
border of the rectus miscle from tie inferior border of the thorselc cage to
within one centimeter from the pubis. This incision extended al least one
cautimeter distal to the trensverse incision and penetrated the entire depth
of the muscle into the peritoneal cavity. Four to five stitchos wore used to
cloge the incision., Ihis vrocedure insured the transection of all the thoracic
nerves leading to the roctus muscle.

The transverse incision was subured before beginning the }.a%:aml
incision in order to approximate the out ends betier. If this is not done in
this soquence, the closing of all incisions beoomes dlficult and slogpys

Exporience proved tiat it was not nocessary to shave halr {rom the site
of the ineision, In suburing the skin flap, four subures were used, The
aninals were isolsted for one day postoperatively.

Slectromyographie recordings wore taken on a fow animals in order to

rkee sure that the ruscle was denorvated, The andmals submittod o this
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procedure were {rom the two-day, four-day, and sixeday stagese. lone of the
later s.ages were checked as this procedure wms not adorbed in the early
stages of the work,

The skin was reflected on the animals under ethor anestietic and
bipolar pickun electrodes were rlaced on the rectus misele superior to the
trangverse inclsion, After a few mimutes the aneothetie mask was removed and
the animal wae aroused, Spontansous activity wns recorded. The anesthetlc
was then replaced and the electrodes wore moved to a new site lateral %o the
lateral border of the roctus musele, Ihe animal was once rore allowed to
recover and then placed under anesthotic agaln, Stimdation mufficlent to
aotivate the intercostal nerves was also apvlied latoral to the musclpe. This
whole nrocedure was repeated on the opposite unoperalted side.

The ardmals wore sacrificed ab two, four, gixm, seven, nine, fTourtoen,
twentywone, twenby-eight, and fifty-six dayse For each stape, sight aningls
ware operated on exoept for the two and seven dxy stases. Four mﬁmla Lor
each of these stages wore used,

The tigsues were fimd in Caledum Pormal and scotioned at eipht rdora.
Seme serial sections were out in order to trace individual fibers. The stains
used wore Hematoxylin and Yogin and HCL-Biebrich Searleteliothyl Bline Variant.
The latier is a commective tisouwe stain.




CHAPTER ITIX

AESULLS

The sone of injuwry is recogniszable, under low jower, by the intore
raption in contimiity of the muscle {ibers and the sbundsnes of basophilie
staining cellnlar elements. Coagulated blood con be cbeerved within tha gap,
but does niot cover the entire sone,

Under high nower the ruacle is seen to have been infiltrated with a
great muwber of histiocytes, fibroblasts and rolymorphomuclear levcogyies and
some lymphotyles,.

Degonerating fibers may be noticed by the vacuolation and fragmentation
nrasent in thom,

The sarcolermal tubes are not recognizeble in the center of the gone
of injury. On elther side of the zone, the walls of the tubes persist bui
bhelr contents have been phagoeytized except for a small mwber of fragnents
which have remaineds The sarcolemmal tubes at the perichery of the zono,
contain histloovites which are tightly packed against the muscle tiomue,

Hitobie fgures were noticed in this stages Some appeared Lo be within
fragrenting fibers.

when staining with HCL-Diebrich Searletetfethyl Hue Variant, it is

m‘




i3
found theb the mucledl within muscle fibers are shayply defined nlone with thoir
contents, while the mweled of [ibroblastic cells axe ill-defined and thely
contents armear as a black mava.

&b thils stage there was no evidense of regenerastion,

Degenerating fibers may still be defined by the numerous vacuoles they
containe They have maintained their cross striations and mscle coll meled
have moved toward the center of the fibers. lyofibrilliae are seen to be
separabing fron one another and the mscle fibers have an ircrepulsr, more or
less wavey mpearance (Fig. 1)e

it this sbage the first signs of regeneration ampear in the form of
alender strap-lilte protrusions which have endered the zome of injuxy (Pigs 2).
These fibers avpear to be originating from wphagocytized portions of fibers
at the peripherye

These strap-like protrusions grow for the rwst part in paraliel with
the preexisting fibers (Fige 1)e Thoy are irregular in shape, have smaller
dismoters than normal fibers and contain no cross ctriations. They do, howe
aver, possess faint longitudinal striabtions and stain g viocledb hme with Henoe
toxylin and Bogin in conbrast to the »ink of the norral miscle sarcoplashe
The strap~like protrusions stain deep blue with HCL-Bicbrich Searletedletiyl
Blus Vordant, while the fibers from which they originate stain scaxrlet.

In some tissues, the transection was made close to a tendinous inscripe




i3
tion, In these srecimens, the fibers bave depenerated to the tendinous
inscripoion. Hegenerating {ibers extend from the inseription oul to the zone
of injurys. These fibers avpear longer than the sprouts coming from the
opposite slde of the zone of injury. Fibars beyond the area of inflamation
were not subject to degemeration (Fig. 2).

The mucled in regenerabting sprouts mzy be found lined up in chains of
twenty or more (Fige. 1). Many regenerating fragments exist within the zone
of injury.

Hstlocytes and fibroblaste are stlll mmercus in the center of the
injured sone and even between fibers distal to the injury. o histicgyries
wore found within the sarcolemmal tubes; indoed, no sarcolemrwl tubes are
recognizable in the zone of injurys The histloeytes are most often recopnized
by the debris wnich they have engulfed.

%

SixDey Stagge |

Rageneration ham progressed ab a rapid radte. The healing area sppears
smaller and many more regensrating sprouts are seen. Regencrating fragments
are found from one end of the healing area to ti:e other, although no eingle
fiber is seen in the nicroscopic field extending agross the injured zone,

The fibers near the peripheyy of the injured zons have ummmdm
changes which include vacuolation, separation of myofibedllae and the muclel
are lined up in chaing., The fibors vary preatly in thely characteristicos.
Theae fibers are striated except near the Junction with the now plasmodigl
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outgrowtho. They are acldophilic wheress the regenerating fibers are basow
philic (Fig. 3)e

Hegenerabing sorouts ave longer than in the four-day stage. The
dimmetor of the gsprouts has nob markedly increassed. Iongitudingl striations
have become sllghtly more distinct. The muclel mxe often found in rous and
gsometires in clums (Fige L)e

Histiotytes and £ibroblasts are still present in large quantities in
the zone of injury and between nearty fibers. Pibiroblasts surround a few
regenorabing sprouts. The fbroblasts appoar in long chaing and seoenm to be
connechod,

Hegenerabing sprouts wore found passing through the inberrupted
portions of the anterior rectus sheath (Fig. L),

Seven~Day Stace.

The quantity of histiocytes and fibroblasts has not dimindsheds
Adjacent fibers contimue to show vacuolation and cross stristions, 4Again the
cross giriatlons are everywhere exeept at the origin of the mgm‘aw
sprouts, at whieh point the stalrdng is lighter and there seems t0 be a more
gramilar appearance. Jihe miclsl of these fibers are very larpge and well
dafined., Thay are not all found in chaing ut are also scabtered throughout
the fibars. These fibers are acidophilie when using Hematomylin and Zosin
stain,

The repgonerating sprouis are quito mmerous, The mwlel are very
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large »x in moat cases are as much ae tirlce the size of muclel of the
surrounding fibpoblastic tissue (Fize 5)e liyofibrillae are ap-arent in these

basophlilic sprouls.

2'35”%'— %" NS 3‘%«33:

In thils stage the regenerating {ibers have deflinditely crossed the
zone of injury (Mg. 6)s They are more aciderhilic in color and are gsill
quite irrepular in shapes The diareter of iLbe fibers has increased and the
miclel are more distinet. Ho oross siriations are rrosaib.

For the most vart, the adjacent fibers have logt thelr vacuoles., Cross
styriastions are present and the myofibrillae are still serarated Jrom ong
anothers The melel apvenr very large, are more heavily stained and are rore
dietincts They are found in the center of the fibers as wel as towsrds the
neriphery.

i% the periphery of the -one, there is a mixbure of soarlet and deep
blue fibers, when stalning with HCL.Bletwich Scarletelietipl Blue Vawlant,

In sorme animals sutures were placed deever into the mass of the muscles
The fibroblastic material completely surrounded the suture and a7l fibers were
divertod around it (Pigs. 7).

In some arsas regenerating srrouts have advanesd through a gap in the
anberior rectus sheatn (Pige 6)e Histlocrtes and 7ibroblasts Lave decroased

in muior,
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In general, the pgap is considerably smaller and completely filled with
regenerating sprouts, Vacuoles have disappearcd, and the muclel are still
large and more are located near the payiphery of tho fibers. HMyofibrillae are
separated and cross styiations are svident., TFor some distance beyond the
injured zone, the muclel may still be lived up in chains, ilowever the chains
are not as numerous and they do not contaln as mary nuclel as in previous
5Lages.

The histiocytes and fibroblasts bave decroased in mumber and those
found between fibers are only seon near the some of injuy.

The regenerating sprouts are nob yeb equal in ddapeter Lo normal
fibvers. They appear light violet and hiave faint cross striations except in the
arca of bthe fiber which is in the center of the zone of injury. This is shown
with Hematosylin and Bosin stain., Individual fibers are found which stain
socarlet, violet, or blue, when using iCl-Bisbrich Scarlet-iotiyl Slue Variant
stain, Ibe socarlet colored fibers are normwal and their cross atriaf:iom are
vary striking., ihe violet fibers contain cross striations whdch are barely
visible, while the blme fibers have no cross striations,

The mucled of the regenerating sprouts are not generally clwped ab
this stage.

L&W ﬁz*%*’%v
In the later stages, the zone of injury is recogmisable by the irrepie
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larity of the fibers. OSoms fibers appsar to have been cul ab an oblique angle
resulting in what aymears to be fragments (iigs. 8, 9, 10). These stain blue
with HCl-Biebrich Scarlet~Methyl Blue Variani, as opposed to the scarlet ime
of the normal Dibera.

A few chalns are still found with three or four weled but these are
steadily dimindshing until the fifyy-six day specimons where tuqy have dige
avpeared comdetelys indeed, the zone of injury is no longer distinguishable
in the fifty-six day stages.

Faint cross striations show up within new fibers in the zome of injuxy
in the four-wsel stage.

The diameter of the regencrating fibers has arparently increasocd cone
siderably between twentyeelight and fifty-six-day steges becsuse no difference
in diameter can be seen in any regenersting fibers of the fifty-sineday stage.

The noymal fibers beyond the gone of injury have becore atrophis, In
the two-day stage, the diameters of one Imndred fibers were meoasured. The
average was 55,5 mora, In the fourwweek stage the averare dﬂ.zmmm of one
hundred fibers wag 27,0 micray in the {ifty-sizday specinens, 21.0 micra.

Vary little fibroblastic tissue is left in the three-woel stage and

disappears completely by the fifty-six-day stage.
e results of the electromyograpblc studies rroved interesting in
cormec.ion with denervated rsels,

In the anesthetized animal, fibrillation potentials of fifty to three
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mndred =ioro-volts amelitude and one te two milliseconds duration were recorde
oed fro: bipolar electrodes placed in the rectus msels suporior o the transe
verse inclsion, When the animal was allowed to recover with the electrodes
gbil? in place, the zamw fibrillation pobtentials were recorded., When the
anirmal was again subjected to the amssthetie and the elsctrodes placed in the
rectus mscle of the opposite side, no setivily was found, Uoon recovery,
motor unit activity of incressing amplitude and muwber was recorded ss the
anesthetic wore off,

In the anesthwtized snimal, sufficlent stirmulation to activate the
intercostal nerves was applied to the latersl abdominal wall. HNo reaction to
this stimalation was recorded from the rectus musele. 4 normal twltch reaction
was recorded on the normal eide when the same procedure was utilized.




CHAPTER IV
DISCUSSION AND COUCLUSIONS

Skeletal miscle denorwsted at the time of transection regenerabes as
shiown,
_ Dogeneration of the ends of the cut fibers precodes the regencrations
In the twoeday stage, it is well on its way. Fortione of fibevs are being
invaded by bistiocyles and the fibers are bresking down and fragrenting, The
fivers are stained rved wiih Hematoxylin and Dosin, and their cross striations
ave aprarent. The muclel have enlarged somewhat and not all mwled are found
at the peripheyy of the fibevs. The most advanced depenerating fibere sppear
as a ldght pink gromlar wmass or meshwori, Using HCl-Diebrich Scarlet-Metlyl
Blue Variant, fibers which are beginning to undergo degeneration appear
scarlob.

Az degeneration progresses, the scarlet gives wmy do a bm. Before
a fiber breaks down commletoly, it loses its cross striations, Where tondinous
inseriptions aro near the transechbion, degeneration progresses thyoush the sar~
colermal tubes by histiceybic invasion until reasching the inseription. Here it
is halted, On the other side of the inseription, normal Dibers are preseut,

in the fowrwday stave, degenerating fibers ave still present but row
generating sprouts are found scattered amongst theme The sprouts are stalned

20
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deep blue with lematoxylin and Zogin and thelr muclei are lined wp in long
chains. ‘here g tendinous inseription is found, the regenerating macle
extends to the inscription (Fig. 1). An interesting finding sbout the regener-
ating fibers on the tendinous side of the injured zone is thal they are mach
longer than those on the oprosite side of the zons,

As stated before in the resulis, mitotie figures were evident in the
two-day stages. These wore seen only near the periphery of the zone of injury,
The mitotie figures were found within degenerating fibers and also scabtered
loosely within the comnective tissue. Mitosis was also seen by Lash, Sifd
and Holtzer (1956) prior to the alignment of miclel.

Since the regenerating fibers between a tendinous inscription and the
transected zone ave not in contimudty with any normsal muscle, it scems evident
that they are being formed by the mgele melel remaining in e sarcolermal
tube of the degenerated fiber.

Leomatoxylin and Bosin was very effective in exposing, with clarity,
most elements exsept for the reticular and collagenous fibers of t.hé connective
tiasues Mascle nuclel stained violets The muelel had an oblong aprearance

axcert in later stages where they enlarpged and becase more ovals The muclens
contained one and often two ruecleoli. The karyoplasm appeared as a network of
fine Tibers,

The fibroblasts sppeared as irrveculsr, cigar shaped cells, Thedr
miclel stained a more intense viclet. The fibroblasts contained a netwrk
within the karyoplasm which was coarser and more deeply stained than that found




in the -msele micled.

iHstiocytes were most often recognized by the yellow debris which they
containeds The mclel were round and ofben indented with 2 very clear deep
violet staingd border. The mclel contained gramiles which stained violet,

An abundance of oyioplasm surrounded tho mwleus which was irrepular in form,
stained light pink or very light blee, and appeared to have a network of Light
violet fibers within it.

Folymorphonuclear leucocytes appeared as cells with pink oytoplasm and
small, multi-lobed violet nucled,

Degenerating fibera have a light pink gramler consistency witih namy
vacuoles scatbered throughout the fiber. Regenerating fibers stain violet with
light violet stained myofibrilise present thyoughout them. Normal fibers
appear pink or red with light blue oress striations.

The connective tlssue fibers all appear deep pink,

Hol-Biehrich Scarlot-dethyl Blune Variant is srimarily a comnective
tissue staln. lHowever, it became quite useilul in determining the m:bam of
loose ruscle colls withdin the fibroblastie tissue and also in 11lusterating
difforences between regenerabing ond degenerating fibers.

Hormal muscle fibers were stained a deep scarlebs Cross striations
were exposed as vivid, black lines. Collagenous and vetiowlar fibers were
stained deep blue. The depencrating fibers ranged fyom scarlet to blue, de-
pending on the extent of degenerabion. IThe wost advanced degencrating flbers
were stained biues
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Hasele cells stalned blue or scarlet with bright rod micleold, iHistiow
eytes and fibroblasts were so deeply steined blue, that they apreared blaclk,
Loose mscle cells could be found across thie entire zome of injury.

An inteyesting point brought oub by thie stain is that as a fiber gets
older, 1t changes from blue to scarleb. A regenerating sprout will appear
blue wille the rarent fiber from shilech 1t originates maintains a searlet color.
This indicates that the two fibers have a different consistency.

This staln exposed the contents of mscle cells mueh bebtter than Hema-
toxylin and Zosin. There can be no mistake that the keryoplasm of tho muscle
cells is made up of a network of fine fibers and thab the muglens containg
from ore to four mcleoll,

The Blectromrogradh was useful when ap-lied to the mieclie in order to
chack on densrvation. Fibrillation potentials were recorded, in animels under
other snesthesia, with bipolar electrodes placed in the rectus muscle rostral
to the transestion, These fitwrillation notentials were of fifty to three
mirdred micre-volts amplitode and one Lo two milliseconds &urati@m“ Blectxdcal
potentials of this type indicate densrvated mscle (Ideht, 1956, and Marinaced,
1955)s The fibrillation notentials were recorded even after the animal re-
covered from the anesthetie, When sufficlent stimmlation to activate the
intercostal nerves was rlaced lateral to the injured rectus muiselse, mo resction
was recorded from that miscle. 48 a conbrol, sinilar tests were run on the
opposlte normal rectus muscle, Under anesthesia, no action potentials were
recordeds As the anirmal pecovered, motor undt activity resulied, ‘hen stim-
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lation was applied to the intercostal nerves, a simle muscle tirlteh was
recordods These findings show the injured muscle to be dennrvated.

Saunders and Sissons (1953) showed that denervated miscle ropensrates,
Thore ave a mwber of differances betwoen thelr work and ours. They used a
erash injury on the gastroonemius mmscle of rats, Tlwec wocks before crushing
the muscle, one centimetor of the seclatic neyve was removad, The muscle on
the orposite lepy was crushed and used 28 a control. Saunders and Sissons found
that regoneration is not prevented by lack of immeyvation of the musele, but
that atrophy does ocour, Denervstion of the ruscle was permanent,

Atyoplyy also cecurred in the specimens in this study, Although
Saunders and Sissons ¢id not rerort the dlameters of fibers, the fizures nubwe
lished indicate a preater degree of atrophy than obserwed here, This can be
explained booause thoy limited movement of the animel by erushing the muscles
on both legs, after denervating the mscle thvee wepks proviousliy.

The depeneratine fragmente ssen by some workers {lelros Glm, 1906
axl Constance, 19L6) in the zone of injury, are nobt, to any rreat degrees, soen
in the present study. This is probably due bo the nature of the trmums on the
migcle, An injury by crushing, by cherndcal means, or by a rifle tullot (LeGros
Clark, 19L5), does an extensive amount of dsmage to parts of a mscle distant
to the original site of traums. A simple transection may do little inhuwy to
adjacent mscle tisoue.

It doas not appear that the fibers in a transection injury degenarate

much past the site of transection, Zxactly what stops deponeration at any




rat
given oint is not koown, BSpoidel (1938) thought ihat the retraction caps
halted degensration, These caps did nob apvear in our sections. The degree
to which Iibers degenerate 1s falrly constant. lhere tendinous inscriptions
were found, degeneration did not proceed beyond tie insceriptions. Howover, if
the inseription wae near the transection, degeneration took place the whole
distance Trom the transection to the imseristion even though this distanoces was
sreater than the usual axtent of degersration, Begeneration of these {ibers
carmot be as sprouts from adjocent mscle fibers. It seems logical to assure
that the repeneration here is earrded out by the muscle cell mucled,

Godman (1957) saw what he calls "Hydropdc Vacuoles®. It is not lmown
whether or not the vatoles described in our present study conbtained any fluild,
The stains used rendeved the vaosuoles colorless,

The sarcolemmal tubes are belleved to be advantageous in orianting the
fibers in the proper directiony however, they do not peem as Important as might
bhe expected. The tubes may also help in reducing the time it taltes for the
miscle to regenerate, rroviding the histiccytes are not too closely ﬂmm
within the tubes., In our sections, the saxvolermzl tubes were completely
[oroken down and yeb regeneration mrogressed ot 2 rate equivalent to that found
by ether workers whose sechions still contained inbact tubes.

The majority of fibers, in later stages, coubain cross stristions and
rot thore are =tdill some fibers, very few, which have no cross striations,
These are thougit to be contimintions of newly formed fibers which have not

Jadvanced to the stage where they bear cross striations,




CHAPTER V
SUMMARY

1. & transverge inclsion in the rectus abdominis musele was made in
sixty-six Sprague Dolly white rats. Another incision was made glong the
lateral border of the recitus mscls inorder to denervate that rusele. All
ineisions were sutured and the animals were sacrificed two, four, six, sevan,
nine, fourteen, twentywone, twentywelght, and fifty-six days following surpery.
Tissves were fixed in calcium formal and sbtalned with Hemaboxylin and Bosln
and HCl-Blebrich Scarlet-tiethyl BlugeVariant.

2+ Some animals were subjected to the Zlechromyograch, the resulis of
which proved that the muscles were denervated.

3. A pumnary of the histological findinge ave as followst

2« Two-dzgy stage. The zone of injury shows a mass infiltration
of histiocytes, fibroblasts and polymorphomiclear leucocyies.
Vacuolatdion and fragmentation of degenerating fibers ocours
and mitotie divisions were found in some cells,

bs Four-day stage. Hegenerating sprouts were seen for the first
time and miscles muolel have moved towards the centepr of
fibers and formed long chalns, Where tendinous inscriptions
are found, degeneration progresses to the inscri;aﬁion but
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goes no further. legenerating fibers between the inseription
and the healing zone may be much longer then sproute found
on the opposite side of the zons of injury.

Ce Sixedgy stage. The healing gone is smallers

d. Seven<day mtage, !huelel of the regensrating sproubes are
twice the size of the muclad of the comnective tissue.

o, line-day stage, Aegenerating fibers have definitely crossed
the zono of injury. Histlocytes and fibroblasts have dow
creased in mmber and the adjacent fibers are losing their
vacuoles,

o Pourtegnedny stage. The injured sone is cormvletely £ilied
with regenersting sprouts. Vaouoles have disappeared. Hore
mcled have moved towards the periphery of the fibers.

g« Later stages., The zone of injury is recogniszable by the
irregularity of the fibers, Hormal ruscle fibers have
atrophied to an average dlameter of 21,0 micra, mmmm
tissue disappesrs completely by the fifty-six-dgy shtage.

L. The results show that two methods of recemeration may take place in
an incised striasted miscle, The first is by plasmodial oubprowbhs which
originate Irom adfacent portions of fibers at the periphery of the sone of
infuwry,. The secondl is b a resynthesis of muscle within sarcolermal tmbes
which aan*a@a no myofibrils. This resynthesis is presunably done by the muclei
of the depenerated muscle fiber,
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Poureday stapge.

Flgure 1
The figure consists of many fine vepenerating sprouts

with mcled lined up in long chains (A)s The fibers ab the lower right
corner (B) are normal, They are shown berminating at a tendinous insorip-

tion (C)s The wavaey, vacuclated fiber (D) is degenerating, Hematoxylin and

Miﬁ’ 20{)3{.




Figure 2
Foureday stage. The zone of injwry is invaded by large msbers of
histiocytes, fibroblasts and polymorphomclear leucocyies. At the periphory
£ the sone of injury, {ibers are shown with thelr micled in the cenbter of the
fiber (A)e Fragments of regenerabing sprouts are seen thyoughout the healing

ares (D). Hematoxylin and Eosin, 110x.

. gl

Flgure 2
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Figure 3
Sixeday stage. The figure illustrates the vacuolated fibers (A)e
Plasmodial ousgrowths (B and C) are seen originating from these Iibers. The
regenerating fibers show the presence of myofibrillae, ilematoxylin and
Eosin, 200x.
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Flgure L
Sixmeday stage. This figure clearly shows the anterior rectus sheath (A)

with regenerating sprouts passing through the interrupted portions of the
gheath (B)es The regenerating sprouts show melel clumped (C) and also lined
up in chains (D). Hematonylin and Bosin, 110x,




Figure 5
Seven~day stage., Regenerabing sproubs are seen which conbain rmueled
in long contimious chains (A), The nuclel (B) are tadee the sive of mucled
of the fibroblastic tlssue. Hematoxylin and Bosin, L00xs




Poure 6
Hine-day stage. Regenerating fibers have definitely crosced the sone
of injury (A), Vacuolation is nearly shsent. Ihis figure shows regenerating
sprouts passing thwough the anterior rectus sheath (B) into an inflamatory

gone (C) anterior to the rectus sheath (D). Hematoxylin and Bosin, 110x,

Figure 6




Hine-day stages. This fipure shows a sutwre (A) fmpairing the growth ,
of regenerating fibers (B), PFibroblastic tissue has grown ayound the \

puture (C). Hematoxylin and Bosin, 110x,
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Three-weck stages

regenerabing Mbers (4).

%]

Flpure O
The figwre illugtrates the irvesularity of the

Some fibers were sectioned at an oblicue angle

resulting in fragments (B). Hematoxylin and Bosin, 11

“;A\' o E 4
Figure 8
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Four-yeek stage. This figure is similer to Mgure 8, in

fragments of fibers (A)s The dark line in the center (B) is due to i
folding of the tismue, The most recent sprouts do not contain cross stria-

tdons (C)s Hematoxylin and Bosin, 110w,
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sheath (

i,

Pgmre 10
Pour-woek stage. The figure shows a suture in the anterior rectus
A)e The fibroblastic tissue in tho healed area has diminlshed to a

Hematoxylin and Eosin, 110x.

Flogure 10
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